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Thanks to the recent advancement in producing rare isotopes and measuring their masses with
unprecedented precision, the updated nuclear masses around the waiting-point nucleus 64Ge in the
rapid-proton capture process have led to a significant revision of the surface gravitational redshift of the
neutron star (NS) in GS 1826-24 by refitting its x-ray burst light curve [X. Zhou et al., Mass measurements
show slowdown of rapid proton capture process at waiting-point nucleus 64Ge, Nat. Phys. 19, 1091 (2023)]
usingModules for Experiments in Stellar Astrophysics (MESA). The resultingNS compactness ξ is between
0.183 and 0.259 at 95% confidence level, and its upper boundary is significantly smaller than themaximum ξ
previously known. Incorporating these new data within a comprehensive Bayesian statistical framework, we
investigate its impact on the Equation of State (EOS) of supradense neutron-rich matter and the required spin
frequency for GW190814’s minorm2 with mass 2.59� 0.05M⊙ to be a rotationally stable pulsar. We found
that the EOS of high-density symmetric nuclear matter (SNM) has to be softened significantly while the
symmetry energy at supersaturation densities stiffened compared to our prior knowledge from earlier
analyses using data from both astrophysical observations and terrestrial nuclear experiments. In particular,
the skewness J0 characterizing the stiffness of high-density symmetric nuclear matter (SNM) decreases
significantly, while the slope L, curvatureKsym, and skewness Jsym of nuclear symmetry energy all increase
appreciably compared to their fiducial values.We also found that themost probable spin rate for them2 to be a
stable pulsar is very close to its mass-shedding limit once the revised redshift data from GS 1826-24 is
considered, making the m2 unlikely the most massive NS observed so far.
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I. INTRODUCTION

A neutron star (NS) of mass M and radius R has a
compactness ξ≡M=R (adopting c ¼ G ¼ 1) and a surface
gravitational redshift z defined by 1þ z≡ ð1 − 2ξÞ−1=2. It
has long been expected that observational constraints on the
redshift z and thus the compactness ξ will provide invalu-
able information about the equation of state (EOS) of
supradense neutron-rich matter in NSs. However, little
progress has been made so far in this direction mostly
due to various uncertainties involved in both observations
(e.g., distance d to the source of x-ray bursters) and some
ingredients [e.g., masses of nuclei involved in rapid-proton
(RP) capture processes] of model simulations of the
relevant astrophysical processes; for reviews, see e.g.,

Refs. [1,2]. Nevertheless, significant efforts have been
devoted to improving the situation in recent years by
reducing or removing the uncertainties in both astrophysi-
cal observations and nuclear physics inputs for their
simulations. For example, GS 1826-24 is a unique type-I
x-ray burster powered by the RP process involving hun-
dreds of exotic neutron-deficient nuclides. While remark-
able agreements between observations and theoretical
models of recurrence times, energetics, and light curves
have been found in several comprehensive analyses (see,
e.g., Refs. [3–7]), our poor knowledge about the masses of
nuclides around the so-called waiting points in the RP
process has been among the major uncertainties in simu-
lating the light curves of GS 1826-24. The masses of these
nuclides play a decisive role in matter flow and therefore
the produced x-ray flux. Because these nuclides are very
short lived, it is very tough to measure their masses
precisely. In particular, 64Ge is among a handful of the
RP process waiting-point nuclides. Fortunately, thanks to
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the technical advancement and breakthroughs at the
Lanzhou/China complex [8,9] of rare isotope facility (for
producing short-lived nuclides) and cooler-storage ring
(used as a mass spectrometer) [10,11], precision measure-
ments of the masses of 63Ge, 64;65As, and 66;67Se—the
relevant nuclear masses around the waiting-point 64Ge-–
have been achieved for the first time recently [12]. The
high-precision masses of these nuclides have been used
as inputs in simulating the x-ray burst from GS 1826-24
using Modules for Experiments in Stellar Astrophysics
(MESA) [13]. By fitting its light curve, its optimal distance
d (redshift z) was found to increase (decrease) by about
6.5% (6.3%) [12] compared to analyses using the 2020
atomic mass table AME’20 [14]. In particular, the new
analyses incorporating the high-precision masses from
Lanzhou yield a compactness ξ ranging from approxi-
mately 0.183 to 0.259 at a 95% confidence level [15]. Its
upper boundary is significantly smaller than the maximum
ξ previously known [16]. Compared to the results of
analyses using AME’20, the Lanzhou results suggest a
less-compact NS in GS 1826-24, indicating that an adjust-
ment of the NS matter EOS may be necessary [12].
However, it is unclear what aspects of the EOS and how
much they may be affected by the newly revised redshift of
the NS in GS 1826-24 compared to our current knowledge
about the nuclear EOS.
Generally speaking, a reduction of the NS compactness

ξ≡M=R requires reducing its massM (which then requires
particularly the softening of symmetric nuclear matter
(SNM) EOS at supersaturation densities) and/or enlarging
its radius R (which then requires the stiffening of nuclear
symmetry energy especially at supersaturation densities). In
this work, within a comprehensive Bayesian framework
besides using existing astrophysical constraints on the
masses and radii of several NSs from LIGO/VIRGO,
Neutron Star Interior Composition Explorer (NICER),
XMM-Newton, and Chandra, we incorporate the newly
revised redshift z for NS in GS 1826-24 and investigate its
impact on:
(1) parameters characterizing the EOS of symmetric

nuclear matter (e.g., its incompressibility K0 and
skewness J0 around its saturation density ρ0) and
density dependence of nuclear symmetry energy
(e.g., its slope L, curvature Ksym, and skewness
Jsym around ρ0),

(2) the necessary spin parameter χ ofGW190814’sminor
component of mass m2 ¼ð2.50–2.67ÞM⊙ [17] as a
candidate of the most massive and fastest spinning
NS [18–20].

By applying the revised redshift z data in a Gaussian
likelihood function to the maximum mass configuration
in the NS mass-radius sequence for a given EOS in our
Bayesian analyses, we can ensure that all lower-mass NSs
also satisfy the z constraint as we shall demonstrate in more
detail. We found that the skewness J0 characterizing the

stiffness of high-density SNM decreases significantly com-
pared to its fiducial value extracted earlier from analyzing
other astrophysical observations and nuclear collective flow
in relativistic heavy-ion collisions. On the other hand, the
slope L, curvature Ksym, and skewness Jsym all increase
appreciably, indicating a stiffer nuclear symmetry energy,
especially at supersaturation densities compared to their
fiducial values from earlier analyses without considering
any z constraint. Moreover, because the maximum mass
(MTOV ≡Mmax) of static NSs supported by a given nuclear
EOS is reduced by the z data while rotations generally
increase themaximummasses of stable pulsars by up to only
about 20% at their Kepler frequencies, the peak of the
posterior probability distribution function (PDF) of the spin
rate is found to further move toward the Kepler frequency
once the revised z data are considered, making the minor
componentm2 of GW190814 less likely to be a stable most
massive pulsar observed so far.
The rest of the paper is organized as follows. In the next

section, we shall first outline the meta-model EOS for NS
matter and then discuss where we expect to see the effects
of the revised redshift z from GS 1826-24 before presenting
the Bayesian framework we use. In Sec. III, we present and
discuss our results. Finally, a summary is given.

