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Through continuous progress in nuclear theory and experiment and an increasing number of neutron-star
(NS) observations, a multitude of information about the equation of state (EOS) for matter at extreme
densities is available. To constrain the EOS across its entire density range, this information needs to be
combined consistently. However, the impact and model dependency of individual observations vary. Given
their growing number, assessing the various methods is crucial to compare the respective effects on the EOS
and discover potential biases. For this purpose, we present a broad compendium of different constraints and
apply them individually to a large set of EOS candidates within a Bayesian framework. Specifically, we
explore different ways of how chiral effective field theory and perturbative quantum chromodynamics can
be used to place a likelihood on EOS candidates. We also investigate the impact of nuclear experimental
constraints, as well as different radio and x-ray observations of NS masses and radii. This is augmented by
reanalyses of the existing data from binary neutron star coalescences, in particular of GW170817, with
improved models for the tidal waveform and kilonova light curves, which we also utilize to construct a tight
upper limit of 2.39M  on the TOV mass based on GW170817’s remnant. Our diverse set of constraints is
eventually combined to obtain stringent limits on NS properties. We organize the combination in a way to
distinguish between constraints where the systematic uncertainties are deemed small and those that rely on
less conservative assumptions. For the former, we find the radius of the canonical 1.4M  neutron star to be

Ry4 = 1226708 km and the TOV mass at Myoy = 2.257053Mg (95% credibility). Including all the
presented constraints yields R, 4 = 12.207030 km and Moy = 2.3010% M. When comparing these
limits to individual data points, we find that the quoted radius of HESS J1731-347 displays noticeable
tension with other constraints. Constraining microphysical properties of the EOS proves more challenging.
For instance, the symmetry energy slope is restricted to Ly, = 4835l MeV, where this constraint is mainly

dominated by our reanalysis of the PREX-II and CREX experiment.
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Matter compressed to densities around and above the
nuclear saturation density occurs throughout the Universe
in neutron stars (NSs), atomic nuclei, and during core-
collapse supernovae of massive stars. Although the proper-
ties of dense strongly interacting matter are governed by
quantum chromodynamics (QCD), confinement and the
sign problem of lattice QCD make direct analytical and
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numerical QCD calculations infeasible [1-3]. Thus, deter-
mining the properties of matter in the phase diagram of
QCD remains an open problem of physics that has to be
addressed with effective theoretical approaches and empiri-
cal observations. Of particular interest is the thermody-
namic relationship between density and pressure of dense
matter far below its Fermi temperature, i.e., the equation of
state (EOS) for cold dense matter. This cold EOS plays a
fundamental role for the interior composition of isolated
NSs [4-8], the tidal imprint on gravitational-wave (GW)
signals from binary neutron stars (BNSs) or neutron-star—
black-hole binaries (NSBH) [9-11], and is intimately
connected to the bulk properties of atomic nuclei
[12,13]. Although we restrict ourselves to the investigation
of cold dense matter, we mention that finite-temperature
effects of the EOS are relevant during the formation of
proto-NSs during the first milliseconds after bounce in
core-collapse supernovae [14—16], nuclear collision experi-
ments [17-19], the (post)merger dynamics of compact
binary coalescences involving NSs [20,21], and studies
of the Universe immediately after the big bang [22,23]. The
dense-matter EOS is therefore highly relevant for many
applications in nuclear and astrophysical research, with
additional deep theoretical implications for the nature of
QCD matter [24,25].

Conversely, it is possible to place constraints on the EOS
by using information from the aforementioned phenomena,
i.e., from astrophysical observations, nuclear experiments,
and nuclear theory. The various types of constraints rely on
different physical processes, and, hence, affect the EOS at
different densities [6,26-28]. Figure 1 shows a schematic
overview indicating the regime in which a specific input
constrains the EOS. Naturally, any information based on
nuclear theory and experiment will be relevant in the
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FIG. 1. Schematic overview of different sources of information
about the dense-matter EOS. The set of possible EOS candidates
(see Sec. II) is shown by dark blue lines up to the respective
maximum-mass configurations (TOV points). The colored bands
roughly indicate the density regime where the different inputs
constrain the EOS. We point out that the postmerger physics
in BNS coalescences (orange band) depends also on finite-
temperature effects of the EOS.

regime around the nuclear saturation density ng =
0.16 fm™3 [29,30]. The global properties of NSs, i.e., their
masses, radii, and tidal deformabilities, are mainly deter-
mined by the star’s core where densities of several nsat are
reached. Therefore, measuring NS properties constrains the
EOS up to this density regime [6,26,31]. Around 40n,,
QCD becomes perturbative, and direct analytical calcula-
tions of quark matter restrict the relation between density
and pressure [32,33], which provides information on the
EOS also at NS densities [34,35].

Given this wide density range, different information
sources need to be combined to constrain the EOS across
all scales. Several reviews on this topic are readily
available; for instance, Refs. [36-39] present numerous
data points from nuclear physics and their implication for
the EOS. References [26,40] summarize multiple ways to
extract masses and radii of NS from radio and x-ray
observations. Many studies also investigated the conse-
quences of the multimessenger data of GW170817 for the
EOS [41-47]. In Ref. [48] these data were supplemented
with constraints from nuclear theory, and Refs. [27,49-54]
further added additional constraints from electromagnetic
x-ray observations of NS or nuclear experimental data. For
reviews on general theoretical approaches to the EOS, see,
e.g., Refs. [6,8,31], and for a review that also addresses
constraints on the finite-temperature EOS, see Ref. [55].

Yet, so far no contiguous resource for combining and
comparing these various constraints exists. However,
through improved radio and x-ray measurements [56—59],
further GW detections in the current and upcoming observ-
ing runs [60,61], or improved measurements of nuclear
properties [36,62—65], the available information on the EOS
is expected to grow. Therefore, juxtaposing and cross-
checking different data points becomes increasingly relevant,
since with more data points, mutual tensions may arise that
would introduce inconsistencies in the inferred results.
Moreover, the constraining power and model dependency
of different constraints vary substantially. Hence, it is
necessary to reexamine existing data points, quantify their
impact on specific parts of the EOS, and assess potential
systematic biases.

In the present article, we create an extensive compen-
dium for different constraints on the EOS. This compen-
dium utilizes a diverse set of data points, which we apply
step by step to a wide, general prior for the dense-matter
EOS. In this way, we can compare the impact each input
asserts individually on the space of possible EOS candi-
dates. We employ a Bayesian approach; i.e., we determine
the likelihood across all our EOS candidates for each given
constraint. This Bayesian analysis also necessitates engage-
ment with the question of how each constraint on the EOS
is constructed from the observed data, as various assump-
tions could introduce biases. For this reason, we comment
on potential sources of systematic errors while applying a
particular constraint, and further discuss how different
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(statistical) interpretations of the data may affect the
inferred results.

For example, there is no specific a priori choice of
how to implement theoretical constraints from chiral
effective field theory (yEFT) or from perturbative quan-
tum chromodynamics (pQCD) in a Bayesian likelihood
function [34,66—68]. We compare different possibilities in
Secs. III A and III B and find that yEFT softens the EOS
and restricts the radii of NS, while the pQCD constraint
also softens the EOS but mostly impacts the maximum NS
mass (TOV mass).

Similarly, it is difficult to translate nuclear experiments
to information about properties of the EOS. In Sec. III C we
discuss the measurements of the parity violating asymmetry
from the lead radius experiment (PREX-II) and the calcium
radius experiment (CREX) [69,70], as well as the 2°%Pb
dipole polarizability measurement [71] and reanalyze these
experimental results with energy density functionals
(EDFs) to obtain fully Bayesian posteriors on the symmetry
energy parameters at saturation density. These posteriors
allow us to restrict our EOS set in a statistically consistent
fashion and when combined deliver a limit on the slope of
the symmetry energy of Ly, = 48“_“2251 MeV.

For electromagnetic measurements of NS masses and
radii, there is less ambiguity in translating observables to
the EOS. However, especially for analyses that rely on
modeling thermal x-ray emission, systematic errors might
be comparable to the quoted statistical uncertainties. In
particular, the mass-radius measurement of HESS J1731-
347 [72] could be an outlier in the dataset, based on the
uncertain assumptions about the compact object’s atmos-
phere and distance [73]. We discuss such potential error
sources in Sec. IV D and compare this measurement to the
expectation from the other constraints on our EOS set in
Sec. VID. We find substantial evidence that the results for
HESS J1731-347 do not agree with predictions about the
EOS from other constraints, though the uncertainties are
still too large to reject HESS J1731-347 decisively as an
outlier.

The GW and electromagnetic data from BNS coalescences
are reanalyzed in this work with current state-of-the-art
models for the waveform and kilonova (KN) emission.
This is done employing the nuclear multimessenger-analysis
framework NMMA [74] that directly incorporates our EOS set
in the inference. In particular, the joint inference of the
electromagnetic and GW data for GW170817 provides
stricter limits on the EOS than the GW data alone, as was
shown in previous works [49,74]. In Sec. V E, we supple-
ment these joint inferences by further incorporating the
black-hole (BH) collapse hypothesis for the postmerger
of GW170817, thereby using all the information from
GWI170817 in a practical, self-consistent manner and
obtaining a tight upper limit of 2.39M 4 on the TOV mass.

Our Bayesian approach also allows us to combine
the different constraints in a flexible and consistent

fashion. Combining the distinct inputs yields stringent
limits on the EOS, consistent with previous works
[27,43,48-50,53,54,66,75]. However, because of the flex-
ibility in our approach, we are able to group the constraints
into different sets and study how the final estimates change,
when we include tighter, but more model-dependent con-
straints. We quote the results for these constraint sets in
Sec. VIB. We also offer a resource for custom constraint
combinations via a Web interface [76].

The present article is organized as follows. In Sec. II, we
provide a description of how our EOS candidate set was
constructed. We describe the constraints from theoretical
and experimental nuclear physics in Sec. III, continue with
the electromagnetic mass and mass-radius measurements of
NSs in Sec. IV, and finally address the observables from
BNS coalescences in Sec. V. The detailed discussion of the
constraints is arranged in subsections, in which we initially
illustrate how this particular data point relates to the EOS,
then describe the method and the result of our Bayesian
inference, and afterward conclude with discussions about
potential systematic error sources. The comparison and
combination of different constraints are then eventually
performed in Sec. VI. Though we try to keep our
compendium as comprehensive as possible, we do not
include all constraints discussed in the literature, and we
comment on occasion about why we omit specific sources.

Throughout this article, we denote the pressure of dense
matter by p, the energy density by ¢, the number density by
n, the mass of an NS by M, and its radius by R. Similarly,
R, 4 is the radius of a canonical 1.4M NS and p3,  the
pressure at 3 times the saturation density. The maximum
mass of a nonrotating NS in equilibrium is the TOV mass
Mroy. We denote the density at the center of such a star as
ntoy. Likelihoods are written as £ and probabilities or
probability density functions as P. Credible intervals are
usually quoted at the 95% credibility level if not stated
otherwise.

