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The symmetry energy and its density dependence are crucial inputs for many nuclear physics
and astrophysics applications, as they determine properties ranging from the neutron-skin thickness
of nuclei to the crust thickness and the radius of neutron stars. Recently, PREX-II reported a
value of 0.283 + 0.071 fm for the neutron-skin thickness of 2°®Pb, implying a slope parameter
L = 106+37 MeV, larger than most ranges obtained from microscopic calculations and other nuclear
experiments. We use a nonparametric equation of state representation based on Gaussian processes

to constrain the symmetry energy So, L, and Rz;gnpb directly from observations of neutron stars with
minimal modeling assumptions. The resulting astrophysical constraints from heavy pulsar masses,
LIGO/Virgo, and NICER clearly favor smaller values of the neutron skin and L, as well as negative
symmetry incompressibilities. Combining astrophysical data with PREX-II and chiral effective field

theory constraints yields So = 33.0729 MeV, L = 53*14 MeV, and Ropr > = 0.17+394 fm.

Introduction— The symmetry energy S(n) is a cen-
tral quantity in nuclear physics and astrophysics. It
characterizes the change in the nuclear-matter energy
as the ratio of protons to neutrons is varied and thus
impacts, e.g., the neutron-skin thickness of nuclei [1-3],
their dipole polarizability [4, 5], and the radius of neu-
tron stars (NSs) [6, 7]. This information is encoded in
the nuclear equation of state (EOS), described by the
nucleonic energy per particle, E,../A, a function of to-
tal baryon density n and proton fraction = n,/n for
proton density n,. The energy per particle is connected
to the bulk properties of atomic nuclei for proton frac-
tions close to x = 1/2, i.e., symmetric nuclear matter
(SNM) with Esnm/A = (Enuc/A)|z=1/2- As the neutron-
proton asymmetry increases (or the proton fraction z
decreases) the energy per particle increases, reaching a
maximum for = 0, i.e., pure neutron matter (PNM)
with Epnv/A = (Brue/A)|z=0. PNM is closely related
to NS matter. The symmetry energy characterizes the
difference between these two systems:

E E,
S(n) = =0 () = = (). (1)
Crucial information is encoded in the density depen-
dence of S(n), which is captured by the slope parameter
L and the curvature Ksym defined at nuclear saturation
density, ng ~ 0.16 fm 3,

025(n)
— g2
o ;. Kgym(n) =9n o2 . (2
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As d(Esnm/A)/dn = 0 at ng, L describes the pressure of
PNM around ng. Sp = S(ng) and L are of great interest

to nuclear physics [5, 8, 9] and astrophysics [10-12]. Ex-
perimental [4, 5, 13, 14] and theoretical [15-18] determi-
nations consistently place Sy in the range of 30-35 MeV
and L in the range of 30-70 MeV. Recently, however,
the PREX-IT experiment reported a new result for the
neutron-skin thickness of 2°Pb [19], Rzﬁff b a quantity
strongly correlated with L (see, e.g., [1-3]). The mea-
surement of R,PP = 0.283 + 0.071 fm (mean + stan-
dard deviation), including PREX-I and PREX-II data,
led Ref. [20] to conclude that L = 106 £+ 37 MeV. This
value is larger than previous determinations, and thus
presents a challenge to our understanding of nuclear mat-

ter, should a high L value be confirmed precisely.

In this Letter, we address this question bg constrain-
ing Sp, its density dependence L, and Rziif b directly
from astrophysical observations. We adopt a nonpara-
metric representation for the EOS [22, 23] to minimize
the model dependence of the analysis, in contrast to other
astrophysical inferences, e.g., Refs. [24-27]. Nonparamet-
ric inference allows us to explore a multitude of EOSs
that are informed only by a NS crust model at densities
n < 0.3ng, where the EOS uncertainty is small, com-
bined with the requirements of causality and thermody-
namic stability at higher densities. Following Ref. [28§],
the possible EOSs are weighed based on their compati-
bility with gravitational-wave (GW) and electromagnetic
observations of NSs (massive pulsars and X-ray timing
with NICER). By calculating Sy, L, Kqym and R r® for
each of these EOSs, we obtain astrophysically informed
posterior distributions for these key nuclear properties.
Furthermore, we study how L and R:iil: b change as con-
straints from nuclear theory are included up to progres-
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Correlations between the symmetry energy So, the slope parameter L, and the neutron skin thickness of 2°*Pb
We show the nonparametric prior (grey), the nonparametric posterior conditioned on astrophysical observations