II. THEORETICAL FRAMEWORK

Our work is carried out within a comprehensive
Bayesian framework using a meta-model nuclear EOS.
We adopt the so-called minimum NS model assuming NSs
are made of neutrons, protons, electrons, and muons
(usually referred to as the npeμmatter) without considering
the possible exotic phases, e.g., hyperons or hadron-quark
phase transition inside NSs. Such an approach has been
widely used by many groups in the literature. We have
previously used it to infer the nuclear EOS parameters by
solving the NS inverse structure problem by brute-force
and Bayesian statistical inference as well as forward
modeling of NS properties; see, e.g., Refs. [21,22] for
reviews. To facilitate the presentation and discussions of
our results, we recall here a few terminologies and outline
several key aspects of our approach. We refer the reader to
our earlier publications (e.g., Refs. [23–28]) for more
details.

A. Explicitly isospin-dependent meta-model EOS
for neutron stars

According to virtually all existing nuclear many-body
theories, at the hadronic physics level, the most funda-
mental quantity for computing the EOS of neutron-rich
matter at nucleon density ρ ¼ ρn þ ρp and isospin asym-
metry δ≡ ðρn − ρpÞ=ρ is the mean energy per nucleon
Eðρ; δÞ. It is a parabolic function of δ [29],

Eðρ; δÞ ¼ E0ðρÞ þ EsymðρÞ · δ2 þOðδ4Þ; ð1Þ
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where E0ðρÞ is the EOS of SNM and EsymðρÞ is nuclear
symmetry energy at density ρ. The pressure in NSs can be
expressed as

Pðρ; δÞ ¼ ρ2
dϵðρ; δÞ=ρ

dρ
; ð2Þ

where ϵðρ; δÞ ¼ ϵnðρ; δÞ þ ϵlðρ; δÞ is the energy density of
NS matter. Here, ϵnðρ; δÞ and ϵlðρ; δÞ are the energy
densities of nucleons and leptons, respectively. The energy
density of leptons, ϵlðρ; δÞ, is determined by utilizing the
noninteracting Fermi gas model [30]. On the other hand,
the energy density of nucleons, ϵnðρ; δÞ, is linked to the
Eðρ; δÞ and the average mass MN of nucleons via

ϵnðρ; δÞ ¼ ρ½Eðρ; δÞ þMN �: ð3Þ
The fractions of various particles [consequently the density
profile of isospin asymmetry δðρÞ] can be obtained by
solving the β-equilibrium condition μn − μp ¼ μe ¼ μμ ≈
4δEsymðρÞ and the charge neutrality requirement ρp ¼
ρe þ ρμ. Here, the chemical potential μi for a particle i is
calculated from the energy density via μi ¼ ∂ϵðρ; δÞ=∂ρi.
With the above inputs, the density profile of isospin asym-
metry δðρÞ can be readily obtained. The pressure in Eq. (2)
then becomes barotropic, i.e.,PðρÞ depending on the density
only. Similarly, the energy density εðρ; δðρÞÞ becomes εðρÞ
(i.e., also barotropic). The core EOS described above is then
connected with the crust EOS at a transition density con-
sistently determined by examining when the core EOS
becomes thermodynamically unstable [2,31,32]. We adopt
the Negele-Vautherin EOS [33] for the inner crust and the
Baym-Pethick-Sutherland EOS [34] for the outer crust.
Finally, the complete NS EOS in the form of pressure versus
energy density PðεÞ is used in solving the Tolman-
Oppenheimer-Vokolff (TOV) equations [30,35].
In forward modelings of NS EOS, given an energy

density function Eðρ; δÞ expressed by Eq. (1), it can be
further expanded by writing E0ðρÞ and EsymðρÞ as Taylor
series around the saturation density ρ0 of SNM as

E0ðρÞ¼E0ðρ0Þþ
K0

2

�
ρ−ρ0
3ρ0

�
2

þJ0
6

�
ρ−ρ0
3ρ0

�
3

; ð4Þ

EsymðρÞ ¼ Esymðρ0Þ þ L

�
ρ − ρ0
3ρ0

�
þ Ksym

2

�
ρ − ρ0
3ρ0

�
2

þ Jsym
6

�
ρ − ρ0
3ρ0

�
3

; ð5Þ

where E0ðρ0Þ ¼ −16 MeV at ρ0 ¼ 0.16=fm3. The coeffi-
cients K0 ¼ 9ρ20½∂2E0ðρÞ=∂ρ2�jρ¼ρ0

and J0¼ 27ρ30½∂3E0ðρÞ=
∂ρ3�jρ¼ρ0

are the SNM incompressibility and skewness,
respectively. The Esymðρ0Þ, L ¼ 3ρ0½∂EsymðρÞ=∂ρ�jρ¼ρ0

,
Ksym ¼ 9ρ20½∂2EsymðρÞ=∂ρ2�jρ¼ρ0

, and Jsym ¼ 27ρ30 ×

½∂3EsymðρÞ=∂ρ3�jρ¼ρ0
represent the magnitude, slope,

curvature, and skewness of nuclear symmetry energy at
ρ0, respectively. We emphasize here that, while the above
coefficients are all defined at ρ0, the high-order derivatives
characterize the high-density behaviors of E0ðρÞ and
EsymðρÞ. For instance, the skewness parameters J0 and
Jsym characterize the stiffness of E0ðρÞ and EsymðρÞ around
ð3–4Þρ0 [36], andKsym characterizes the stiffness ofEsymðρÞ
around ð2–3Þρ0, which ismost important for determining the
radii of canonical neutron stars [37].
It is also worth noting that the above expressions and

associated parameters have dual meanings. They are Taylor
expansions for known energy density functionals. In
Bayesian analyses, however, they are just parametrizations
with their six parameters to be inferred from the observa-
tional/experimental data instead of from actually expanding
some known energy density functionals [38]. The issue of
convergence associated with Taylor expansions does not
exist in Bayesian analyses. In essence, the last parameters,
i.e., J0 and Jsym, carry all information about the high-
density EOS of neutron-rich matter. Of course, asymptoti-
cally they become the coefficients of the Taylor expansions
as ρ → ρ0. In Bayesian analyses, once the EOS parameters
are randomly generated within their prior ranges in each
Markov-chain Monte Carlo (MCMC) step, the NS EOS can
be constructed as described above. The posterior PDFs of
the EOS parameters inferred will then be used to construct
the experimentally/observationally preferred EOS accord-
ing to the parametrizations of Eqs. (4) and (5). By varying
or randomly generating the six EOS parameters, the NS
EOS model described above becomes a meta-model, i.e.,
model of models. It can effectively mimic essentially all
existing EOS models based on various microscopic and/or
phenomenological nuclear many-body theories [21,22].