II. CONSTRUCTING THE EOS PRIOR

To construct the set with 100 000 EOS candidates that is
employed throughout the present work, we follow a
procedure similar to the one outlined in our previous
works [77]. At low densities, we assume that the EOS
can be described in terms of nucleonic matter, while we
attach a model-agnostic extrapolation scheme at high
densities to account for possible new and exotic phases.
With these well-motivated assumptions about the EOS, we
adopt conservative choices to construct a sufficiently
general EOS prior. In the following, we describe our
construction in detail.

At the lowest densities in NSs, matter forms a solid crust
where atomic nuclei are arranged in a Coulomb lattice.
Here, we use the crust model of Ref. [78] for all EOSs. We
keep the crust EOS fixed, i.e., we do not explore uncer-
tainties in the crust EOS; see, however, Refs. [79,80] for the
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potential impact on global NS properties. The crust EOS of
Ref. [78] is used up to the crust-core transition density
predicted by this model, which is 0.076 fm™.

For the EOS of the outer NS core, we assume that
matter is composed of only nucleonic degrees of freedom
in beta equilibrium up to a certain density npg. We
randomly draw the density np, from a uniform dis-
tribution in the range 1-2ng to account for the pos-
sibility that non-nucleonic degrees of freedom appear at
higher densities [81]. To model the homogeneous matter
below nyeq, We employ the metamodel (MM) introduced
in Refs. [30,82]; see also Refs. [79,83]. The MM is a
density functional approach, similar to the Skyrme model
[84] that allows one to directly incorporate nuclear-
physics knowledge encoded in terms of nuclear empirical
parameters (NEPs). These parameters are defined via a
Taylor expansion of the energy per particle in symmetric
matter ey, and the symmetry energy e, about saturation
density ng:

x2 x3 )C4

esat(n) :Esat"i_KsatE—'— Qsaty"i_zsatm"’_"'? (1)

x2 x3 )C4

esym(n) = Esym + Lsymx + Ksym 7 + stm y + Zsym E
+oe (2)

where
= gy
xm (3)
3y

is the expansion parameter. For a given set of NEPs, the
MM provides an EDF that can be used to calculate the
EOS of nuclear matter in beta equilibrium. The MM is
able to reproduce the EOSs predicted by a large number
of nucleonic models that exist in the literature [30,82],
including those from involved microscopic calculations
such as in the framework of yEFT [83]. To account for
nuclear-physics uncertainties and to generate a wide
EOS prior for the analysis presented here, we vary the
NEPs uniformly in the ranges specified in Table I. In this
manner, we construct the EOS in the density range
0.12 fm™ < n < nye. The lower limit of 0.12 fm™3
is chosen arbitrarily, but we verified that our choice
has negligible impact on the construction of our EOS
prior. To combine the crust and the core EOSs, we use a
cubic spline in the speed of sound ¢? versus density plane
between the crust-core transition density 0.076 fm™3 and
the onset of the MM at 0.12 fm~3. For a few samples,
this construction of the EOS below ny., leads to
mechanically unstable behavior; i.e., ¢> <0 in certain
density intervals. For these EOSs, we replace the negative
sound speed with ¢2 = 0.

TABLE 1. The prior distributions from which the NEPs are
drawn to generate the EOS below ny,.,.. The parameters E,; and
Ny are fixed at —16 MeV and 0.16 fm=3, respectively. We denote
uniform priors by U.

Parameter Prior
Npreak (nsat) u(l’ 2)

K MeV) U(150,300)
O MeV) U(-500, 1100)
Zi MeV) U(-2500, 1500)
Egym (MeV) U(28,45)
Ly (MeV) U(10,200)
Kym (MeV) U(-300, 100)
Ogym (MeV) U(—800, 800)
Zeym (MeV) U(-2500, 1500)

Above ny,..c, Wwe need to take into account the possibility
that non-nucleonic degrees of freedom might appear [85],
while simultaneously allowing for an EOS prior that
remains as conservative and broad as possible. Hence,
we employ a speed-of-sound approach which is a modified
version of the scheme in Ref. [86]. In this approach, we
create a nonuniform grid in density between 7., and 25
ng, with 9 grid points, where the ninth point is fixed at
25n,, and the other points are randomly distributed. Then,
at each density grid point, the squared sound speed is varied
uniformly between 0 and c?, where c is the speed of light.
Finally, to create the full density-dependent sound speed
profile ¢2(n), we interpolate linearly between the grid
points in the ¢2-n plane. The density-dependent speed of
sound c¢2(n) can be integrated to give the EOS, i.e., the
pressure p(n), the energy density e(n), and the baryon
chemical potential u(n); see Refs. [81,86] for more details.
Note that first-order phase transitions are not explicitly
included in our EOS set. However, the manner in which we
sample the ¢2 and the density grid allows for arbitrarily soft
EOSs which strongly resemble such phase transitions.
Following this approach, we have created a set of 100
000 individual candidate EOSs that was recently also used
to study the impact of perturbative QCD on the inference of
the NS EOS [35].

Our set of EOS candidates gives rise to a natural prior for
EOS-related quantities like the canonical NS radius R, 4 or
the TOV mass Mtgy. They are simply given by taking the
corresponding values from our EOS candidates as samples.
We show these prior distributions, e.g., in Fig. 3. The
samples also allow us to determine the posterior distribu-
tion for these quantities when a certain constraint is applied.
Since we determine L(EOS|d) for each constraint d
individually, we obtain the associated posteriors by simply
weighing the samples with the likelihoods of the associated
EOSs. Because our priors are informative and nonuniform,
they also impact the quoted posterior credible intervals to a
non-negligible extent. Nevertheless, the prior on the actual
parameter space, i.e., the EOS candidate set, is flat.
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III. INFORMATION FROM NUCLEAR PHYSICS
AND PERTURBATIVE QCD

Theoretical first-principles calculations regarding the
properties of dense nucleonic matter at neutron-star con-
ditions are currently impossible to obtain directly from the
QCD Lagrangian [3,25]. Nevertheless, in certain density
regimes, theoretical approaches connected to QCD can be
used to constrain the EOS. Specifically, we employ yEFT,
which is valid at densities up to about 2ng,, and pQCD,
which is applicable to perturbative quark matter and valid at
n Z 40ng,. While both of these theoretical approaches
break down at intermediate densities, they nevertheless
provide valuable EOS information in this regime because
any EOS has to match their predictions while respecting
thermodynamic consistency and causality. We first explore
how these two theoretical approaches can be used for
Bayesian inference on our EOS candidate set and find that
they already rule out the most extreme EOS candidates in
our prior. Then, we shift to complementary information
from nuclear experiments. The symmetry energy at satu-
ration density can be inferred from the PREX measurement
of the 29Pb neutron-skin thickness [87], the CREX meas-
urement of the *3Ca neutron-skin thickness [70], and the
electric dipole response of 2%Pb. Reanalyzing these mea-
surements with our ensemble of EDFs, we find, respectively,
110739, 27753, and 8173) MeV for L. Correspondingly,
larger or smaller radii for NSs are preferred while the TOV
mass is mostly unaffected. Finally, we discuss the informa-
tion on the symmetry energy at higher densities obtained
from heavy-ion collision (HIC) experiments using '*’Au
[27,88,89]. Because of large uncertainties, these have only
marginal influence on neutron-star properties.

A. Chiral effective field theory

At low energies and momenta, quarks are confined to
baryons, such as nucleons or mesons. Nuclear interactions
can be described in terms of these effective degrees of
freedom while keeping an intimate connection to QCD, by
obeying all symmetries posed by the fundamental theory,
in particular the approximate chiral symmetry of QCD.
While phenomenological models have used these effective
degrees of freedom for a long time, the 1990s saw the
introduction of yEFT [90,91]. yEFT provides a systematic
expansion in terms of nucleon momenta over a breakdown
scale A; and expands the effective nucleon-nucleon (NN),
three-nucleon (3N), and multinucleon interactions in
terms of explicitly resolved pion exchanges and short-
range contact interactions that absorb physical processes
at momenta above A,. The yEFT expansion can then
be truncated at a desired order, providing a nuclear
Hamiltonian for which the many-body Schrodinger equa-
tion can be solved numerically. For nuclear matter, these
approaches usually determine the energy per particle
E/A(n) as a function of baryon number density, which

in turn allows one to determine the energy density € and the
pressure p at a given number density n. The missing terms
in the truncated Hamiltonian introduce systematic uncer-
tainties that can be estimated from the order-by-order
convergence of a given calculation [92,93]. Hence, yEFT
enables us to quantify uncertainty bands for the possible
range of energies and pressures at n. The band employed
in the present work is taken from Ref. [94] and was
computed using the auxiliary-field diffusion Monte Carlo
(AFDMC) algorithm [95] with local yEFT interactions
from Refs. [96-99]. This AFDMC band was calculated at
N?LO, i.e., at third order in the EFT expansion. Other EFT
calculations using a variety of many-body methods are
available in the literature [29,99—102] but lead to compa-
rable results [103].

To infer the likelihood of an EOS given yEFT con-
straints, we do not interpret the uncertainty band imposed
by the yEFT calculation as a strict boundary, but instead use
it to construct a score function f(p,n) that grades the
conformity of a given pressure value p at density n with
the yEFT prediction. We set f constant on the interval
proposed by the AFDMC band and model the likelihood
outside its boundaries with an exponential decay:

exp(-p L) i p>p,

exp(—ﬂ ”‘_p) if p<p_ (4)

P+—P-

f(p.n) =

1 else.

Here, p, and p_ are the n-dependent upper and lower
bounds set by the AFDMC uncertainty band, shown as
dashed black lines in Fig. 2. To be sufficiently conservative,
we set f = 6, so that 75% of the weight is contained within
the interval (p_, p,). This interpretation follows from
Ref. [104] where it is shown that for the truncation errors
proposed in Ref. [92] that are used for our AFDMC band,
the error band from the calculation at jth order can be
interpreted to contain a credibility of j/(j+ 1) when
assuming a uniform prior distribution on the unknown
higher-order coefficients. Figure 2 shows f(p, n) across the
range of densities for which we impose the constraint.

The function f measures for each pressure-density point
(p,n) its agreement with the yEFT calculations. We then
identify the total likelihood of an EOS as the product of all
values of f along its p(n) curve [66]:

L(EOS|yEFT) Hf[p(nj,EOS),nj]. (5)

This may also be expressed by an integral over log(f) along
the curve:

L(EOS|yEFT)  exp ( /

Npreak 10g f[p(n, EOS), n] d )
n
0.75n4,

Npreak — 0~75nsat

(6)
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FIG. 2. Score function f(p, n) from Eq. (4) used in Eq. (6) to
calculate the likelihood of an EOS given yEFT constraints. The
black dashed lines show the band obtained by yEFT calculations
in Ref. [94].

The limit of the integral is given by the range in which our
EOSs are considered to follow the nucleonic description of
the metamodel, i.e., from 0.75 ng, to npeq. We emphasize
that the breakdown densities are EOS dependent, and hence
certain EOSs can deviate strongly from the yEFT predic-
tion above their individual 7.