(green), and the nonparametric posterior conditioned on an average over four xEFT calculations (up to ~ ng) and astrophysical

observations (blue). Joint distributions show the 68% (shaded) and 90% (solid lines) credible regions. Shaded bands (pink)

show the approximate 68% credible region for parameters constrained by PREX-II: R:E?f b [19] and the resulting constraints

on L using the correlation from Ref. [21]. Note how the inclusion of the astrophysical observations shifts the peak in the
marginal distributions for Sy, L, and Rzlffnpb, a trend that is reinforced by the addition of yEFT information. We also show

the one-dimensional marginal distributions for the symmetry incompressibility Ksym in a separate panel.

sively higher densities.

Nonparametric inference for the EOS- We connect
NS observables to So, L, and Ky, using a nonpara-
metric representation of the EOS based on Gaussian
processes (GPs) [22, 23]. The GPs model the uncer-
tainty in the correlations between the sound speed in
B-equilibrium at different pressures, but do not specify
the exact functional form of the EOS, unlike other pa-
rameterizations [29-37]. The nonparametric EOSs con-
sequently exhibit a wider range of behavior than para-
metric EOSs, mitigating the impact of modeling as-
sumptions. The nonparametric EOS inference proceeds
through Monte-Carlo sampling from a prior constructed
as a mixture of GPs to obtain a large set of EOS realiza-
tions. Each EOS is then compared to astrophysical ob-
servations via optimized kernel density estimates (KDEs)
of the likelihoods, resulting in a discrete representation
of the posterior EOS process as a list of weighted samples
(see [23, 28| for more details). The posterior probability

of a given EOS realization, which we label by its energy
density eg, is calculated as

Plegl{d}) o< Plep) HP(dz'|€5)7 3)

where {d} = {di,da,...} is the set of observations,
P(d;leg) are the corresponding likelihood models, and
P(eg) is the EOS realization’s prior probability. The
specific likelihoods used in this work are as follows:
(a) Pulsar timing measurements of masses for the two
heaviest known NSs (PSR J0740+6620 [38, 39], PSR
J0348-+0432 [40]) modeled as Gaussian distributions with
means and standard deviations 2.08 £ 0.07 My and
2.01 £ 0.04 Mg, respectively; (b) GW measurements
of masses and tidal deformabilities in the binary NS
merger GW170817 [41] from Advanced LIGO [42] and
Virgo [43]; and (c) X-ray pulse-profile measurements of
PSR J0030+0451’s mass and radius assuming a three-
hotspot configuration [44] (see also Ref. [45], which yields



Epxm/A [MeV]  So [MeV] L [MeV]  Keym [MeV]  Ront® [fm]
Nonparametric Prior 1757146 33.37147 3g+100 —2551+8%3 0.1410:19
Nonparametric Astro Posterior 19.315L7 35.1741° 58715, —2407359 0.197313
Nonparametric Astro+PREX-II Posterior 21.5f§93‘8 37.3f;_158 SOfié —223‘_"?22 O.23f81}8
XEFT Astro Posterior 16.9%775 327718 4973 1077134 0.1779:01
XEFT Astro{ PREX-II Posterior 171418 33.0°7%  53'l —91t55  07HG

Table I. Medians and 90% highest-probability-density credible regions for the studied nuclear properties. We compute R,
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from L using the linear fit reported in Ref. [21], approximating the uncertainty in the fit as described in the text.

comparable results [28]).