B. Where do we expect to see effects of the
revised redshift of x-ray burster GS 1826-24?

Since the NS redshift or compactness measures its mass/
radius ratio, it was generally considered aweak constraint on
the EOS unless either themass or radius is known fromother
sources [39]. As an illustration, shown in Fig. 1 are themass-
radius sequences from solving the TOVequations using 215
examples of meta-model EOS in comparison with the 68%
upper (M ¼ R=6.77) and lower (M ¼ R=8.19) boundaries/
contours from the redshift z of GS 1826-24. These EOS are
generated by varying the EOS parameters within their
current uncertainty ranges. The 68% boundaries of the
redshift z from GS 1826-24 do not exclude any EOS as
all currently acceptable EOS pass through them. However,
its high-z tail may exclude the maximum mass (MTOV)
configurations predicted by some of the EOS considered.
Moreover, it is seen that, if the MTOV configuration on the
mass-radius sequence of a given EOS is compatible with the
redshift observation, all lower-mass configurations from
the same EOS can then automatically do so. Since the high-z
tail from GS 1826-24 represents small probabilities, a
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Bayesian statistical analysis is naturally useful for evaluat-
ing its impact on the nuclear EOS. As we shall discuss in
detail, this can be done by imposing a z component in the
total likelihood function at the MTOV configuration. It will
then limit statistically the MTOV and the posterior PDFs of
the underlying EOS parameters.

To put the above expectation and its importance on a
more solid physics background, shown in the left panel of
Fig. 2 with a green dot is the most probable MTOV obtained
with the most probable EOS parameters: L ¼ 58.7 MeV,
Ksym ¼−100MeV, Jsym ¼ 800MeV, and J0¼−190MeV
based on an earlier Bayesian analysis [27] of astrophy-
sical data including those for PSR J0740þ 6620 from
NICER [40,41] under constraints from nuclear experiments
and theories [22]. The PSR J0740þ 6620 having an
updated mass of 2.08� 0.07M⊙ [42] is among the most
massive NSs discovered so far. Its radius of 13.7þ2.6

−1.5 km
(68%) from Miller et al. [40] or 12.39þ1.30

−0.98 km from
Riley et al. [41] was inferred from two independent
analyses of the same x-ray data taken by NICER and
the X-ray Multi-Mirror (XMM-Newton) observatory. It is
seen that the mass-radius contour for PSR J0740þ 6620
from Riley et al. is mostly above the 68% upper boundary
of the redshift z from GS 1826-24. Nevertheless, assuming
both have Gaussian distributions, their tails overlap. On the
other hand, the 68% upper boundary of the redshift z from
GS 1826-24 passes through the mass-radius contour from
Miller et al. It would thus be exciting to investigate to what
extent the high-z tail of GS 1826-24 may affect the EOS
parameters compared to our prior knowledge from analyz-
ing earlier astrophysical data including those from NICER.
It is also seen that the most probable MTOV (the green dot

at 2.14M⊙) is significantly above the 68% upper boundary
of the redshift z from GS 1826-24. However, the 1σ
uncertainties of the underlying EOS parameters, especially

FIG. 1. Mass-radius sequences from using 215 examples
of meta-model EOS in comparison with the 68% upper
(M ¼ R=6.77 and lower (M ¼ R=8.19) boundaries from the
redshift of GS 1826-24. The horizontal band is the mass m2 ¼
2.59� 0.05M⊙ of GW190814’s minor component.

FIG. 2. Left: constraints on the NS mass (M)-radius (R) plane from general relativity (GR) (Schwarzschild radius: R ≥ 2GM=c2),
causality (R ≥ 2.9GM=c2) (see Ref. [2] and references therein), earlier prediction for the upper bound of NS redshift z (z < 0.863) by
Lindblom [16], and the new upper limit of z (z < 0.33) from reanalyzing the light curve of NS in GS 1826-24 [12]. The shadowed ranges
correspond to the 68% mass-radius contours from two independent analyses using similar techniques of the same PSR J0740þ 6620
data from NICER [40,41]. The green dot in both panels is the most probable NS maximum mass Mmax ¼ 2.14M⊙ (MTOV) and
corresponding radius Rmax obtained with the parameter set: L ¼ 58.7 MeV, Ksym ¼ −100 MeV, Jsym ¼ 800 MeV, and J0 ¼
−190 MeV based on an earlier Bayesian analysis of astrophysical data [27]. Right: dependence of Mmax and Rmax on the EOS
parameters L, Ksym, Jsym, and J0 in their respective uncertainty ranges of 30 ≤ L ≤ 90 in steps of 10 MeV, −200 ≤ Ksym ≤ 0 in steps of
50 MeV, 100 ≤ Jsym ≤ 800 in steps of 100 MeV, and −290 ≤ J0 ≤ −90 in steps of 50 MeV.
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J0 and Jsym, are still considerable. Consequently, as shown
in the right panel, the MTOV varies significantly with the
EOS parameters within their 1σ uncertainties. In these
calculations, for example, in analyzing the impact of the
parameter J0 on the MTOV and the corresponding radius
Rmax of NSs, we systematically vary the values of J0 from
−290 to −90 MeVwhile keeping all other parameters fixed
at their most probable values given above. Our analysis
reveals that the parameter J0 exhibits greater influences on
the MTOV than the radius Rmax when it is varied from −290
to −90 MeV, consistent with our earlier findings [23–28].
Conversely, the parameters Jsym and Ksym demonstrate
more pronounced influences on the radius Rmax than on the
MTOV when they are varied from 100 to 800 MeVand from
−200 to 0 MeV, respectively. While the parameter L is
relatively well constrained to be between 30 and 90 MeV, it
is still obvious that its variation affects significantly the
Rmax but has little effect on the MTOV. Interestingly, most of
the results from varying the key EOS parameters fall within
the 68% error band of PSR J0740þ 6620 observed by
NICER [40,41]. Among all EOS parameters considered, J0
has the strongest influence on MTOV, while Jsym has the
biggest impact on Rmax.
It is also interesting to note that various efforts within

other models have put the MTOV in the range of about 2.1 to
2.4M⊙ (see Fig. 5.1 of Ref. [21] for a summary), consistent
with the results shown in the right panel of Fig. 2.
For example, a very recent comprehensive analysis [43]
extracted an MTOV ¼ 2.25þ0.08