In Fig. 3, we show our EOS candidates in the p-n plane
as well as in the equivalent macroscopic M-R plane, color
coded by their respective posterior probability according to
Eq. (6). The constraints from yEFT imply a canonical NS
radius of R4 = 12.11133¢ km (95% credibility). Even
though the predictions of yEFT require the EOS to be
relatively soft at lower densities, stiff EOSs with high TOV
masses are not ruled out since our extrapolation scheme
allows for significant increases in stiffness after the break-
down density. Hence, the estimated value of the TOV mass
differs only mildly between prior and posterior, although
the tail of the distribution on ntgy gets shifted up
to ~17ng,.

As mentioned above, the truncation of yEFT at a finite
order causes a systematic uncertainty that is expressed as a
band of possible pressure values. Interpreting such a
systematic uncertainty band for Bayesian inference raises
ambiguity related to the form of the likelihood in Eq. (6).
We discuss possible alternatives to our choice of f and the
likelihood of Eq. (6) and their impact on the posterior
distribution in Appendix A.

B. Perturbative quantum chromodynamics

For n = 40ng,, it is expected that matter has made the
transition to a quark-matter phase and the EOS can be

Moy
prior
Mrov
posterior

—

Ry 4 prior
[ Ry 4 posterior

10 12 14
R in km

P3nga:
prior

. — = P3nga
10* o % — posterior

—
[=}
T

pin MeV fm™
=)

10°4

101

nroy prior
[ nrov posterior

0.0 2.5 5.0 7.5 10.0 12.5 15.0
N N Ngat

FIG. 3. EOS inference based on the constraints set by yEFT.
Top: the central panel shows the relationships between NS mass
M and radius R from the EOS candidate set. The color coding
marks EOS posterior probability on a scale from gray (zero) to the
maximum value (green). Additionally, the prior and posterior on
Moy (right-hand panel), and on R, 4 (bottom panel) are shown.
Bottom: the central panel displays the relationship between
number density n and pressure p for the EOS, drawn up to
the individual nrgy. The EOS candidates are again colored
according to posterior likelihood. The attached panels feature the
prior and posterior on p3, —and nygy. The blue band shows the
range of pressure values for the yEFT calculation of Ref. [94].
High-likelihood EOS may deviate from this band beyond their
individual breakdown density.

021014-6



FROM EXISTING AND NEW NUCLEAR AND ASTROPHYSICAL ...

PHYS. REV. X 15, 021014 (2025)

determined through pQCD [32,33,105]. Naturally, this
density regime is far beyond the scope of any terrestrial
or astrophysical laboratory, but given the EOS from
ab initio pQCD calculations, one can work backward to
exclude certain pressure regions at lower densities. This
method has been proposed recently in Refs. [34,106]. It
checks whether a point on an EOS candidate (u;,n;, p;)
with baryon chemical potential y; and pressure p; at a
low density n; can be connected to the pQCD EOS
(up>ny, py) at a higher density ny with at least some
interpolation which is mechanically stable and causal (i.e.,
0 < ¢y <c) at all densities. By constructing the most
extreme EOS interpolations that satisfy these conditions,
it can be shown that if the pressure difference does not lie
within the interval

Apmin < PH—PL < Apmax’ (7)
with
2 2
Ky — H
Apmin = %nLv (8)
ML
2 2
Hip — 1
Apmax = ﬁnH7 (9)

no causal and stable interpolation between the two points
exists and the candidate EOS is inconsistent with the
pQCD EOS.

For the inference on the EOS, we first follow the
approach of Refs. [34,107], in which the posterior prob-
ability for the EOS is determined by choosing a matching
point (n;,€;, p;) on the EOS and checking whether it can
be matched to the prediction from pQCD:

1 if Eq.(7) is fulfilled

Pler, prine, pe,ny, pr) = {o otherwise

(10)

Reference [107] quantifies several uncertainties affecting
the pQCD calculations for py and ny, specifically with
regards to missing higher-order (MHO) contributions and
the renormalization scale. The errors from missing higher-
order contributions are estimated through the Bayesian
machine-learning algorithm mMiHO [108] and can be incor-
porated in the form of a posterior [109],

PMHO{pH’nHlﬁ(j)(/"H)7ﬁU)(ﬂH)]? (11)

where pY)(uy), 7Y (uy) represent the pQCD series
expansion for the pressure and number density at chemical
potential uy. The individual terms in the pQCD series
depend on an unphysical renormalization scale A, which
arises due to the truncation of the series at a finite order.

To avoid artificial preference to any specific scale, we
marginalize over the dimensionless renormalization scale

34

X = R
Y

(12)

with a log-uniform distribution between 1/2 and 2. The
likelihood function can then be written as [see Eq. (2.9) in
Ref. [107]]

L(EOS|pQCD) = / dXdpydny

P(er,pring.pig.ny. pr)
X PMHO[pHv nH|ﬁ(]>(:uH7X)9ﬁ(])(ﬂH»X)]
x Psm(X[pY)), (13)

where Pgy(X|pY)) is an integration weight proportional to
the marginalized likelihood of X within the statistical
model used in the MIHO algorithm. The chemical potential
w1y 1s chosen to be 2.6 GeV corresponding to ~40n,.
All points on the candidate EOS have to fulfill the
condition of Eq. (7), but as long as the candidate EOS itself
is causal and stable, it is enough to check only the highest
density point for each candidate EOS. Because the con-
dition is by construction more conservative than any prior
on the candidate EOS, the conclusions drawn from pQCD
will depend on the value up to which the candidate EOS is
extrapolated, i.e., what value for n; is chosen [34,68]. For a
lower n;, the region in the e-p plane from which a stable,
causal connection to the pQCD regime is possible grows.
The pQCD constraint becomes therefore less restrictive at
lower matching densities. For our purposes, we follow
Ref. [68] and terminate our EOSs at the TOV density nrqy.
By doing so, we discard the unstable branch for our EOS
candidates, i.e., the part above their TOV densities. This is
because although a candidate might be compatible with
pQCD at its TOV point, the extrapolation above it could
still violate the pQCD constraint. Matching to the TOV
density is a conservative choice that avoids overemphasiz-
ing the model for speed-of-sound extrapolation at higher
densities. Likewise, the unstable branch of the EOS is not
accessible with any other constraint, since all astrophysical
and nuclear information is applicable only up to the
TOV density. Densities n > npgy may be reached in
BNS mergers; however, as shown recently this part of
the EOS will leave no observable imprint given current and
next-generation astrophysical observatories [110], making
the pQCD the only source of information in this density
range in the near future. A downside of matching the EOS
to pQCD at nrqy is that it treats the EOS differently below
and above that density, e.g., allowing for very strong phase
transitions with density jumps of several times the satu-
ration density right above ntgy but not below [34].
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FIG. 4. EOS inference based on the constraints set by pQCD
when the matching density is set to the TOV density n; = nyoy-
Arrangement and color coding as in Fig. 3.

In Fig. 4, we show the result when applying the pQCD
constraint. Very stiff and very soft EOSs are disfavored by
pQCD, though the overall shift in NS radii and masses is
slight. We note that by matching at the TOV density, very
soft EOSs with higher ntqy are more affected by the pQCD
constraint, because they reach densities closer to the actual
pQCD regime.

Using the information from pQCD as just described is a
conservative approach. More stringent, but more model-
dependent, constraints can be obtained by extending the
candidate EOS either to a fixed higher density, e.g., 10n4,
as in Ref. [34], or by additionally marginalizing over the

possible extensions an EOS can have above nrqgy to reach
the correct pQCD limit. By relying on the condition in
Eq. (10), we assign equal likelihood to an EOS that matches
the pQCD constraint only through one of the most extreme
extrapolations and an EOS that allows for a variety of
plausible extensions beyond nrgy. Reference [35]
addresses this imbalance by introducing a method to
determine the QCD likelihood function from an ensemble
of Gaussian-process-generated EOS segments at high
densities conditioned to the well-convergent pQCD
speed-of-sound band between 25ny, and 40ng. The
QCD likelihood at a given matching point (n;,€;, p;)
is then simply given by the kernel density estimate of the
samples provided through this conditioned high-density
EOS ensemble; for further details see Ref. [35]. We call this
implementation of the pQCD constraint pQCD*. In Fig. 5,
we show the resulting posterior distribution when this
method is applied to our EOS candidates, using the publicly
available code in Ref. [111]. Since now the pQCD
information from the speed of sound is used at lower
densities, more EOSs are rejected and the posterior on
Moy and ps, becomes more informative, yet NS radii
and the TOV number density remain relatively unaffected.
This illustrates that more potent constraints from pQCD are
achievable, though the constraining power of the pQCD
input depends on how exactly the pQCD prediction at high
densities is backpropagated to the TOV density at several
ng.. Unless stated otherwise, we refer to the more
conservative approach of Eq. (10) when we speak of the
pQCD constraint on our EOS set in following sections.

C. Symmetry energy constraints from atomic nuclei

A significant part of the uncertainty about the EOS at
nuclear densities can be attributed to the lack of knowledge
about nuclear interactions at large isospin asymmetries.
This can be mapped into the uncertainty of the symmetry
energy and specifically its slope parameter Ly, The
parameter Ly, is proportional to the pressure of pure
neutron matter at saturation density ppnm (1),

1
ppnm(nsat) = gnsalLsym» (14)

which emphasizes the strong connection between Ly, and
the EOS, showcasing its importance in constraining the
EOS from experiments at subsaturation densities [112].
Notably, the neutron-skin thickness of an atomic nucleus,
defined as the difference in the point neutron radius R,, and
point proton radius R, [113], obeys a strong correlation
with Ly, [114-116], which is one of the motivations to
experimentally measure the neutron-skin thickness of
atomic nuclei. The neutron skin has been inferred from
weak form factors [69,70], from the electric dipole polar-
izability [71,117,118], and from strong probes [119-123].
Here, we focus on the first two methods since matching the
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FIG. 5. EOS inference based on the constraints set by pQCD¥,
where the likelihood function is determined from a high-density
EOS ensemble that is conditioned to the pQCD speed-of-sound
prediction between 25n and 40ng,. Arrangement and color
coding as in Fig. 3.

observables from strong probes to the symmetry energy
introduces significant model dependencies [37,39]. We
discuss extracting symmetry-energy constraints from
heavy-ion collisions in Sec. III D.

Weak form factor. To determine the neutron radius R,, for
the doubly closed-shell isotope 2°®Pb, the PREX-II experi-
ment measured the parity-violating asymmetry from scat-
tered electrons and translated this to an estimate for R, via

theoretical mean-field model calculations. Similarly, the
neutron radius of **Ca was determined in the CREX
experiment in an analogous manner. Since the proton
radius R, of these nuclei is well known from electron-
scattering experiments, these experiments directly yield a
neutron-skin thickness Rgg, :== R, — R, of 0.2870-14 fm
[69] for 2%%Pb and 0.121097 fm [70] for **Ca.