Our basic nonparametric prior can also be conditioned
self-consistently on theoretical calculations of the EOS
at nuclear densities, while retaining complete model free-
dom at higher densities [46]. Here we marginalize over
the uncertainty bands from four different chiral effective
field theory (xEFT) calculations: quantum Monte Carlo
calculations using local xEFT interactions up to next-to-
next-to-leading order (N?LO) [47], many-body perturba-
tion theory (MBPT) calculations using nonlocal YEFT
interactions up to next-to-next-to-next-to-leading order
(N3LO) of Refs. [16, 48|, and MBPT calculations with
two-nucleon interactions at N3LO and three-nucleon in-
teractions at N2LO (based on a broader range of three-
nucleon couplings) [32, 49]. The resulting marginal-
ized xEFT band overlaps with results for other realis-
tic Hamiltonians, particularly for Argonne- and Urbana-
type interactions [50]. This allows us to account for dif-
ferent nuclear interactions and many-body approaches,
increasing the robustness of our results.

To translate the EOS posterior process into distribu-
tions for the nuclear physics properties, we establish a
probabilistic map from eg to Epnm/A, So, L, and Keym
(described below). Marginalization over the EOS then
yields a posterior

P(Epnm/A, So, L, Kgym|{d}) =
/Dmﬂ%me@mmMﬂmh&mﬁw (4)

informed by the astrophysical observations. Constraints

208Pb . o . . .
on R, ° are obtained from empirical correlations with
L [21] calculated from a broad range of nonrelativistic
Skyrme and relativistic mean-field density functionals;
see also Refs. [1, 3]. To account for the theoretical uncer-
tainty in the fit of Ref. [2] and mitigate its model depen-
dence, we adopt a probabilistic mapping;: P(Rziilf bIL) =
N(pg,or) with pgr(L) [fm] = 0.0724-0.00194 x (L [MeV])
and op = 0.0143 fm.

Reconstructing the symmetry energy— Because our non-
parametric EOS realizations are not formulated in terms
of Sy, L, or Ksym, we discuss how to extract the nuclear
parameters near ng directly from the EOS, see the Sup-

plemental Material for more details. The nonparametric

inference provides the individual EOSs in terms of the
baryon density n as well as the pressure pg and energy
density e in B-equilibrium. Each realization is matched
to the BPS crust [51] around 0.3ng. The choice of a single
crust at low densities does not affect our conclusions; see
Sec. V of [52]. The EOS quantities are related to Epny./A
through € = n(Fyue/A + mn) with the average nucleon
mass my. To reconstruct E,,./A, we correct eg by the
electron contribution &,

Enuc

_ep(n) — eo(n, x)
(o) = P (5)

— MmN .
n

The proton fraction z(n) is unknown and needs to be
determined self-consistently for each EOS by enforcing
f-equilibrium, i, (n,2) = pp(n,z) + pe(n,z), where
wi(n,z) is the chemical potential for particle species .
This leads to the condition for S-equilibrium (see [32]
and the Supplemental Material for details),

Vel D) ). (6)

0=my, —mp —

To extract the symmetry energy from each EOS realiza-
tion, we need to know the dependence of F,,./A with
proton fraction. Here, we approximate the 2 dependence
using the standard quadratic expansion,

e gy = B0 sy - 2002, (1)
A A
Non-quadratic terms are small at ng and can be neglected
given current EOS uncertainties [53, 54]. Because we only
work around ng, we can characterize the SNM energy
using the standard expansion,

Esnm 1 n—no\’
7(”)2E0+§K0 +on (8)

A 3n0

where uncertainty in the saturation energy Fy, ng, and
the incompressibility K is based on the empirical ranges
from Ref. [9]. Combining Egs. (1) and (5)—(8), we find
that B-equilibrium must satisfy

1—2%5

2 (my = o+ pe(n, 29))

- (el Bg)
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Figure 2. Prior (gray, unshaded), Astro posterior

(green, left/unshaded), and Astro+PREX-II posterior (red,

right/shaded) distributions for L (top) and Rzﬁfnpb (bottom)
as a function of the maximum pressure (top azis) or density
(bottom azis) up to which we trust theoretical nuclear-physics
predictions from YEFT (see text for details). Shaded bands
show the approximate 68% credible region from PREX-II [19]
(pink) and from Ref. [13] based on the electric dipole polar-
izability ap (light blue).

We use the relations for a relativistic Fermi gas for the
electron energy density and chemical potential [55].