−0.07M⊙ by combining results
from two approaches: 1) modeling the mass function of 136
NSswith a sharp cutoff at 2.28M⊙ and 2)Bayesian inference
of the EOS from the multimessenger data of NSs under the
constraints of predictions from the chiral effective field
theory at low densities and perturbative QCD at extremely
high densities. In short, our current knowledge on MTOV is
model dependent, albeit within a relatively small range.
Fortunately, the new redshift data fromGS1826-24 provides
us with an additional constraint on the MTOV.
Another impact of the constraint on MTOV due to the

high-z tail of GS 1826-24 is on the nature of GW190814’s
secondary component m2. Whether the m2 is the lightest
black hole or the most massive NS remains a challenging
question that is still under hot debate; see, e.g. Ref. [44] for
a recent review. Among many possible mechanisms for the
m2 to be a NS, the simplest one relies on the additional
rotational support besides the nuclear pressure; see, e.g.,
Refs. [18–20,45–52]. In these models, the required mini-
mum spin frequency depends on the MTOV. There is a
universal relation [53,54],

Mrot
max ¼ MTOV

�
1þ a2

�
χ

χkep

�
2

þ a4

�
χ

χkep

�
4
�
; ð6Þ

between the maximummassMrot
max of a rotating NS (pulsar),

MTOV, and its dimensionless spin magnitude χ (relative to

its maximum value χkep at the Kepler frequency, i.e., the
mass-shedding limit). In accordance with Ref. [54], the
parameters a2 anda4 are selected according to the scheme: if
MTOV is greater than twice the solar mass (MTOV≥2.0M⊙),
a2 ¼ 0.16 and a4¼R− ða2þ1Þ with R¼ 1.24; a2¼ 0.17
with R ¼ 1.244 if MTOV ≥ 2.2M⊙; and a2 ¼ 0.16 with
R ¼ 1.248 ifMTOV ≥ 2.35M⊙, respectively. The horizontal
band in Fig. 1 is the mass m2 ¼ 2.50–2.67 of the minor
component of GW190814 at 68% confidence level. To
rotationally raise the various MTOV values to be combative
with the m2 requires different spins. Constraints on the
MTOV from the high-z tail of GS 1826-24 will affect
the necessary spin to rotationally support the m2 of
GW190814. The resulting posterior PDF of χ will thus
provide additional knowledge useful for better understand-
ing the nature of GW190814’s minor component m2.

C. Bayesian inference approach

For completeness, we recall that the Bayesian theorem
reads

PðMjDÞ ¼ PðDjMÞPðMÞR
PðDjMÞPðMÞdM : ð7Þ

Here, PðMjDÞ represents the posterior probability of the
model M given the dataset D, which is the focal point of
our inquiry. Meanwhile, PðDjMÞ denotes the likelihood
function or the conditional probability that a given theo-
retical model M accurately predicts the data D.
Additionally, PðMÞ signifies the prior probability of the
model M before encountering the given data. The denom-
inator in Eq. (7) represents a normalization constant that
can be used to discern which model among many candi-
dates can provide a more rational explanation for exper-
imental data.
We randomly sample uniformly the EOS and pulsar spin

parameters within their prior ranges specified by their
minimum and maximum values shown in Table I.
Through substitution of the six randomly sampled EOS
parameters,pi¼1;2…6, into Eqs. (2), (4), and (5), we construct
the EOS for NSs at β equilibrium. Subsequently, the NS
mass-radius sequences are determined by solving the TOV
equations. The resultant theoretical radius Rth;j is then
utilized to assess the likelihood of the selected EOS
parameter set to reproduce the observed radius Robs;j, where
j ranges from1 to 6, as presented in the data setDðR1;2;…6Þ in
Table II. This radius likelihood calculation is expressed as

PR½DðR1;2;…6ÞjMðp1;2;…6Þ�

¼
Y6
j¼1

1ffiffiffiffiffiffi
2π

p
σobs;j

exp

"
−
ðRth;j − Robs;jÞ2

2σ2obs;j

#
; ð8Þ

where σobs;j represents the 1σ error bar associated with the
observation j. For the data having different upper and lower
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68% confidence boundaries (σ), we use them separately for
R smaller and larger thanRobs to mimic a finally asymmetric
(non-)Gaussian distribution. Furthermore, when multiple
results exist from different analyses of observations of the
same source, such as GW170817 and PSR J0030þ 0451,
we consider them as equally probable. Numerically, we take
their statistical average by randomly selecting with an equal
weight one of the results to calculate the likelihood function
in each MCMC step.
After determining the mass and radius of a NS, its

surface gravitational redshift can be computed using the
expression z ¼ ð1 − 2M=RÞ−1=2 − 1. The corresponding
redshift likelihood function is formulated as

Pðz; zobs; σzÞ ¼
1ffiffiffiffiffiffi
2π

p
σz

exp

�
−
ðz − zobsÞ2

2σ2z

�
: ð9Þ

It is necessary to discuss here in more detail what redshift
information we can get from Ref. [12] and how we use it in
determining the z-likelihood function Pðz; zobs; σzÞ in each

MCMC step. Reference [12] published the probability
contours at 95% and 68% confidence level, respectively,
in the distance-redshift plane. The 95% contour centers
around z0 ¼ 0.29 with σz0 ¼ 0.04 (1σ calculated from the
1.96σ on the 95% line assuming the z distribution is
Gaussian), while there are two 68% contours: a narrow
one around z1 ¼ 0.25 with σz1 ¼ 0.0065 and a broad one
around z2 ¼ 0.29 with σz2 ¼ 0.034, respectively. The
difference of 0.006 between σz0 and σz2 is due to the
non-Gaussian nature of the actual z distribution that is not
available to us. We treat it as an uncertainty of our analyses.
Without the detailed distance-redshift joint distribution
function and/or extra information about the distance, our
extraction of the z distribution inevitably involves some
uncertainties. Nevertheless, we faithfully use the available
data and try to mitigate the potential impact of the involved
uncertainties on our conclusions by using two observatio-
nal z-distributions (likelihood) functions. Our “redshift 1”
is just the D1ðzÞ ¼ Pðz; z0; σz0Þ based on the 95% confi-
dence contour mentioned above. While our “redshift 2” is
non-Gaussian constructed from the weighted sum of two
Gaussians, i.e., D2ðzÞ ¼ Pðz; z1; σz1Þ þ λPðz; z2; σz2Þ with
λ ¼ 8.96 by requiring the resulting D2ðzÞ to have the same
value at z ¼ z1 and z ¼ z2 to be consistent with the two
68% contours given in Ref. [12]. Technically, this is simply
done by comparing a random number generated between 0
and 1 with 1=ð1þ λÞ ≈ 10% [which is the total probability
PlowðzÞ for the narrower Gaussian peaked at z ¼ 0.25] to
select one of the two Gaussians involved in D2ðzÞ in each
MCMC step as we are doing a statistical Bayesian analysis.
Interestingly, we found numerically that our results are
almost identical with PlowðzÞ ¼ 0.1 or 0.5 as what matters
for this study is the high-z tail at the MTOV configuration as
we discussed earlier. Consequently, considering the narrow
z-distribution around z1 ¼ 0.25 or not has practically no
effect on our study, as the high-z tail is overwhelmingly
determined by the broader Gaussian distribution peaked at
z ¼ 0.29. Since what really matters for the purposes of this
work is the high-z tail, it is useful to compare theD1ðzÞ and
D2ðzÞ especially at high-z values. Their log plots are shown
in Fig. 3. With the limited data available, while our
likelihood function has some uncertainties, the truth should
be between the redshift 1 and redshift 2 and closer to the
latter. It is seen that the redshift-2 z distribution has a less
extended high-z tail. Namely, it favors relatively smaller z
values for the MTOV configuration compared to redshift 1.
Thus, redshift 2 is expected to lead to a softer SNM EOS
and a stiffer symmetry energy compared to redshift 1 to
produce a smaller compactness. Comparing results from
using redshift 1 and redshift 2 will thus further demonstrate
effects of the high-z tail of the gravitational redshift
with respect to calculations with no limit on z until the
causality line.
By substituting the randomly sampled spin parameter

χ=χkep along with the MTOV into Eq. (6), the pulsar

TABLE I. Prior ranges of the six EOS parameters (in units of
MeV) and the reduced spin parameter χ=χkep.