To translate the neutron-skin thickness to a constraint on
the EOS, we first determine the posterior on Ey,, and Ly,
from the PREX-II and CREX results, following the
approach laid out in Ref. [87]. For this purpose, we collect
several model predictions that relate Ly, and Rgg,. The
collection of models employed encompasses a wide range
of both covariant and nonrelativistic EDFs that have been
optimized with respect to nuclear binding energies, charge
radii, and giant monopole resonances as described in
Refs. [87,124]. While our set is by no means complete,
our collection constitutes a representative sample of
EDFs that vary widely in predictions of properties of both
atomic nuclei and nuclear matter. The resulting correlation
of the predicted Ry, with Ly, is very pronounced
[112,114,115,125]; hence we perform a simple least-
squares linear fit to calculate a relationship:

REEP (L) = 1.69 x 107 Ly 4 0.09 fm,  (15)
REEH (L) = 8.90 X 10 Ly +0.13 . (16)

Electric dipole polarizability. The dipole response of an
atomic nucleus carries information about the symmetry
energy and neutron-skin thickness, because the neutrons
and protons react differently to the external electromagnetic
excitation. Hence, the nuclear dipole polarizability ap is
strongly related to the symmetry energy parameters [126].
This value has been experimentally measured for 2%Pb
[71], '2°Sn [127], *8Ca [117], and “°Ca [128] through
inelastic proton scattering at forward angles, as well as
for %8Ni [129] through measuring the decay neutron energy.
Because the measurement for 2%Pb has the smallest
experimental uncertainty, we here focus only on this
instance. To relate this measurement back to E,, and
Lgym we follow Refs. [51,130], where, based on a collection
of EDFs [131], a relation between the symmetry energy and
ap was derived:

apEgym = 93.5 fm* MeV + 3.08 fm’Lyy,,  (17)

with a Gaussian error of 6 = 27.6 fm® MeV for Eq. (17).

To get a posterior on Eg,, and Ly, from the afore-
mentioned measurements, we sample on these parameters
with a Markov chain Monte Carlo (MCMC) algorithm. The
likelihood compares the experimentally determined values
with the result predicted from Eqs. (15)—(17). For instance,
in case of PREX-II the likelihood reads
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108 £(Eqyms Loym|PREX-II)
fit,208
1 ((Rskin - nglltn )(Lsym)>2

2 Uexpl
(fit)
+ (Esym - Esym(Lsym)>2>_ (18)
o-ﬁt(Lsym)

Here, Ryi, and o, are the experimental value and
uncertainty from PREX-II. The expression is analogous
for the CREX and 2%*Pb dipole measurements. The second
summand in Eq. (18) accounts for the correlation between
Egym and Ly, in our EDF set. It utilizes a fit relation that
we obtained from the same set EDFs used to deduce

Egs. (15) and (16):

ES(Logm) = L3 + bL2 + cLyn + d,
a=354x10"° b=-1.81x10"
c=0063, d=290L. (19)

We denote the 68% fitting error to this relation as o (Lgym ).

The priors for the MCMC sampling are uniform in the
ranges

25 < Egyy < 45 MeV,

0 < Ly, <200 MeV, (20)
which are conservative theoretical limits obtained
from models that reproduce nuclear-physics data

[112,114,115,125,132] and roughly coincide with the prior
ranges for the metamodel part of our EOS set in Table L
Figure 6 compares the resulting posterior distributions
on Eg, and L, from PREX-II, CREX, and the ***Pb
dipole measurement. For E,,, we find from PREX-II,
CREX, and the 2%%Pb dipole, respectively, 397¢, 3117, and
361“3 MeV. Likewise, the slope Ly, is constrained at
110739, 27753, and 7918 MeV. These posteriors serve
as a likelihood on our EOS candidate set, since each EOS
has corresponding values for Eg,, and Lg,, from its
generation with the metamodel. Hence, we simply set

L(EOS|PREX-II) = P(Eqyp, Loy [PREX-II).  (21)

The expressions for CREX and the electric dipole meas-
urement are again completely analogous.

The impact of these measurements on our EOS set is
shown in Figs. 7-9. While the constraints of CREX are
fairly identical to the ones by yEFT presented in Sec. III A,
consistent with the calculations of Ref. [133], the PREX-II
analysis leads to larger values for Ly, and therefore
prefers EOSs that are very stiff around saturation density.
The measurement of aj, for >*Pb only constrains the
relationship between Eg,,, and Lg,, and hence, the

[ 1 PREX-II
[ CREX
208P dipole

AN

"
s

N
Egym in MeV

Lyym in MeV
N
Y % %

&7

Q Q Q Q
S LS
Ly in MeV

FIG. 6. Posterior of the symmetry energy at saturation density
E, and its slope Ly, as inferred from the PREX-II (blue line),
CREX (red line), and 2°°Pb dipole measurements (orange line).
Contours are shown at 95% credibility.

posterior still covers almost the entire prior range for
Eg,. Yet, this measurement still excludes the highest
values for L, along the correlation line with E,,. All
measurements affect R, 4 with PREX-II leading to a larger
radius of 13.447} /% km than CREX with 12.3373-0 km.
The dipole measurement lies just in between with
13.O3J_r;'§’96 km. However, none of them has a strong impact
on the inferred EOS properties at several times saturation
density such as Mgy or ps, .

It has been suggested that the results from both CREX
and PREX-II display mutual tension, as the large symmetry
energy slope from PREX-II is hard to reconcile with the
smaller value recovered from CREX [134,135]. Because
the statistical uncertainties are broad, we find posterior
overlap for all three measurements in Fig. 6, similar to other
analyses [136-138]. Yet, the slight disagreement between
CREX and PREX-II may hint at a larger systematic error
than estimated. Uncertainties in the experimental setup of
CREX and PREX-II are produced mainly from the inherent
helicity correlation and polarization in the electron beam.
When determining ap, systematic uncertainties can arise
from the calibration of excitation energies and the offset for
the scattering angle [139]. An additional uncertainty arises
in the conversion of the measured observables to the
symmetry energy parameters. When translating the par-
ity-violating asymmetry to the neutron-skin thickness, this
theoretical uncertainty is quantified at 0.012 fm for R2%
[69] and at 0.024 fm for R¥. [70]. Extracting symmetry
energy information from ay, also relies on EDF predictions
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FIG.7. EOS inference based on the information of the PREX-II
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that can introduce bias [118,140]. This emphasizes the need
for enhanced theoretical models in order to reduce the
systematic uncertainties currently present and possibly
accommodate both the PREX-II and CREX results [141].

D. Heavy-ion collision experiments

The previously discussed nuclear-physics constraints
from yEFT and the PREX-CREX experiments mostly
affect the EOS near nuclear saturation density. In HIC
experiments, heavy atomic nuclei are collided at relativistic
energies and their matter gets compressed. Hence, these
experiments provide the opportunity to study nuclear
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measurement. Arrangement and color coding as in Fig. 3.

matter above saturation density and to constrain the EOS
in the density range of 1-2ng, for beam energies up to
2 GeV per nucleon [88,89,142,143].

To implement these constraints on our EOS set, we
follow the approach of Ref. [27]. In particular, we employ
constraints from the Four-Pi (FOPI) [89] and the asym-
metric-matter EOS (ASY-EOS) experimental campaigns
[88] performed at the GSI Helmholtz Centre for Heavy Ion
Research, as well as the results of Ref. [142] for symmetric
nuclear matter. The FOPI and ASY-EOS experiments
collided gold nuclei at 0.4-1.5 GeV per nucleon and
provide constraints both on symmetric nuclear matter as
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well as the nuclear symmetry energy, due to the initial
isospin asymmetry. Additionally, the Szrit experiment
recently analyzed the spectral distributions of charged
pions created in the collisions of enriched tin isotopes.
The pion multiplicity depends strongly on the ratio of
proton to neutron density in the collision region and thus
constitutes a probe of the symmetry energy [144]. The
results of the Szrit experiment are so far consistent with
the results from ASY-EOS. Because of the similarly
large uncertainties, we do not anticipate any additional

Mroy
prior

Mrov
{— posterior

Ry 4 prior
[ 1 Ry, posterior

R in km

P3na
prior

B P ——— P3na
10° 2 L posterior

—
fe=}
T

pin MeV fm™
=)

10°

1071

nyoy prior
[T npoy posterior

0.0 2.5 5.0 7.5 10.0 12.5 15.0
7N Ngat

FIG. 10. EOS inference based on the information from '*7Au
collisions in Ref. [27]. Arrangement and color coding as in Fig. 3.
The blue band shows the inferred pressure distribution over the
density range times the sensitivity of the ASY-EOS experiment,
i.e., the integrand of Eq. (28).

information on the EOS as of now [144,145]. Therefore, for
the present analysis we consider only the ASY-EOS data.

To extract information on the symmetry energy from
collision data, one has to analyze the expansion of the
fireball of hadronic matter that forms in the overlapping
region of the nuclei. Its expansion is dictated by the
achieved compression and is thereby sensitive to the
EOS. This sensitivity can be analyzed by investigating
the elliptic flow v, [89,142]. This quantity is determined
from the azimuthal distribution of the emitted particles with
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respect to the reaction plane (RP), i.e., with respect to the
angle @ — ®gp. The elliptic flow v, is the second moment
in the Fourier expansion of this distribution:

do(y, p
AP0P1) _ i1 4 20,y p,) cos(@ - Dgp)
+203(y. p;) cos2(® — Drp)] + - -] (22)
All Fourier coefficients v, depend on the longitudinal
rapidity
1. (E
yi=oin( Pz, (23)
2 E— P:

where p, is the momentum along the beam axis and E is the
total energy perpendicular to the beam axis of the particle.
Because effects of the initial asymmetry are small, it was
suggested to employ the asymmetric flow ratio for neutrons
over protons v5" = v}/v5 [146]. Using the flow ratio as
measured by the ASY-EOS experiment, simulations using
the UrQMD transport model have been used to extract
information on the nuclear symmetry energy [88]. In
Ref. [27], it was shown that these results are consistent
also for other transport models, such as IQMD [147] and
Tiibingen QMD [148].

For the UrQMD simulations, the EOS functional is
defined as

E
Z (I’l, 5) ~ esat(n) + esym(n)é2 +ee (24)
where
n
§i=1- 27" (25)

is the asymmetry parameter with n, denoting the proton
number density. Note that the truncation of the expansion in
Eq. (24) at second order in ¢ is justified since the neglected
nonquadratic terms are expected to be small [83]. The first
term in Eq. (24) denotes the energy per particle for
symmetric nuclear matter, and for the analysis here is
parametrized as [89]

3/ n\%3 al n B n\7
= — —_— E —_ —_— _ [ .
i =3 () 5 () 5 ()

(26)

Here, the Fermi energy Er was set to 37 MeV and the
parameters a, f, and y were fitted to the binding energy
E, = —16 MeV of symmetric nuclear matter, to the
condition of vanishing pressure in symmetric matter at
saturation density, and to a (varying) value for K. The
term egy, (1) in Eq. (26) is the nuclear symmetry energy
and parametrized as

n 2/3 n yasy
esym(”) = Ekin,O I’l_ + Epot,O I’l_ ’ (27)

sat sat

in the ASY-EOS analysis. Specifically, Ey;,o was set to
12 MeV and E,n = Egm — Eyino- Here, Egy, is the
symmetry energy at saturation density and was also
taken as a variable parameter. Then, the parameter y,q,
was extracted from fits to data using transport model
simulations [88], leading to y,, = 0.68 +0.19 when
assuming Eg,,, =31 MeV and y,, =0.72+0.19 for
Egm =34 MeV. To obtain a result for arbitrary Egyp,
Yasy Was interpolated linearly between these two points,
keeping the uncertainty fixed at 0.19. With the model
matched to the HIC data in this way, one can compute the
pressure in beta equilibrium, assuming the electrons form
an ultrarelativistic degenerate Fermi gas. We here use the
immediate results of Ref. [27], where E,, was varied
uniformly between 31 and 34 MeV and K is drawn from a
Gaussian distribution with mean 200 MeV and standard
deviation 25 MeV.