To summarize, given a nonparametric EOS realization
and a sample from the empirical distribution for each of
the parameters Fy, Ky, and ng, we reconstruct the pro-
ton fraction in B-equilibrium zg self-consistently at each
density around nuclear saturation. We then calculate
Epnm/A, So, L, and Ky as a function of n and report

their values at the reference density ngreﬂ = 0.16 fm 3.
The neutron—s}géi;n thickness is estimated via the empirical
fit between Rskif b and L, as discussed above.

Results and discussion- The constraints on Sy, L,
Kqym, and Rziff b are shown in Fig. 1. We plot the non-
parametric prior, the posterior constrained by astrophys-
ical data, and the posterior additionally constrained by
the xXEFT calculations up to n =~ ng. As our GPs are
conditioned on YEFT up to a maximum pressure (Pmax)s
we report the median density at that pressure (the exact
density at pmax varies due to uncertainty in the EOS from
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Figure 3.  Correlations between Rzﬁisnp b L, and the radius
of a 1.4Mg NS, Ri.4. In addition to the priors and poste-
riors shown in Fig. 1, we show the nonparametric (red) and
XEFT (trusted up to no; light blue) posteriors conditioned on
both astrophysical observations and PREX-II. Astro+PREX-
II posteriors are shaded in the one-dimensional distributions
to distinguish them from the Astro-only posteriors. Joint dis-
tributions show the 68% (shaded) and 90% (solid lines) cred-
ible regions. Shaded bands (pink) show the approximate 68%
credible region from PREX-II.

XEFT). Prior and posterior credible regions are provided
in Th. I. We find that the PREX-II result for R_;"® and
the extracted range for L of Ref. [20], 73-147 MeV at 1o,
are in mild tension with the GP conditioned on yEFT
calculations up to ng, while the GP conditioned only on
astrophysical observations is consistent with both results
and cannot resolve any tension due to its large uncertain-
ties. However, the Astro-only and xEFT posteriors peak
at similar values for L (55-65 MeV), below the PREX-II
result. The astrophysical data does not strongly con-
strain Kgym, but suggests it is negative.

In Fig. 2, we show the evolution of our constraints on

L and R:ﬁf P as a function of the maximum density up

to which we condition on yEFT, from no conditioning
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Figure 4. Median and 90% one-dimensional symmetric pos-
terior credible regions for ¢? at each density n with astro-
physical observations for all L (shaded green), 30 MeV < L <
70MeV (unshaded blue hatches), and 100 MeV < L (shaded

purple).

on YEFT to conditioning on yEFT up to ng. The more
we trust yEFT constraints, the larger the tension with
PREX-II results becomes. We estimate a 12.3% probabil-
ity (p-value) that the true R.,,F? differs from the PREX-
II mean at least as much as the Astro+yxEFT posterior
suggests, given the uncertainty in PREX-II’s measure-
ment. However, if a hypothetical experiment confirmed
the PREX-II mean with half the uncertainty, this p-value
wggld be reduced to 0.6%. We also show the estimate for
Rskif b obtained from an analysis of dipole polarizability

data (aj, PP, [13]), which finds Ro;F® = 0.13-0.19 fm.

The latter agrees very well with both the YEFT results

and the nonparametric GP. See [52] for more compar-

208Pb

isons, including joint constraints with both R, > and

208Pb
ap .

In Fig. 3, we present the modeled correlation between
L and Rii?fb as well as the radius of a 1.4Mg NS, R; 4.
Besides those shared with Fig. 1, we show posteriors that
are also conditioned on the PREX-II result. Even though
the results for L and Rziff b are very different for the var-
ious constraints, R; 4 does not significantly change. In-
deed, the mapping from L to R; 4 is broader than often
assumed [6], and we find that R; 4 is nearly independent
of our range for L. Hence, the findings of Ref. [20], in-
dicating that PREX-II requires large radii, include some

model dependence.