Parameters Lower limit Upper limit

K0 220 260
J0 −800 400
Ksym −400 100
Jsym −200 800
L 30 90
Esymðρ0Þ 28.5 34.9
χ=χkep 0.2 1.0

TABLE II. Data for the NS radius, maximummass, and redshift
used in the present work.

Mass(M⊙) Radius R (km) Source and reference

1.4 11.9þ1.4
−1.4 (90% CL) GW170817 [55]

1.4 10.8þ2.1
−1.6 (90% CL) GW170817 [56]

1.4 11.7þ1.1
−1.1 (90% CL) QLMXBs [57]

1.34þ0.15
−0.16 12.71þ1.14

−1.19 (68% CL) PSR J0030þ 0451 [58]

1.44þ0.15
−0.14 13.0þ1.2

−1.0 (68% CL) PSR J0030þ 0451 [59]

2.08þ0.07
−0.07 13.7þ2.6

−1.5 (68% CL) PSR J0740þ 6620 [59]

Redshift Source and reference

Redshift-1 0.29þ0.04
−0.04 (68% CL) GS 1826-24 [12]

Redshift-2 0.29þ0.034
−0.034 , 0.25

þ0.0065
−0.0065

(68% CL)
GS 1826-24 [12]

Maximum mass Source and reference

2.59þ0.05
−0.05 (68% CL) GW190814 [17]
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maximum mass Mrot
max is then derived. Subsequently, its

likelihood function to reproduce the observed mass m2 of
GW190814 is computed from

PM½DðMmaxÞjMðp1;2;…7Þ�

¼ 1ffiffiffiffiffiffi
2π

p
σM

exp

"
−
ðMmax

th −Mmax
obs Þ2

2σ2M

#
; ð10Þ

where σM ¼ 0.05, and Mmax
obs ¼ 2.59, as listed in Table II.

Depending on the purpose of each calculation, the total
likelihood function can be constructed differently by
selecting and multiplying the individual likelihood com-
ponents given above. For example, our base/default total
likelihood function is given by

PðDjMÞbase ¼ Pfilter × Pmass;max × PR: ð11Þ

Here, Pfilter and Pmass;max denote that the generated EOS
must satisfy the following conditions: (i) the crust-core
transition pressure remains positive; (ii) the thermodynamic
stability condition,dP=dε ≥ 0, holds at all densities; (iii) the
causality condition is upheld at all densities; and (iv) the
generated NS EOS should be sufficiently stiff to support
the currently observed maximum mass of NSs. Namely, the
Pmass;max is a step function at the minimum Mmin

TOV. In this
study, we set it at 1.97M⊙ as in the original analysis of
GW170817 by the LIGO/VIRGO Collaborations [60].
To evaluate the effects of redshift on the EOS parameters,

our default results will be compared to calculations

obtained from using a total likelihood function PðDjMÞ ¼
PðDjMÞbase × Pz. In the case of studying its effects on the
spin of GW190814’s minor, we will compare the default
results with calculation using PðDjMÞ ¼ PðDjMÞbase ×
Pz × PM.
The Metropolis-Hastings algorithm is utilized in our

MCMC process to generate posterior PDFs for the model
parameters. These PDFs not only encompass the individual
parameters but also enable the calculation of two-parameter
correlations by integrating all other parameters via the
marginal estimation approach. During the initial phase,
known as the burn-in period, samples are discarded to
ensure that the MCMC process begins from an equilibrium
distribution, as recommended by Trotta [61]. Specifically, a
total of 40,000 burn-in steps are thrown away, with
1 million subsequent steps used for calculating the posterior
PDFs in each case.

III. RESULTS AND DISCUSSIONS

A. Impact on the EOS of
supradense neutron-rich matter

The posterior PDFs of the six EOS parameters from the
radius data listed in Table II with and without considering
the gravitational redshift constraint from GS 1826-24 are
shown in Fig. 4. It is seen that the skewness J0 of SNM
decreases significantly while the L, Ksym, and Jsym char-
acterizing the stiffness of nuclear symmetry all turn to
increase. The incompressibility K0 also shows an appreci-
able increase. While the magnitude of the symmetry energy
Esym at ρ0 shows some slight decrease mostly due to its
correlations with other parameters. These results are all
understandable and interesting. In particular, it is well
known that the MTOV is mostly determined by the stiffness
of SNM at supersaturation densities characterized by J0;
see demonstrations in either forward modelings in Ref. [62]
and/or Bayesian analysis in Ref. [26]. On the other hand,
the NS radius is mostly determined by the stiffness of the
nuclear symmetry energy. A stiffer SNM EOS leads to a
higher MTOV, while a stiffer symmetry energy results in a
larger radius Rmax. The incompressibilityK0 has little effect
on the MTOV, but its increase also leads to a larger radius at
least for canonical NSs as shown earlier using the same
meta-model NS EOS in Refs. [37,63]. As discussed earlier
and shown in Figs. 1 and 2, the revised gravitational
redshift of GS 1826-24 leads to a reduced NS compactness
ξ≡M=R. At the maximum mass configuration, this
requires either a reduction of MTOV and/or an increase
of the corresponding radius Rmax. Consequently, the high-
density SNM EOS has to be softened, while the symmetry
energy at supersaturation densities has to be stiffened. As
expected, this phenomenon becomes more pronounced
when using the non-Gaussian distribution redshift 2, as
it results in smaller values of gravitational redshift com-
pared to redshift 1. Corner plots of the pairwise correlation