Accordingly, for each density, the results yield a prob-
ability distribution on the pressure at that particular n,
which we denote by P(p,n[HIC). The constraint is then
applied at those densities for which the experiment is
sensitive, which can be determined by the sensitivity of the
flow ratio for neutrons over charged particles of the ASY-
EOS experiment [88]. The likelihood of an EOS with
respect to the information from heavy-ion collisions is thus
written as

£(EOSJHIC) — / dn P{p(n, EOS), n[HIC|C(n),  (28)

where C(n) denotes the sensitivity curve.

The impact of the HIC data on our candidate EOS set is
shown in Fig. 10. We find that the data prefer the EOS to be
stiff in the region between 1ng, and 2ng,, requiring high
pressures but shifting the canonical NS radius to slightly
smaller values compared to the prior. Because the sensi-
tivity of the experiment declines quickly beyond 2 n,, we
find no impact on the TOV mass or p3, , even given our
relatively broad prior EOS set.

The complicated extraction of constraints from HIC
collision data suffers from several shortcomings, among
which is the simplicity of the energy-density functional
used to extract y,, . Future theoretical work is needed to
improve the extraction of constraints from HIC data.
Moreover, some bias might arise from the likelihood
function that we use to apply the HIC constraint to our
EOS candidates. For instance, Ref. [38] uses several
Gaussian likelihood functions for symmetry energy param-
eters, whereas we apply the symmetry energy constraint
over the whole density range and include the sensitivity of
the experiment.
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IV. NEUTRON-STAR MEASUREMENTS
THROUGH RADIO AND X-RAY OBSERVATIONS

For a given EOS, the Tolman-Oppenheimer-Volkoff
equations [4] uniquely determine the relationship between
mass and radius of a nonrotating NS. In return, mass, and
especially mass-radius measurements of observed NSs can
be used to test the EOS and the properties of neutron-rich
matter at several times ng,. In this section, we first discuss
the impact of mass-only measurements of heavy NSs
[149-152], which require the true EOS to have a TOV
mass of Z2M,. Afterward, we focus on simultaneous
measurements of NS radii and masses [72,153—-161]. Such
measurements employ various techniques, but they all rely
on modeling the system’s x-ray emission in one way or
another. We briefly characterize the methods and models
for these observations and comment on remaining system-
atic uncertainties. Generally, we find that all these mea-
surements are consistent with a canonical radius of R4
between 11 and 13 km.

A. Heavy pulsars and radio timing measurements

For highly inclined (i.e., edge-on) binary pulsar systems,
the pulsar’s radio signal has to pass through the compan-
ion’s gravitational field to reach Earth. Thus, it is affected
by Shapiro time delay and other relativistic effects [149].
Through precise pulsar timing measurements that track
the signal along the orbit, this effect can be used to study
the companion mass, which allows for the determination of
the NS mass via the binary orbital period and radial
velocity. This method was applied first in Ref. [149] for
PSR J1614-2230, finding a mass of 1.9770%8M,. We
emphasize that the uncertainty quoted originally in
Ref. [149] is at 68% credibility, while here we quote the
95% credibility intervals. Later, a refined analysis reported
the value 1.941“8_’82M o [162], which we will adopt here, but
see also 1.9221’8;8;8MO of Ref. [163] that was reported
during the development of the present work. Furthermore,
we consider two additional heavy NS masses. The mass
of the pulsar PSR J0348 + 0432 was determined to be
2.01f8:8§M o [150] based on measuring its radial velocity
from radio timing observations, together with spectral
modeling and radial velocity measurements for its white
dwarf companion. The mass of PSR J0740 + 6620 was
reported at 2.08f8:11fM o [151,164] based on the Shapiro time
delay technique. All of the quoted studies use radio timing
observations of the pulsar signals and employ the TEMPO2
package [165] for an analytical model of the pulse time
series. Binary orbital parameters were either fitted directly
from the time-of-arrival model or in the case of Ref. [150]
jointly inferred with spectroscopic observations of the optical
counterpart. These three NSs provide the most relevant
constraints on the TOV mass, although the masses of a
few dozens of less massive pulsars have been determined by
radio timing techniques too; see, e.g., Refs. [162,166,167].

Any of these observations provides a posterior
p(M|Obs) on the NS mass M. If an EOS predicts a
TOV mass below the observed NS mass, it should be
ruled out. We express the likelihood of an EOS given such a
mass measurement as

L(EOS|Obs) =

MTV
/ * dM P(M|Obs),  (29)
TOV JO

where Mgy denotes the EOS-specific TOV mass and we
assume that the prior of M for a given EOS is flat on the
interval [0, Mtoy]. The mass posteriors for PSR J1614-
2230, PSR J0348 + 0432, and PSR J0740 + 6620 are
described well by a normal distribution; hence we adopt
the quoted values above for the mean and standard deviation
and calculate the EOS likelihood according to Eq. (29). We
assume all observations to represent independent events, so
we can combine these inferences through multiplication,
leading to the result shown in Fig. 11.

Clearly, the existence of high-mass pulsars requires
generally stiff EOSs with higher pressure and lower
TOV density. Effectively, this places an upper limit of
8ng, on nrgy. At the same time, EOS candidates with very
high TOV masses become also slightly disfavored due to
the prefactor 1/ Mgy in Eq. (29). This factor appears in the
derivation of the likelihood and expresses the fact that a
very high TOV mass becomes less plausible if the highest
observed NS mass is repeatedly around 2M ;. However, its
impact is small, and hence other studies occasionally omit it
[40,74]. Since we keep it, we obtain a slightly narrower
upper limit of Moy < 2.93M at 95% credibility, instead
of Mtoy < 3.10M 5 had we not used this factor. Naturally,
a cutoff in the observed neutron-star population at 2M
could also arise from selection effects and formation
channels of millisecond pulsar binaries, although popula-
tion studies including various binary types find a similar
cutoff at ~2M 4 [168,169].

Pulsar mass measurements through Shapiro delay tech-
niques rely only on the validity of general relativity and
require no further model assumptions. Additionally, pulse
arrival times can be measured with high precision, leading to
small statistical uncertainties that are further suppressed by
accumulating more data points over repeated observations.
The mass measurement for PSR J0348 + 0432 additionally
depends on spectroscopic models for the white dwarf
companion. However, these are known to match observations
reliably for low-mass white dwarfs. Overall, systematic
biases stem predominantly from modeling dispersive effects
in the interstellar medium, as well as from noise in the timing
detectors and fitting techniques [150,164]. In Ref. [156] the
systematic uncertainties for the mass measurement of PSR
JO740 + 6620 are quoted at 0.02M . It has been noted
[149,151] that the inferred companion masses in the binaries
of PSR J1614-2230 and PSR J0740 + 6620 are slightly off
compared to a well-established connection with the binary
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FIG. 11. EOS inference based on the radio timing mass
measurement of three radio pulsars. Arrangement and color
coding as in Fig. 3. The blue band marks the 68% and 95%
credible interval for the mass measurement of PSR
J0740 + 6620. The colored lines indicate median mass values
for the measurement of PSR J0348 + 0432 (red) and PSR J1614-
2230 (orange), coincidentally very close to the lower ends of the
credible intervals from PSR J0740 + 6620.

orbital period [170], though this might also arise from an
atypical evolution history.

B. Black widow pulsar PSR J0952-0607

Black widow pulsars constitute a subclass of binary
pulsars in which the companion is a low-mass star or brown

dwarf whose outer atmosphere is evaporated by the pulsar
emission [171]. Thus, the companion light curve is strongly
affected by heating and tidal deformation from the pulsar.
Modeling this emission allows one to infer the binary
inclination. Given additional measurements of other orbital
parameters, such as orbital period and radial velocity, the
masses of the NS and its companion can be determined.
Several black widow masses have been assessed through
this method; see, e.g., Refs. [172—-174]. One remarkable
example is PSR J1810 + 1744, as its mass is very well
constrained at 2.1370% M, [172]. Moreover, in Ref. [152],
the authors used the Keck-I 10-m telescope with its Low
Resolution Imaging Spectrometer to obtain optical multi-
color light curves and spectral radial velocities from the
companion of the black widow pulsar PSR J0952-0607.
They reported an NS mass of 2.35f8"§’jM o at95% credibility.
The analysis relied on a version of the ICARUS binary light-
curve model [175,176] that calculates the thermal emission
from surface elements on the companion. The model
parameters were inferred through Bayesian parameter esti-
mation with MCMC sampling. Even though higher masses
for some black widow pulsars have been reported, e.g., in
Ref. [177], we here include PSR J0952-0607 as the only
example of a black widow pulsar in our EOS inference. This
is because the analysis of PSR J0952-0607 yields only small
fit residuals, indicating it could be a particularly reliable
instance of a high-mass black widow pulsar.

To calculate the likelihood of an EOS for this measure-
ment, we integrate PSR J0952-0607’s mass posterior up to
the maximum possible mass predicted by that EOS. This is
similar to Eq. (29), but because of the pulsar’s high spin
frequency of 707 Hz [152,178], the mass limit in the
integral is not given by the TOV mass but instead by
M (707 Hz), i.e., the maximum possible mass a neutron
star with a spin frequency of 707 Hz could have.
When calculating £(EOS|PSR J0952-0607), we thus use
M, (707 Hz) in Eq. (29).

For the 10000 EOSs candidates with a TOV mass below
1.5M o, we set M, (707 Hz) to 1.1 times their TOV mass,
but these candidates anyways have negligible support. To
determine M, (707 Hz) for the remaining EOS candidates,
we use the RNS code [179,180] and find that, on average,
M, (707 Hz) is about 3.8% higher than the TOV mass.
However, for a few EOSs with small compactness
M, (707 Hz) can increase by as much as 15%. Through
a least-squares fit, we find the relationship

M (707 Hz) = (1 + 0.0487x — 0.0203x>
+ 0.0026x3)MTov,

2
¢“Rroy
x = 1OV

= , 30
GMrov G30)

inspired by similar relations in the literature [181,182]. For
139 EOS candidates, numerical issues—Ilikely caused by
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very stiff segments—prevent the calculation of a mass
value with RNS. In these cases, we set M,y (707 Hz)
according to Eq. (30).