Given the mild tension between the PREX-II value of
Rziilf b and that inferred from the astrophysical inference
with YEFT information, we investigate what kind of EOS
behavior is required to satisfy both the PREX-II and as-
trophysical constraints. In Fig. 4 we show the speed of

sound ¢ as a function of density for the nonparametric

GP conditioned only on astrophysical data for all values
of L, for 30 MeV < L < 70MeV, and for L > 100 MeV.
We find that the speed of sound generally increases with
density. However, if we assume L > 100 MeV, we find
a local maximum in the median cs(n) just below ng, al-
though the uncertainties in c¢; are large. The reason for
this feature is that EOSs that are stiff at low densities
(large L) need to soften beyond ng to remain consistent
with astrophysical data from GW observations, in par-
ticular GW170817. Should the PREX-II constraints be
confirmed with smaller uncertainty in the future, this
might favor the existence of a phase transition between
1*2710.

In summary, we have used nonparametric GP EOS
inference to constrain 2?0}5}6 symmetry energy, its den-
sity dependence, and R_ ;PP directly from astrophysical

data, leading to Sy = 35.11%%° MeV, L = 5815, MeV,
and R.rP = 0.197017 fm.  Folding in YEFT con-

skin
straints reduces these ranges to Sy = 32.7117% MeV,
L = 4971 MeV, and R;FP = 0177994 fm.  While

these results prefer values below the recent PREX-II val-
ues [19, 20], in good agreement with other nuclear physics
information, the PREX-II uncertainties are still broad
and any tension is mild. Our nonparametric analysis sug-
gests that a Rzﬁilfb uncertainty of £0.04fm could chal-
lenge astrophysical and YEFT constraints. Note that the
formation of light clusters at the surface of heavy nuclei
could affect the extracted L value [56]. Finally, our re-
sults demonstrate that the correlation between R; 4 and
L (or Rziif b) is looser than analyses based on a spe-
cific class of EOS models would suggest. Extrapolating
neutron-skin thickness measurements to NS scales thus
requires a careful treatment of systematic EOS model
uncertainties. In particular, the PREX-II result does not
require large NS radii. However, if the high L values of
PREX-II persist, this may suggest a peak in the sound
speed around saturation density.
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Supplemental Material

EXTRACTING NUCLEAR PARAMETERS FROM
NONPARAMETRIC EQUATIONS OF STATE IN
B-EQUILIBRIUM

In the following, we provide detailed information on
how to reconstruct the symmetry energy and its density
dependence from our nonparametric Gaussian-process
(GP) realizations of the equation of state (EOS) in S-
equilibrium. The nuclear EOS can be described by the
nucleonic energy per particle, Eyu./A(n,z), from which
S(n) is obtained as

EnuC EnuC 1
— -] . 1
0= 25 () (o)

The nonparametric inference provides the EOS in (-
equilibrium, from which the nucleonic energy per particle
must be reconstructed.

Each EOS realization is represented in terms of the
baryon density n, the energy density eg and the pressure
pp in B-equilibrium. The energy density is related to the
energy per particle Fy,./A through

S(n) =

EHUC
Ezn( 1 —|—mN), (11)

where my is the average nucleon mass. Because in (-
equilibrium the energy density contains an electron con-
tribution, we correct for this before we can extract the
nucleonic energy per particle,

Enuc _ € (n) _ Ee(n,.’L')
D

We use the relations for a relativistic Fermi gas to decribe
the electron contribution [55],

— mn . (12)

4
ge(ne) = e (:cr(Q:cf +1)vaz+1

82
—ln(xr + V22 + 1)) . (13)

In SB-equilibrium, the electron density equals the proton
density, n, = zn, and =, = kp/me = (37r2ne)1/3/me
with the electron mass m, = 0.511 MeV. Around nuclear
saturation density, the contribution from muons on the
equation of state is negligible (see below for more details).

The proton fraction z(n) is unknown and needs to be
determined self-consistently for each GP EOS realization.
It is constrained by enforcing S-equilibrium,

pin(n,) = pp(n, @) + o, ) (14)

where p;(n,z) is the chemical potential for particle
species i. The electron chemical potential is given by

pre(ne) =/ (3m2ne)?/® +mg , (15)
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while the neutron and proton chemical potentials p,, and
[p in asymmetric nuclear matter are given by

a EnuC
pp(n, 2) = 5 {”( P +mp>}
p

o a (Enuc/A) a (Enuc/A) Enuc
—" on i Ox (1-2)+ a4 e
(16)
and similarly
_ 8 (Enuc/A) a (EHUC/A) Enuc
,LLH(TL, x) =n on - o T+ A + my )
(17)

with the neutron and proton masses m, and my, respec-
tively. This leads to the condition for S-equilibrium,

0 (Enue/A)

oy He(mz).  (18)

0=my,—mp —
We need to know the dependence of Fy,./A on the pro-
ton fraction x to extract the symmetry energy. In our
approach, we approximate the z dependence of the nucle-
onic energy per particle by using the standard quadratic
expansion,

Enuc o ESNM 2
e 1) = SN g1 - 20 (19)
_ Esnm Epnm Esnm 2
=— t < " 1 > (1 —2x)°.