FIG. 3. The gravitational redshift-z distributions extracted from
Ref. [12]. “Redshift 1” is a Gaussian function based on the
information about the 95% confidence contour, while “redshift 2”
is a weighted sum of two Gaussians based on the information
about the 68% confidence contours in the distance-redshift plane
given in Ref. [12].
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functions among the six-EOS parameters together with
their PDFs for all three cases are shown in the Appendix.
To characterize more quantitatively the effects of the

revised gravitational redshift of GS 1826-24 on the EOS
parameters, their most probable values and corresponding
credible intervals (at 68% and 90% confidence levels) are
listed in Table III. Most noticeably, the J0 decreases by
about 58% (85%), while the Ksym increases by about 29%
(134%) with the redshift 1 (redshift 2) z distribution
compared to their most probable values in the default
calculations without considering the constraint from the
gravitational redshift of GS 1826-24. The large changes
(from 58% to 85% for J0 and from 29% to 134% for Ksym)
due to changing the z distribution from redshift 1 to redshift
2 strongly suggest that the gravitational redshift data are
more sensitive to the variation of Rmax than MTOV.
Consequently, it is more revealing about the symmetry
energy in the high-density region characterized by Ksym

compared to the SNM EOS there characterized by J0. It is
known that the radii and tidal deformations of all NSs
observed so far have provided significant constraints on the

L and to a lesser extent on Ksym, but not much on the Jsym,
as indicated by the peak of its PDF at the upper limit of
its prior [22]. The shift observed here in the PDF of Jsym is
mostly due to its known anticorrelations with both J0 and
Ksym [26]; see the Appendix. Since Jsym determines mostly
the behavior of symmetry energy above about ð3–4Þρ0,
while the radii of canonical NSs are mostly determined by
NS pressure at lower densities where L and Ksym are more
important, it is not surprising that the redshift data have the
strongest impact on Ksym among all symmetry energy
parameters, although neither the mass nor radius (but their
ratio) of the NS in GS 1826-24 is known.
The upper and lower 68% confidence boundaries of the

binding energy E0ðρÞ in SNM and the nuclear symmetry
energy EsymðρÞ corresponding to the results in Fig. 4 are
displayed in Fig. 5. As expected, the EOS of SNM exhibits a
softening especially at high densities when the gravitational
redshift data from GS 1826-24 is considered. On the other
hand, the increased values of Ksym, Jsym, and L lead to an
enhancement of nuclear symmetry energy at supersaturation
densities compared to the default calculations. Moreover,

FIG. 4. Posterior probability distribution functions of the six EOS parameters inferred from the Bayesian analysis of combined NS
radius dataset listed in Table II with (magenta and green) and without (black) considering the gravitational redshift of GS 1826-24. The
results from the (non-)Gaussian form of the gravitational redshift distribution are represented by (green) magenta curve corresponding to
redshift 1 (redshift 2) shown in Fig. 3.
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the 68% confidence band of the symmetry energy at
supersaturation densities becomes narrower thanks to the
redshift constraint. Again, the effects especially on the high-
density symmetry energy are stronger with redshift 2
compared to redshift 1.
To facilitate applications of the confidence boundaries of

E0ðρÞ and EsymðρÞ in future studies, we have parametrized

them as functions of the reduced density x ¼ ρ=ρ0.
Considering the redshift data described with a Gaussian
distribution (redshift 1) from GS 1826-24, their upper (u)
and lower (l) 68% confidence boundaries in units of MeV
can be written, respectively, as

Eu
0ðρÞ ¼ −1.11x3 þ 17.67x2 − 32x − 0.56;

El
0ðρÞ ¼ −1.48x3 þ 17.44x2 − 30.44x − 1.52 ð12Þ

and

Eu
symðρÞ ¼ 4.94x3 − 14.26x2 þ 35.7xþ 6.62;

El
symðρÞ ¼ 3.24x3 − 18.61x2 þ 41.5xþ 2.87: ð13Þ

For the redshift data described with a non-Gaussian
distribution (redshift 2) from GS 1826-24, they can be
written, respectively, as

Eu
0ðρÞ ¼ −1.3x3 þ 18.22x2 − 32.56x − 0.37;

El
0ðρÞ ¼ −1.6x3 þ 17.93x2 − 31.04x − 1.28 ð14Þ

and

Eu
symðρÞ ¼ 4.94x3 − 12.15x2 þ 34.81xþ 5.4;

El
symðρÞ ¼ 2.87x3 − 17.28x2 þ 44.61x − 1.2: ð15Þ

The results from using only the NS radius data can be
written as

Eu
0ðρÞ ¼ −0.62x3 þ 16.19x2 − 30.52x − 1.05;

El
0ðρÞ ¼ −1.05x3 þ 16.04x2 − 28.93x − 2.06 ð16Þ

and

Eu
symðρÞ ¼ 4.94x3 − 17.04x2 þ 39.26xþ 7.34;

El
symðρÞ ¼ 2.47x3 − 18.52x2 þ 39.63xþ 6.92: ð17Þ

TABLE III. Most probable values and their corresponding credible intervals (68% and 90%) of the six EOS
parameters inferred from the Bayesian analyses of NS radii with and without considering the gravitational redshift
constraint from GS 1826-24. Here, the phrase “NS radius including redshift 1 (redshift 2)” means that the neutron-
star radius data and the redshift 1 (redshift 2) z distribution from the gravitational redshift data are used in the
calculations.

Parameters (MeV)
NS radius including redshift 1

68%, 90%
NS radius including redshift 2

68%, 90%
NS radius data only

68%, 90%

J0∶ −205þ25
−35 ;−205

þ45
−55 −240þ35

−20 ;−240
þ55
−40 −130þ30

−40 ;−130
þ50
−70

K0∶ 258þ2
−24; 258

þ2
−34 258þ2

−22; 258
þ2
−32 258þ2

−26; 258
þ2
−34

Jsym∶ 800þ0
−275; 800

þ0
515 800þ0

−350; 800
þ0
−635 800þ0

−400; 800
þ0
−660

Ksym∶ −50þ60
−110;−50

þ90
−180 24þ60

−84 ; 24
þ72
−168 −70þ30

−130;−70
þ60
−180

L∶ 57þ9
−15; 57

þ15
−21 70þ8

−14; 70
þ14
−24 50þ10

−20 ; 50
þ20
−20

Esymðρ0Þ∶ 31.5þ1.5
−2.5 ; 31.5

þ3
−2.5 29.0þ4

−0 ; 29.0
þ5.5
−0 33.5þ1

−3 ; 33.5
þ1
−4.5

FIG. 5. The 68% credible intervals of the binding energy in
SNM (upper panel) and the nuclear symmetry energy (lower
panel) as functions of the reduced density ρ=ρ0 inferred from our
Bayesian analyses with (magenta and green) and without (black)
considering the gravitational redshift constraint from GS 1826-
24. The results from the (non-)Gaussian form of the gravitational
redshift distribution are represented by (green) magenta shadow
marked as (including redshift 2) including redshift 1.
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B. Impact on the spin of GW190814’s minor component
as a candidate of the most massive pulsar