The result of the inference is shown in Fig. 12 and
appears similar to the previous inference in Sec. IVA as
both require stiff EOS with a TOV mass above 2M,. As
before, EOSs with ntgy > 8n, are effectively ruled out.
For the TOV mass, we find 2.52f8‘Z§M®. Ignoring PSR
J1810 4 1744’s rotation and simply using the candidate
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FIG. 12. EOS inference based on the mass measurement of PSR
J0952-0607. Arrangement and color coding as in Fig. 3. The blue
bands mark the 68% and 95% credible intervals from the mass
measurement.

TOV mass in the likelihood Eq. (29) would have increased
the posterior estimate to 2.5870.11 M.

As discussed before, the mass value of Ref. [152] is
susceptible to systematic biases. These may arise mainly
from uncertainty about the heat transport across the
companion’s surface and local temperature peaks. This
not only affects the estimate for the inclination, but is also
needed to accurately link the spectral line widths to the
radial velocity [176]. In Ref. [172], for instance, the authors
would have estimated an unreasonably high mass for PSR
J1810 4 1744 when ignoring wind heat advection, hot
spots, and gravitational darkening. For PSR J0952-0607
though, a simple direct heating model ignoring all of these
effects provided the best fit [152], and the results were
robust when rerunning the analysis with a model incorpo-
rating the aforementioned features. Simple direct heating
may be a good description for PSR J0952-0607, because of
its advantageous properties like low heating, small Roche
lobe fill factor, and large binary period. Hence, the possibility
of severe systematic uncertainty introduced through model-
ing appears lower in this system than elsewhere. Yet,
systematics may also be introduced by instrument noise.
In particular, the complete dataset for the light-curve obser-
vations includes some outliers that, when included in the
analysis, yield an NS mass of 2.507030M (Table 2 in
Ref. [152]), indicating a potential instrument bias.

C. X-ray pulse profile measurements by the neutron-
star interior composition explorer (NICER)

Shortly after the discovery of pulsars, arguments showed
that the temperature distribution on an NS’s surface does
not need to be uniform [183—186]. Thermal hot spots on the
surface of a pulsar, caused by electron-positron pair
cascades heating specific parts [187-190], lead to repeated
fluctuations in the star’s x-ray emission as it rotates around
its spin axis. This effect depends on the chemical compo-
sition of the atmosphere and the nature of the hot-spot
heating, but also crucially on the compactness of the NS, so
its mass M and radius R can be determined when the spin
period is known. Hence, observing the x-ray pulses offers
the potential to constrain the dense-matter EOS.

The neutron-star interior composition explorer (NICER)
can resolve pulsar x-ray emission in the 0.2-12 keV band
with a time resolution < 1 ps [191,192]. Thus, it can track
x-ray pulses over the rotation phases of millisecond pulsars.
Several pulsars have been observed with NICER [192], but
so far inferences of masses and radii have only been carried
out in two instances, namely, for PSR J0030 4 0451 in
Refs. [153,154], and the high-mass pulsar PSR J0740 +
6620 in Refs. [155-158]. The analyses of PSR J0740 +
6620 were supplemented with phase-averaged spectra from
the XMM-Newton telescope and used the Shapiro time
delay measurement of Ref. [164] (see also Sec. IVA) as a
prior on the mass and distance. The groups in Refs. [153,155]
and Refs. [154,156] both employed Bayesian models to
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directly predict the expected pulse waveform given a
specification of the parameters such as mass, radius, distance,
or effective hot-spot temperature. The X-pSI code of
Refs. [153,155] is publicly available [193]; see also
Ref. [194] for a reproducibility study. Differences in the
studies of the two groups include the possible hot-spot
geometries, the implementation of the instrument response,
and sampling techniques. In particular, the posteriors of
Refs. [153,155] rely on the nested sampling algorithm, while
final samples for Refs. [154,156] are obtained through
MCMC sampling. While different sampling methods can
impact the final results, different prior and modeling choices
are likely the dominant contribution to differences for the
M-R estimate. In the case of PSR J0740 + 6620 separate
choices for the relative effective area of XMM-Newton to
NICER also contribute, as well as different prior choices
for R.

Similarly to Eq. (29), the likelihood of a certain EOS
given an M-R posterior P(M, RINICER) from a NICER
measurement can be written as

MT Y
L(EOS|NICER) = / " dM P[M, R(M,EOS)|NICER],
0
(31)

where Mtgy 1is the EOS-specific TOV mass and
R(M,EOS) the mass-radius curve given by the TOV
equations. Different M-R posteriors are available depend-
ing on which geometrical hot-spot configurations are
adopted for the inference. Here, we use those M-R
posteriors from the headline results in the respective
publications. For PSR J0030 + 0451, these are the samples
obtained from the model with one circular and one circular
partially concealed hot spot (ST 4 PST) of Ref. [153]
and the model with three oval spots of Ref. [154]. For
PSR J0740 + 6620, the recommended model has two
circular hot spots (ST-U) both in Refs. [157,158]. For
PSR J0030 + 0451 we use the publicly available posterior
samples in Refs. [195,196], whereas for PSR J0740 + 6620
we use the samples from the recent release of the 3.6-year
dataset [197,198].

In Fig. 13, we show the inferred M-R contours for PSR
JOO30 + 0451 together with the resulting posterior like-
lihood of our EOS set. Figure 14 shows analogous results
for PSR J0740 + 6620. Since for each pulsar two distinct
M-R posteriors are available, the combined likelihood for
our EOS candidates was calculated as the arithmetic
average from both analyses. The measurement of PSR
JO030 + 0451 mainly places constraints on the equatorial
radius of medium-sized NSs, but does affect the posterior
estimate for the TOV mass only slightly. The inference of
the heavier PSR J0740 + 6620 naturally yields overall
tighter constraints on Mpgy and excludes very soft
EOSs, though its uncertainty on the canonical radius
R, 4 is broader than for PSR J0030 + 451.
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FIG. 13. EOS inference based on the NICER measurement of

PSR J0030 + 0451. Arrangement as in Fig. 3. In the middle plot
of the top figure, the contours show the 68% and 95% credible
posterior regions from the M-R measurement from Ref. [154]
(blue) and Ref. [153] (red).

Systematic effects in the NICER analyses originate from
assumptions about the instrument response and hot-spot
geometries. Furthermore, the models typically use fully
ionized hydrogen atmospheres, so that the current radius
estimates could underestimate the true value [199,200]. At
the same time, the general congruence between the two
independent analyses indicates that systematic effects have
only minor impact. Recently, a new analysis of the PSR
JO030 + 0451 NICER data in Ref. [201] has reported that,
when compared with Ref. [153], improvements to sampling
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FIG. 14. EOS inference based on the NICER measurement of
PSR J0740 + 6620. Arrangement as in Fig. 3. In the middle plot
of the top figure, the contours show the 68% and 95% credible
posterior regions from the M-R measurement from Ref. [158]
(blue) and Ref. [157] (red).

techniques and instrument response modeling, plus inclu-
sion of XMM-Newton data for background cross-calibra-
tion, changes the preferred hot-spot configuration to one
with two hot spots with dual temperature emission regions
each (PDT-U). Using this model, the inferred NS gravita-
tional mass and equatorial circumferential radius shift from
the originally reported 1.35107Mg and 12.71732 km to
1.70703¢M o and 14.447)40 km. Because these inferences
were conducted as test runs and, given computational

limitations, could not be run until convergence was
demonstrated, Ref. [201] emphasizes that the values quoted
above are not yet robust. The new values do overlap the old
ones at the 1o level. Nevertheless, these results might hint
at biases in the joint inference of XMM-Newton and
NICER data. Such systematics could arise from difficulties
in sampling over multimodal posterior surfaces and prob-
lems in background noise estimation [201,202]. For exam-
ple, it could be that, unlike what was assumed in the joint
NICER-XMM analysis of Ref. [201], the XMM data
contain a higher number of background sources than
expected from blank sky observations.

D. Analysis of quiescent thermal x-ray spectra

Even for NSs lacking any signs of pulsed emission, the
radius and mass can also be deduced from its x-ray
spectrum, in particular from the thermal component. As
is the case with any ordinary star, the effective temperature,
together with the absolute luminosity, allows one to
determine the emitting surface area and hence the radius.
For NSs, gravitational light bending needs to be taken into
account, but by simultaneously measuring the gravitational
redshift the mass M and radius R can be recovered
[26,203]. In practice, however, several caveats complicate
this endeavor [204]. For one, uncertain distance estimates
to the sources make the measurement of the absolute
luminosity difficult, especially in combination with inter-
stellar extinction of high-energy photons. Additionally,
some quiescent NSs can display nonthermal contributions
in their spectra. Their nature is unclear, although it might be
linked to residual accretion in binary systems [205,206].
Moreover, models for the surface emission usually need to
assume uniform emission from the entire NS surface and
suffer from uncertainties of the atmospheric composition.
Several reports of thermal x-ray spectral measurements for
NSs exist, e.g., Refs. [207-211], but systematic uncertain-
ties often impede inference of NS properties. Here, we
focus on two instances of NS masses and radii reported
from spectral analyses of thermal x-rays, namely for the
quiescent x-ray binaries from Ref. [159] and the compact
object in HESS J1731-347 from Ref. [72].

Steiner et al. [159]. In low-mass x-ray binaries (LM XBs),
a stellar or substellar companion with a mass below 2M
orbits a stellar black hole or NS, so the companion is often
lighter than the compact object itself. The majority of
observationally known LMXBs are associated with NSs
[212,213], and we naturally restrict our discussion to
LMXBs with NSs. The NS will in some instances accrete
matter from either the companion or ambient gas. The
accretion emission of the NS may change over time and
can vary widely for different LMXBs, from (near) quiescence
to x-ray emission at the order of the Eddington luminosity
[204]. Quiescent NSs have been analyzed in certain types of
LMXBs, accordingly named quiescent low-mass x-ray
binaries (QLMXBs). Their accretion activity occasionally
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ceases for a time span of months to years due to instabilities in
the accretion disk [214], before a new accretion outburst
takes place. During this period, the luminosity is at a low
level. The NS will mainly emit thermal radiation from its
accretion heated surface. These qLMXBs usually appear
with beneficial properties, including low magnetic fields and
common occurrence in star clusters. The latter eases distance
measurements, making them suitable targets for thermal
x-ray spectral analysis [204].

Reference [159] reported measurements for the masses
and radii of eight NSs hosted by qLMXBs in globular
clusters, for which previous observations with the Chandra
and/or XMM-Newton facilities had reported spectral data.
Using the XSPEC framework [215], the authors performed
Bayesian inference on the spectra. In particular, a predictive
atmosphere model of either hydrogen or helium was used,
taking distance uncertainties and possible hot spots into
account. The uncertainty in the atmosphere composition is
one driving factor for systematics. In gqLMXBs, previously
accreted matter from the companion determines the NS
atmosphere’s ingredients. If that companion is devoid of
hydrogen (e.g., a white dwarf), the NS atmosphere might
comprise heavier elements. For their eight sources,
Ref. [159] reported mass and radius values for both hydrogen
and helium atmosphere models, respectively. For the NS X5
in Tucanae 47 and the NS in @ Centauri, only values with
hydrogen atmospheres were reported. For the latter, hydro-
gen was reliably detected [216], while the former has a long
binary orbital period indicating a hydrogen-rich donor. Here
we focus on these two cases, because they avoid any
ambiguity regarding the atmosphere composition.