Higher-order terms beyond O(x?) are expected to be
small around ng, and can be safely neglected given cur-
rent EOS uncertainties [53, 54]. Then, the derivative of
the energy per particle with respect to x is given by

OEme/d) _ _, (EAM - EAM) (1-2). (20)

We describe the SNM energy using the standard expan-
sion around saturation density ny,

Fsnm 1 n — ng 2
= Ey+ - K, 21
I (n) 0+20(3n0>—|— , (21)

where ng, the saturation energy FEy, and the incompress-
ibility Ky are constrained empirically. Here, we use the
ranges for these parameters from Ref. [9]:

np = 0.164 4 0.007 fm 3, (22)
Ey = —15.86 & 0.57 MeV (23)
Ko = 215+ 40MeV (24)

and model our uncertainty in each as a Gaussian with
corresponding mean and standard deviation. Because we
only need to extract information on pure neutron matter
and the symmetry energy in the immediate proximity
of ng to calculate the empirical parameters Sy, L, and

Kyym, higher-order terms in the expansion (21) can be
neglected (see below for more details).
Hence, we find that S-equilibrium must satisfy

1-2x
T’B (mp —my + ue(n,xg))
_e8(n) —ee(n, )

Esnm
mN — (n).
n

(25)

We solve for zg for each GP EOS realization around ny,
drawing the parameters Ey, Ky, and ng from independent
Gaussian models of their empirical distributions (speci-
fied above). In this way, we marginalize over our un-
certainty in Fy, Ky, and ng via Monte Carlo sampling in
the same way that we marginalize over our uncertainty in
the EOS by repeated sampling from our GP prior. With
each EOS realization eg and set of SNM parameter sam-
ples, we can then calculate the PNM energy per particle
Epnm/A(n), the symmetry energy Sp, its derivative L,
and its curvature Kqyr, as a function of baryon density n.
We stress that we compute these quantities as functions
of density only around ng. Finally, we report their values
at the reference density njief = 0.16 fm 2.

Impact of muons and higher-order terms in Egnu(n)
on the extracted Sy, L, and Kgym

Here, we justify two assumptions made within our ex-
traction scheme. Specifically, we consider the impact
of muons and of higher-order terms in the expansion of
Egsnu in density around ng. Figure 5 compares the dis-
tributions we obtain for Sy, L, and Kgym from our prior
conditioned on the N>LO QMC calculations [47]. Specific
values for a few EOS realizations are reported in Table II.
Similar behavior is observed with the other EOS priors,
particularly the other YEFT calculations considered in
this work.

Higher-order terms simply modify our approximation
to Esnm(n), Eq. (21). For example, including a cubic
term leads to

Esnm 1 n — ng 2 n — ng 3
=FEy+ =K -
A 0t 3 0<3n0>+6Q0(3n0)+
(26)

We approximate the uncertainty in Qg as Gaussian with a
mean of —300 MeV and a standard deviation of 100 MeV,
based roughly on Table III of [54], drawing a separate
realization for each EOS just as we draw realizations for
the other parameters describing Esnm [Egs. (22-24)].
Including muons modifies the condition for (-
equilibrium and the relation between the energy density
obtained from our nonparametric EOS realizations and
the nuclear energy per particle. Specifically, charge neu-
trality implies n, = n.+mn, and beta equilibrium implies
tte = pt. These equations can be used to solve for the
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Figure 5.