We now examine the impact of the gravitational redshift
constraint from GS 1826-24 on the spin of GW190814’s
minor component as a candidate of the most massive pulsar.
Shown in Fig. 6 are the PDFs of the reduced dimensionless
spin magnitude χ=χkep with (magenta and green) and
without (black) considering the redshift constraint from
GS 1826-24. As mentioned earlier, these PDFs are inferred
from our Bayesian analysis utilizing the likelihood function
PðDjMÞ ¼ PðDjMÞbase × Pz × PM. The PDFs of the six
EOS parameters remain almost identical to those presented
in Fig. 4 and are thus not shown again here. It is seen that,
upon incorporating the gravitational redshift data from GS
1826-24, the necessary spin χ=χkep experiences a substan-
tial increase. Moreover, its PDF is much narrower com-
pared to the calculation solely relying on the NS radius
data. A strong preference is indicated toward a larger spin
parameter χ nearing its critical value χkep where the pulsar
becomes rotationally unstable, suggesting the second
component m2 of GW190814 is unlikely the most massive
NS observed so far. It is interesting to note that, while the
change in PDF of χ=χkep is generally small, redshift 2
prefers even more strongly the χ=χkep near its Keppler limit.
This is simply because it prefers a smaller redshift, thus a
smaller MTOV as discussed earlier. Thus, rotationally
supporting the m2 as a stable pulsar requires even faster

rotations compared to the case with redshift 1. For a
comparison, the inset in Fig. 6 displays the PDF of χ
utilizing the value χkep ¼ 0.68 reported in Refs. [64,65].
Our findings are consistent with the range 0.49þ0.08

−0.05 ≤ χ ≤
0.68þ0.11

−0.05 found in Refs. [64,65] assuming Mmax
TOV < 2.3M⊙

and jχj ≤ 0.81 found in Ref. [66], particularly when
considering the gravitational redshift data. The latter
naturally limits the maximum value of Mmax

TOV that is not
set a priori in our analyses.
The posterior pairwise correlations between the EOS

parameters and the spin parameter χ=χkep calculated by
using redshift 1 and redshift 2 are depicted in the left and
right windows of Fig. 7, respectively. According to Eq. (6),
the spin parameter χ=χkep and MTOV are compensatory to
produce an identical rotational mass Mrot

max for pulsars.
Thus, those EOS parameters (especially J0 and Jsym)
leading to an increase of MTOV as shown in the right panel
of Fig. 2 are expected to be negatively correlated with the
spin parameter χ=χkep. Indeed, this is the case, albeit weak.
For example, a negative correlation between χ=χkep and J0
is readily apparent. Since Jsym is positively correlated with
MTOV as shown in the right panel of Fig. 2, a negative
correlation also exists between χ=χkep and Jsym. In other
words, the decline in MTOV requires a smaller total pressure
in NSs, necessitating a softer NS EOS. All EOS parameters
that increase the NS pressure are generally expected to be
anticorrelated with the spin parameter. Namely, a smaller
MTOV supported by softer nuclear EOS needs to rotate
faster such that its centrifugal force is high enough to help
support the pulsar as heavy as the minor component of
GW190814.
The pairwise correlations L − χ and Ksym − χ are

expected to be weak as both L and Ksym affect the
MTOV very weakly as shown in the right panel of Fig. 2.
Moreover, they may be overtaken by the correlations of L
and Ksym with J0 and Jsym that affect most strongly the
MTOV (subsequently the χ=χkep). For example, as shown in
the Appendix, Ksym is positively correlated with J0 but
negatively with Jsym, and their strengths depend on whether
redshift 1 or redshift 2 is used. Thus, the marginalized
pairwise correlations between L, Ksym, and the spin χ=χkep
may deviate from the indication of Fig. 2 where only one
parameter is varied at a time while all others are fixed at
their most probable values. It is seen from Fig. 7 that Ksym

becomes slightly anticorrelated with χ=χkep with redshift 2,
while there is no obvious change for the L − χ correlation
compared to the calculation with redshift 1. Therefore,
through both direct and indirect correlations with MTOV,
the observed weak L − χ and Ksym − χ correlations as well
as their variations with the redshift constraint are physically
meaningful, although their interpretations are not trivial
especially because χ is inversely proportional to MTOV for a
given rotational mass Mrot

max to be supported, while the
redshift constraint is on the MTOV=Rmax ratio.

FIG. 6. Posterior probability distribution functions of the
reduced dimensionless spin magnitude χ=χkep of a uniformly
rotating star derived from the combined dataset of neutron star
radius and gravitational redshift measurements (magenta and
green) in comparison with the results (black) using solely the
neutron star radius data listed in Table II. The inset shows the
results of the dimensionless spin magnitude by adopting χkep ¼
0.68 [64,65]. The results from the combined dataset using the
(non-)Gaussian distribution for the gravitational redshift mea-
surements are shown by the (green) magenta curves marked as
(including redshift 2) including redshift 1.
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Since the relevant EOS parameters affect MTOV and Rmax
differently, considering all the constraints and data, the
resulting correlations, especially the weak ones among the
EOS parameters and χ, are thus not all straightforward. To
appreciate the complexity involved and better understand
the results shown in Fig. 7, in the following, we make a few
comments regarding the expected direct Ksym − χ correla-
tion as well as their indirect correlations through Jsym
and J0:
(1) As discussed and demonstrated earlier, redshift 2

favoring relatively smaller redshift values compared
to redshift 1 require both L and Ksym to become
larger while the J0 gets smaller. The increased L and
Ksym not only make Rmax larger but also reduce the
MTOV. They have the same net effect on reducing the
compactness at MTOV as a reduced J0 (which makes
the MTOV significantly smaller and the Rmax appre-
ciably larger as shown in the right panel of Fig. 2). In
short, increasing L and/or Ksym alonewill reduce the
MTOV appreciably, albeit weak. Consequently,
higher χ=χkep values will be required to raise rota-
tionally the MTOV to be compatible with the ob-
served mass m2 of the minor component of
GW190814. Therefore, if L and Ksym are not
correlated with any other EOS parameters, they
are expected to be directly correlated positively with
χ=χkep especially when redshift 2 is used.