We show the corresponding M-R contours in Fig. 15,
together with the posterior likelihood on the EOS
according to
L(EOS|qLMXBs) = L(EOS|w Cen) x L(EOS|X5). (32)
The EOS likelihood from a single mass-radius measure-
ment is again given by Eq. (31). The inference shows that
information from these two qLMXBs mainly impact R 4
and reject the most extreme candidates in our EOS set, in
particular, the very soft ones. As the M-R results show
comparatively wide statistical uncertainties in the NS mass,
the main constraining power arises from restraining the
radii to R 2 10 km.

Apart from the atmospheric composition, additional
systematic errors such as absorption variability and the
robustness of hot-spot corrections remain. In particular, we
point out that Ref. [159] excluded the NS X5 in Tucanae 47
from their baseline analysis due to its emission variability
caused by its high inclination. We still discuss it here
because it is a frequently observed source that avoids any
uncertainty stemming from the atmospheric composition.
Other mass-radius measurements from qLMXBs are, for
instance, given in Refs. [210,217-220]. The analysis of
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FIG. 15. EOS inference based on mass-radius measurements of

two NSs in qLMXBs in the globular clusters 47 Tucanae and @
Centauri. Arrangement and color coding as in Fig. 3. In the
middle plot of the top panel, the contours show the 68% and 95%
credible posterior regions for the M-R measurements of the
qgLMXB in @ Centauri (blue) and of the qLMXB X5 in 47
Tucanae (red).

Ref. [219] is similar to the one in Ref. [159], but directly
incorporates an EOS model to obtain the M-R posterior and
is therefore not practical for our study here.

Doroshenko et al. [72]. For the central compact object
in the supernova remnant HESS J1731-347, the authors
obtained x-ray spectra from XMM-Newton and the Suzaku
telescope and robust parallax estimates through Gaia parallax
measurements of the optical stellar counterpart [221].
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The compact object in HESS J1731-347 is relatively bright
and shows only small pulsations, making it a suitable
observational target. For analysis in the XSPEC framework
[215], Ref. [72] used a uniform temperature carbon atmos-
phere model including interstellar extinction and dust scat-
tering. Their Bayesian data analysis led to an unusually small
estimate for the central compact object’s mass and radius.
The M-R posterior based on the samples provided in
Ref. [222] is shown in Fig. 16 together with the posterior
distribution on our EOS set.
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FIG. 16. EOS inference based on the mass-radius measurement
of HESS J1731-347. Arrangement and color coding as in Fig. 3. In
the middle plot of the top panel, the blue contours show the 68%
and 95% credible posterior regions for the M-R measurement.

The inferred results from HESS J1731-347 clearly favor
softer EOS and push the posterior to lower values for
Moy, p3n,» and Ry 4, requiring significantly higher TOV
densities. It has been noted that this is in tension with many
available nuclear models [223], although it is still possible
to reconcile the low-mass and radius values with very soft
EOS models for NSs [224]. Recently, the authors of
Ref. [73] have pointed out that the resulting small mass
and radius in Ref. [72] rely heavily on the assumption of a
uniformly emitting carbon atmosphere and the observa-
tional distance being sampled from the Gaia distance
estimate around 2.5 kpc. In fact, a previous analysis of
HESS J1731-347 that fitted carbon atmospheres at a
distance above 2.5 kpc led to significantly higher values
for M and R and wider uncertainties (see Fig. 5 in
Ref. [225]). Likewise, the supplementary analysis in
Ref. [72] shows that a two-temperature model of carbon
and hydrogen atmospheres fit the spectra of HESS J1731-
347 similarly well when assuming a 1.4M 5 NS (see Table 1
in Ref. [72]). It thus remains necessary to keep in mind the
significance of systematic uncertainties governing the
inference of the HESS J1731-347 parameters based on
thermal x-ray profile modeling. In Sec. VID, we discuss
how the remaining constraints relate to this measurement.

E. Thermonuclear accretion bursts
in low-mass x-ray binaries

If NSs are situated in low-mass x-ray binaries with
sufficiently small orbital separation, the companion will
overfill its Roche lobe, forming an accretion disk around the
NS. The magnitude of the accretion activity as well as its
variations over time depend intricately on the binary’s
properties [204]. In certain cases, accretion causes a par-
ticular type of radiation outburst. These thermonuclear x-ray
bursts, also called type-I x-ray bursts, occur when accreted
material piles up on the NS surface until compression
and pressure launch a runaway nuclear fusion reaction
[226-228]. Because these bursts originate directly from
the surface, they carry information about NS parameters
such as temperature, spin, and its mass and radius.
Furthermore, they are fairly bright as the luminosity typically
increases by about a factor of 10 over a time span of seconds
[204], yielding high signal-to-noise ratios (SNRs). When an
LMXB is observed over a longer period, repeated bursts can
be combined for a joint analysis to obtain the mass and radius
of the NS [229]. Bursting LMXBs have been used exten-
sively for the inference of NS radii and masses, for instance,
in Refs. [230-233], with continued efforts over the past
decade [210,220,234-237]. Here, we focus on two modern
investigations into thermonuclear x-ray bursters, namely, the
popular study of Ref. [160] and the recent introduction of a
Bayesian framework for x-ray bursters in Ref. [161].

Niittild et al. [160]. The authors reanalyzed five distinct
x-ray bursts from the LMXB 4U 1702-429 that had been
observed previously by the Rossi x-ray explorer [238].
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Instead of simple thermal spectral fits, the burst spectra
were fitted with a proper atmosphere model. This model
was an adapted version of the stellar atmosphere code
ATLAS [239] that determines the emitted flux from the NS
surface. Hierarchical Bayesian inference provided the NS
parameters, where the most successful spectral model
(model D in Ref. [160]) samples additionally over the
atmosphere metallicity and a systematic uncertainty param-
eter. For the result, the authors recovered a comparatively
narrow M-R posterior. We show the contours together
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FIG. 17. EOS inference based on the mass-radius measurement
of 4U 1702-429. Arrangement as in Fig. 11. In the top figure,
blue contours show 68% and 95% credible posterior regions from
the M-R measurement.

with the implications for our EOS set in Fig. 17. The
likelihoods for our EOS candidates are again calculated
through Eq. (31).

Very soft and very stiff EOS candidates are rejected by
this inference, and the narrow uncertainty on the radius
measurement restricts the canonical radius R;4 to
12.62’:&';‘79 km. For the microscopic EOS, this translates
to a relatively tight pressure constraint between 2ngy
and 3ng,. In total, only few EOSs with a high posterior
likelihood remain, making this measurement one of the
most restricting constraints available.

The narrow radius uncertainties are partly attributed to
the desirable properties of the source, e.g., its low accretion
rate. However, potential biases in the analysis remain, even
though they are partially accounted for with a systematic
uncertainty parameter. They are related to the atmospheric
composition and whether the typical assumption that the
full surface of the NS contributes to the emission is
justified. Likewise, the model assumes that the accretion
environment in which the burst takes place remains
unaffected by the sudden release of energy, which is not
always appropriate [240-242]. While the M-R posterior of
Ref. [160] coincides largely with expectations about the NS
mass-radius relation from other sources such as NICER or
GW data (see Sec. V), potential limitations should be kept
in mind.

Goodwin et al. [161]. The authors introduced a new way
to recover burst properties with a modified version of the
semianalytical SETTLE model [243,244]. Applying this
method to bursts from SAX J1808.4-3658 observed with
the Rossi x-ray explorer, they inferred the NS mass and
radius through MCMC sampling. The M-R prior was based
on the final result of the baseline model in Ref. [159],
which investigated eight NSs in quiescent LMXBs (see
Sec. IV D). We show the M-R posterior and the posterior
likelihood of our EOS set in Fig. 18. The statistical
uncertainties on the mass and radius are much wider than
in the study of Ref. [160] above. The authors ascribed this
to some possible degeneracies in their model’s parameters.
Similar to the analysis of gLMXBs in Ref. [159], the mass
uncertainty is very large, so the radius limit of R < 15 km
delivers the main constraining power of this measurement.
They shift our posterior estimate for the canonical radius
R 4 to lower values and rule out very stiff EOSs. Likewise,
any EOS with Mgy < 1.15M is rejected, although this is
due to the mass prior bound being set at that level.

Systematics in the analysis are driven by uncertainties in
the accretion disk geometry [244,245]. Assessing the
model performance is further complicated by the fact that
the model predicts six consecutive outbursts over the span
of one week, of which only three were actually observed.
The other predicted outbursts lie outside the observation
periods of the Rossi x-ray explorer. In any case, we
expect systematic errors to be less dominant compared
to Ref. [160], because of the larger statistical errors.
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FIG. 18. EOS inference based on the mass-radius measurement
of SAX J1808.4-3658. Arrangement as in Fig. 11. In the top
figure, blue contours show 68% and 95% credible posterior
regions from the M-R measurement.

V. DETECTIONS OF BINARY NEUTRON
STAR MERGERS

Besides observations from isolated NSs in mechanical
equilibrium as discussed in the previous section, BNS
coalescences have proven valuable for assessing the dense-
matter EOS. Here, we use the Bayesian multimessenger-
analysis framework NMMA [74] to perform parameter
estimations from observational data of the gravitational-
wave event GW170817 [41] and its electromagnetic
counterparts AT2017gfo and GRB170817A [42], as well

as the gravitational-wave event GW 190425 [246], and the
long gamma-ray burst (GRB) GRB211211A [247]. As a
particular feature of NMMA, we can directly sample over the
EOS as a parameter and therefore immediately obtain an
EOS posterior distribution. Since the cost of Bayesian
parameter estimation increases with the size of the param-
eter space, we restrict ourselves to a subset of the
previously considered EOSs. We discard any EOS that
lacks support from those constraints of Secs. III and IV we
deem most reliable. These are the mass measurements of
heavy pulsars through radio timing methods and the
theoretical calculations from yEFT and pQCD.

While this selection may be regarded as somewhat
subjective, the reasoning here is that the techniques
for the two theoretical inputs are well established and
we impose their constraints in a conservative manner.
Likewise, the masses of PSR J0740 + 6620, J1614-2230,
and J0348 + 0432 obtained via radio timing techniques are
the only pulsar observations that do not rely on intricate
modeling of x-ray emission from NS surfaces and thereby
constitute particularly reliable astrophysical observations.
Combining the posterior likelihoods from these five inde-
pendent constraints, we select all EOSs above the 0.001
quantile for our BNS inferences (corresponding roughly to
a 30 credibility level), leading to a reduced number of
24288 remaining EOS candidates. Figure 19 shows the
cumulative distribution function for the joint EOS proba-
bility combining these five constraints. The analyses for
this section show that only GW 170817 and its electromag-
netic counterparts provide meaningful restrictions on the
EOS, mainly preferring EOS with canonical radii below
13 km. If we also impose the postmerger constraints from
the collapse of GW170817’s remnant, we additionally
obtain Moy < 2.5M.