Comparison of extracted distributions of So, L, and Ksym for a set of ©(10%) EOS realizations based on N2LO

QMC calculations [47]. Similar behavior is observed with other EOS priors. We report all combinations of including (n, # 0)
or neglecting (n, = 0) muons and truncating the expansion of Egnn at second order (Qo = 0) or third order (Qo # 0). We see
that including muons or higher-order terms in the expansion of Esnym has a negligible effect on the extracted symmetry energy

and its derivatives.

electron and muon fractions as a function of the proton
fraction at each density. Equation (12) then becomes
El’lllC
A

— Eﬁ(n) - Ee(na Ie) - €/L(n,x#)

(n7$€7$,u) — MmN

(27)
with a corresponding update to Eq. (25) modeling muons
as a degenerate Fermi gas with m, = 105.658 MeV. We
then solve for the proton fraction in SB-equilibrium as a
function of density, from which we extract Sy, L, and
Ky as before.

As expected, higher-order terms in the expansion for
Esnwv appear to have almost no effect, because we ex-
tract the symmetry energy and its derivatives around ng.
Muons have a larger impact, but the size of the effects is
still much smaller than the statistical uncertainty in the
prior distribution. Table II quantifies the size of the ef-
fect for a few example EOS realizations, typically finding

the change in Sp is O(0.1%), the change in L is O(1%),
and the change in Ky, is O(5%).

THEORETICAL UNCERTAINTY IN THE MAP:
L — RopPP

skin

ref

After extracting L at nf™ from our GP EOS repre-
sentations in [-equilibrium, we employ an approximate
theoretical correlation between L and Rz;ff b in order to
compare our results to the PREX experiment. Although
several fits to a variety of theoretical models exist in the
literature (see, e.g., Refs. [2, 13, 21, 57]), we model the
mapping from L to Rziff P using the 31 models analyzed
in Ref. [21]. Specifically, we assume Gaussian conditional
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ng=0,Q0=0 ng #0,Qo=0 n, =0,Qo#0 ng #0, Qo #0
So L Keym So L Keym So L Koym So L Keym
31.56 33.4 —269 31.57 33.7 —266 31.56 33.4 —266 31.57 33.7 —263
30.51 31.7 —103 30.51 31.9 -99 30.51 31.7 —103 30.51 31.9 —99
33.00 46.2 —84 33.03 47.0 =75 33.00 46.4 —92 33.03 47.1 —83
33.32 56.4 —53 33.35 57.4 —38 33.32 56.5 —63 33.35 57.5 —48
29.78 39.9 —200 29.78 40.0 —196 29.78 40.0 —209 29.78 40.2 —204

Table II. Quantification of the impact of different assumptions made while extracting So, L, and Ksym from a few of the EOS
realizations shown in Fig. 5. Each row corresponds to a different EOS realization, and the impact of different assumptions can

be made by comparing different columns within the same row. All values are given in MeV.

208})

uncertainty for R ;- b given L,

208
P(Rskifbw) =

208 py,
5 exp |:_ (Rskin

2ro

where

—uw)’/ 202} |
(

98)

(L) [fm] = 0.072414 + 0.001943 x (L [MeV])

o =0.014279 fm .

(29)

Figure 6 demonstrates this uncertainty model’s behavior.
Although one could approximate the theoretical uncer-
tainty with a more complicated model, including nontriv-
ial changes in o at different L, we find that our simple
Gaussian model reproduces the quantitative scatter in
the residuals very well. This probabilistic mapping thus
explicitly accounts for modeling uncertainty within the

correlation between L and R

skin

208Pb



11

o 20 40 60 80 100
L [MeV]

Figure 6. Top panel: Correlation from Eq. (28) (black) for the 31 models considered in Ref. [21] (red dots). Shaded regions
correspond to 1, 2, and 3-0 symmetric credible regions for Rzﬁfnpb at each L. Bottom panel: Residuals about p(L) along
with a cumulative histogram of the observed distribution of residuals and the Gaussian uncertainty model. In the projected
histogram, shaded regions demonstrate approximate 1, 2, and 3-o uncertainty bands for the empirical distribution function (red
line) given 31 samples from our Gaussian residual distribution (black). The fact that the empirical distribution closely follows
the predicted cumulative distribution demonstrates that our uncertainty model both qualitatively and quantitatively describes

the theoretical uncertainty well.
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