(2) Increasing the value of L and/or Ksym while fixing
all other EOS parameters stiffens the symmetry

energy at low-intermediate densities (around
ρ0 − 2ρ0). Consequently, the Rmax increases, but
the MTOV decreases appreciably as shown in the
right panel of Fig. 2. Altogether, they make the
compactness or redshift decrease coherently. Their
opposite effects on MTOV and Rmax are related to the
EsymðρÞδ2 term in the binding energy of neutron-rich
matter and the β-equilibrium condition. If the latter
requires a smaller (larger) δ with a higher (lower)
EsymðρÞ at low densities, the opposite is true at
high densities when the symmetry energy at ρ0 is
fixed [67]. Also, to minimize the total energy,
wherever/whenever the symmetry energy is higher,
the isospin asymmetry δ there is lower. The resulting
density profile δðρÞ at β equilibrium exhibits the
well-known isospin fractionation phenomenon
(Esymðρ1Þδ1 ≈ Esymðρ2Þδ2 for two regions of density
ρ1 and ρ2 in β equilibrium [68,69]); see, e.g.,
Ref. [70] for a review. Since the total pressure in
neutron stars depends on the SNM EOS E0ðρÞ,
symmetry energy EsymðρÞ, and the isospin profile
δðρÞ (see, e.g., Ref. [71] for a review), a stiffened
EsymðρÞ at low-intermediate densities necessary for
increasing theRmax (note that the radius is determined
by the radial coordinate where the pressure is zero,
while the MTOV is determined by the maximum
central pressure at high densities) may require si-
multaneously a softened high-densityEsymðρÞ (thus a
reduced Jsym as shown in Fig. 4 with redshift 2

FIG. 7. Posterior correlation functions among the EOS parameters and the reduced dimensionless spin magnitude χ=χkep of a
uniformly rotating NS to make its mass compatible with that of the second component of the GW190814 in our Bayesian analyses
incorporating the gravitational redshift data with a Gaussian distribution (redshift 1) on the left and a non-Gaussian (redshift 2) on the
right from GS 1826-24, respectively. The blue and red curves represent the 90% and 68% confidence intervals, respectively.
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compared to that with redshift 1). Mathematically,
one expects any two adjacent parameters (e.g., K0

and J0, L and Ksym, or Ksym and Jsym) in the
parametrization of E0ðρÞ and EsymðρÞ to be anticor-
related, as discussed in more detail in the Appendix.
TheEsymðρÞ above about 3ρ0 is controlled by the Jsym
parameter, which monotonically increases both
MTOV and Rmax as shown in Fig. 2, leading directly
to a negative Jsym − χ correlation. Indirectly, then it
would contribute to a positiveKsym − χ correlation as
Ksym and Jsym are always clearly anticorrelated.

(3) As shown in the Appendix, to reproduce the radius
data under the constraints discussed earlier, the Ksym

is clearly positively correlated with J0 in all cases,
while the situation for L is less clear. Considering the
competitions among the individual correlations dis-
cussed above, if the Ksym − J0 correlation domi-
nates, Ksym is finally expected to be weakly
anticorrelated with χ=χkep as observed in Fig. 7.

IV. CONCLUSIONS

In summary, unprecedented high-precision nuclear mass
measurements around the RP process waiting-point nucleus
64Ge have led recently to a significant revision of the
surface gravitational redshift of the NS in GS 1826-24 by
refitting its x-ray light curves using MESA. The NS
compactness ξ is constrained to be between 0.244 and
0.342 at 95% confidence level, and its upper boundary is
significantly smaller than the maximum ξ previously
known. These findings call for a timely investigation of
their impact on the EOS of supradense neutron-rich matter,
which is still poorly known but fundamentally important
for resolving many critical issues in both astrophysics and
nuclear physics. Within a comprehensive Bayesian stat-
istical framework incorporating the newly revised redshift
data from GS 1826-24, we studied the impact of the latter
on the EOS of supradense neutron-rich matter and the
necessary spin rate for GW190814’s minor to be the most
massive stable pulsar observed so far.
We found that the high-density SNM EOS has to be

softened significantly compared to our prior knowledge
from earlier analyses. On the contrary, the symmetry
energy at supersaturation densities has to be stiffened
significantly. In particular, the skewness J0 characterizing
the stiffness of high-density SNM decreases significantly
compared to its fiducial value, while the slope L, curvature
Ksym, and skewness Jsym of nuclear symmetry energy all
increase appreciably. Using the MTOV constrained by the
revised redshift data from GS 1826-24, the most probable
spin rate for GW190814’s minor m2 to be a stable pulsar is
found to be very close to its mass-shedding limit, indicating
that the m2 is unlikely the most massive pulsar observed
so far.
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APPENDIX: CORRELATIONS AMONG THE EOS
PARAMETERS FROM BAYESIAN ANALYSES

WITH AND WITHOUT INCLUDING THE
GRAVITATIONAL REDSHIFT DATA

Corresponding to the PDFs of the six EOS parameters
shown in Fig. 4 in the three cases investigated, shown in
Figs. 8–10 are their pairwise correlations. We notice the
following points:
(1) Consistent with findings in our earlier Bayesian

analyses [26,27] and mathematical expectations, two
adjacent parameters (e.g., K0 and J0, L and Ksym, or
Ksym and Jsym in parametrizing respectively the
SNM EOS E0ðρÞ and symmetry energy EsymðρÞ
are anticorrelated, and the correlations between low-
order and high-order (e.g., L and Jsym) parameters
are generally weak. The correlations between SNM
EOS E0ðρÞ and EsymðρÞ parameters are introduced
by both the radius data and the minimum MTOV that
all EOS are required to produce. In particular, J0 and
Jsym are anticorrelated, as they both contribute
positively to MTOV as shown in the right window
of Fig. 2. In our default analyses using the radius
data only with several filters discussed earlier, it is
seen that the L and Ksym parameters are anticorre-
lated with each other, and L has essentially no
correlation with J0 and Jsym. On the other hand,
Ksym is positively correlated with J0 but negatively
with Jsym. Applying the redshift-1 z distribution to
the MTOV configuration does not change qualita-
tively any of these features. This is mainly because
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redshift 1 (compared to redshift 2) has a more
extended high-z tail. It is thus relatively less re-
strictive, as our default calculations have no limit on
the redshift z until the causality line.

(2) Particularly interestingly, applying the redshift-2 z
distribution that is more restrictive compared to
redshift 1 on the allowed high-z values (namely,
redshift 2 requires effectively smaller compactness
at the MTOV configuration), the L and Ksym become
positively correlated with each other. Moreover,
the positive correlation between J0 and Ksym is
weakened. These features are all understandable.
Applying redshift 2 z distribution to the MTOV
configuration requires effectively a reduction of
ξmax ¼ Mmax=Rmax as we discussed earlier. As

shown in Fig. 2, increasing J0 raises MTOV but
lowers Rmax (they increase coherently the ξmax). On
the other hand, increasing either L and/or Ksym

lowers MTOV but raises the Rmax appreciably (they
decreases coherently the ξmax) by keeping all other
parameters fixed at their most probable values.
Therefore, the smaller compactness ξmax with the
redshift-2 data requires L and/or Ksym to increase,
while it requires the J0 to decrease. Consequently,
the L and Ksym become positively correlated in the
case of using the redshift-2 z distribution. Simulta-
neously, their correlations with J0 become weaker
compared to the calculations without considering the
redshift data.

FIG. 8. Posterior correlation functions among the EOS parameters in our Bayesian analyses based solely on the NS radius data. The
blue and red curves represent the 90% and 68% confidence intervals, respectively.

IMPACT OF THE NEWLY REVISED GRAVITATIONAL … PHYS. REV. D 110, 043025 (2024)

043025-13



FIG. 9. Same as Fig. 8, but showing the results from the Bayesian analyses including the gravitational redshift data with a Gaussian
(redshift-1) distribution.
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