A. Gravitational-wave signal GW170817

The detection of GW170817 through the LIGO and
Virgo collaboration (LVC) [248,249] was the first GW
observation of a BNS merger [41]. Since NSs have finite
size, they are susceptible to tidal deformation if placed in an
inhomogeneous gravitational field. Specifically, if posi-
tioned in a binary system, the mutual gravitational attrac-
tion deforms both components. This in turn alters their
quadrupole moment which is imprinted on the emitted
gravitational waves. During the inspiral, tidal perturbations
on the wave signal are measurable as a phase shift, which is
primarily determined by the tidal deformability parameter
A. The value for this parameter is determined by the
EOS [10,250].

We reanalyze the GW 170817 signal using the Bayesian
multimessenger framework NMMA. Usually, GWs from a
circular BNS system are analyzed through a waveform
model with 17 parameters, two of which are the tidal
deformabilities. This is the typical approach of, e.g.,
Refs. [41,251,252]. As mentioned above, NMMA samples
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FIG. 19. Cumulative distribution function (CDF) of the EOS
after combining posterior likelihoods from the radio timing
measurements of the three heavy pulsars, yEFT, and pQCD.
The EOS candidates are labeled from 1 to 100000 and sorted here
by their posterior probability. The filled areas mark the 0.001,
0.01, 0.05, and 0.1 quantiles, respectively, whereas the hatched
area signifies those EOSs that are discarded for the inference of
BNS signals in this section.

directly over the EOS which is shared by both NSs, hence
reducing the parameter space to 16 dimensions. A detailed
list of all parameters and priors is given in Appendix B in
Table V. For brevity, we denote a sampling point in this
parameter space as 6 and the corresponding waveform
as h(0).

For our analysis, we employ the IMRPhenomXP
NRTidalv3 waveform model, which combines the
IMRPhenomXP model [253] with the newly developed
NRTidalv3 model for the tidal effects [77,254].
IMRPhenomXP describes the (2, 2) mode [255] of a
precessing circular binary of point masses based on a
phenomenological ansatz. Its advantage over previous
models results from a refined description of the inspiral
and calibration to a larger set of merger simulations in
numerical relativity. For the description of BNS systems,
NRTidalv3 adds tidal phase contributions to the
IMRPhenomXP waveform. In contrast to its predecessors,
the model uses a larger set of numerical-relativity simu-
lations covering systems with high mass ratio and a wide
range of EOSs. Its description also takes dynamical tides
into account, where the tidal deformability is not adiabatic
but a function of the GW frequency.

If the detectors measure a signal as data d(f) as
strain, we can express the likelihood for a given sampling

point 0 as

-,

n max — 2
log £(0]d) = -2 /f ' W

where h(f, 5) is the waveform at frequency f. Further, we
assume stationary Gaussian noise with power spectral

df +const,  (33)

density S(f) within the detector. The strain data are taken
from the first LVC GW transient catalog (GWTC-1)
[251,257]. The Bayesian evidence and subsequently the

posterior P(§|d) are then obtained by exploring the
parameter space with the nested sampling algorithm as
implemented in DYNESTY [258] using 4096 live points.
Nested sampling is an established sampling algorithm
and has been shown to be robust for the inference of
BNS parameters [259-261], also in comparison with
MCMC based sampling methods [252,262].

To obtain the marginalized posterior on the EOS, one
needs to account for selection effects. The GW detectors
have an SNR threshold up to which they will detect an
event. Therefore, the data are inherently biased toward
parameter values that are easier to detect, e.g., higher
masses and smaller distances. Therefore, one needs to
divide the marginalized posterior by the detection proba-
bility Py (EOS) [263,264]:

Pao(EOS) = / P(0)|EOS)Pau(6))d6].  (34)

Here, we assume that the distribution of intrinsic BNS

parameters P(é?,|EOS) is largely determined by the TOV
mass. To evaluate Eq. (34), we sample masses uniformly
between 0.5 and Mgy and determine the detection prob-
ability for these random events using the neural network
classifier from Ref. [265]. Thus, P4 (EOS) effectively
becomes a function of Mtgy and we reweigh the EOS
posterior samples from our nested sampling run with its
inverse. Adjusting for the selection bias has negligible impact
on the results for one event, but becomes important when
combining constraints from multiple GW detections [263].

The resulting distribution on the EOSs is shown in
Fig. 20. We note that our EOS sampling implicitly assumes
that GW170817 indeed originated from a BNS. For this
reason, and because the EOS prior is informed by nuclear
theory and heavy pulsar measurements, our posterior on the
component tidal deformabilities A, is significantly nar-
rower compared to other analyses that sample A uniformly
over a certain range [41,251,252]. Figure 21 shows
preferred M-A relations for our EOSs and compares our
posteriors for A, to the corresponding posteriors from the
LVC GWTC-1 [251] that used the IMRPhenomPv2
NRTidal waveform model. The constraint from
GW170817 pushes the posterior toward slightly softer
EOSs and smaller radii, as high tidal deformabilities are
disfavored by the data. This is consistent with previous
studies [43,46,48,49].

Most waveform models, including the IMRPhenomXP
NRTidalv3 employed here, rely in some way on the post-
Newtonian (PN) approximation, with the very late inspiral
and merger phase being described by fits to numerical-
relativity simulations. The finite truncation of the PN
expansion as well as the fit to a discrete set numerical-
relativity data naturally introduces systematic biases that
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FIG. 20. EOS inference based on the measurement of
GW170817. Arrangement and color coding as in Fig. 3. The
EOS shown here are the reduced prior set described at the
beginning of the section.

may impede parameter estimation, in particular for the
tidal deformability [266-268]. Systematic effects become
noticeable for detections with high SNRs (z80) [269]
or when combining the results of multiple (=30) detec-
tions [264]. When determining tidal deformabilities from
GW170817 with an SNR of about 33, however, the
discrepancies are small compared to the relatively large
statistical errors. Yet, for future observations with the
LIGO-Virgo-KAGRA network operating at design sensi-
tivity or with third-generation detectors, systematic uncer-
tainties need to be accounted for [270]. Systematic effects

3.51 I LVC GWTC-1
I This work

0.5 1
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A
FIG. 21. M-A curves for our EOSs, color coded according to

their posterior likelihood based on our inference of GW170817.
The contours show 68% and 95% A-M posterior credibility
regions for the primary and secondary NSs in GW170817. Blue
contours represent the posterior from LVC GWTC-1 [251], red
contours the posterior of our own inference.

would also arise if the assumptions about the realized
physical setting are wrong, for instance if gravita-
tional waves need to be described in modified theories
of gravity [271,272] or if dark matter is present in the N'S
interior [273-276].

B. Kilonova AT2017gfo and short gamma-ray
burst GRB170817A

GW170817 was accompanied by different electromag-
netic signals, namely the KN AT2017gfo [277-283] and
the short GRB170817A [284-286] as well as its afterglow
[287-292]. These electromagnetic counterparts allowed
for the identification of the galaxy NGC 4993 as the
signal’s origin [279] and to place limits on the obser-
vation angle [290,293,294]. The GRB likely originated
from the launch of a relativistic jet [290] and was observed
~1.7 s after merger. The KN was fueled by pseudo-black-
body emission from ejected material heated by the radio-
active decay of heavy neutron-rich nuclei created in r
processes [295,296]. It was first detected ~11 h after the
GW observation and continuously observed over the course
of three weeks [297]. The GRB afterglow was observed in
the x-ray and radio after more than a week [287,291] with
continued observation over months [290,293].

To use these electromagnetic signatures for inference of
the EOS, one requires a model that links physical system
parameters, such as the ejecta mass and velocity, to the
emitted light curves. Several different models for the KN
emission are available in the literature, e.g., from
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Refs. [49,298-301]. For the present work, we employ the
state-of-the-art KN model from Ref. [301] (Bu2023) and an
older version from Ref. [49] (Bu2019). Both models are
built with possis, a three-dimensional Monte Carlo radi-
ative transfer code [302,303] in which the ejecta material is
evolved through homologous expansion and the emitted
photon packages are calculated from the temperature and
opacity distributions. The Bu2023 model uses five intrinsic
parameters, namely the masses and velocities of the
dynamical and wind ejecta as well as the dynamical ejecta’s
average electron fraction. On the other hand, the Bu2019
model uses only dynamical and wind ejecta masses as well
as the opening angle of the lanthanide-rich component. The
priors for these model parameters are listed in Table VI
Compared to its predecessor, Bu2023 profits from
improved prescriptions of heating rates, thermalization
efficiencies, and opacities in PossIS; for further details
we refer to Refs. [301,303]. Since the computation time for
one POSSIS light curve is on the order of hours and thus too
large for the many likelihood evaluations required during
sampling, the light curves for an arbitrary point in the
parameter space are interpolated by a feedforward neural
network over a fixed grid of PossIS simulations [74,304].

Complementary, we model the light curve of the observed
GRB afterglow with the package AFTERGLOWPY [305]. This
model assumes a structured jet in the single shell approxi-
mation that is forward shocked with the ambient constant-
density interstellar medium. It takes seven intrinsic param-
eters, listed together with their prior ranges in Table VI, to
semianalytically determine the afterglow light curves at
variable observation wavelengths. In this manner, we are
able to predict the anticipated light curve given a certain set of
model parameters 0 by combining the contribution from the
GRB afterglow and KN model. Together with the observa-
tion angle and luminosity distance as the two observational
parameters, we can directly deduce the expected AB mag-
nitudes m/(t;, 0) for a wavelength filter f at time .
Assuming a Gaussian error on the real magnitude measure-
ments m/ (1;, d) with a statistical error Ugtat(t 1), we setup the

likelihood of the data at a given sample point € as

log ﬁ(é|d) — _%Z [mf(tj, 0) — mf(;ﬁ d)]2

f.J (Gsyst)z =+ [O{tat(tj)]z

-+ const.
(35)

We introduce the auxiliary systematic uncertainty oy to
account for the systematic errors in the KN and GRB
afterglow models and set it conservatively to 1 mag following
previous works [74,306].

To perform a full multimessenger analysis of the light-
curve and GW data, we use NMMA to sample over the joint
parameter space. The strain GW data are taken again from
Ref. [257] and the light-curve data are compiled from

Refs. [44,307]. The joint parameter space includes the 16
parameters of the GW inference, 5 (3) parameters for the
KN model, and 7 additional parameters for the GRB
afterglow. To make full use of the multimessenger infor-
mation in the data, we link the GW parameters to the
parameters of the electromagnetic model. Specifically, we
relate the dynamical ejecta masses M 4, for the KN model
to the GW parameters M, M, (the NS masses), and to the
EOS via the following relation [308]:

M ayn a My \"
——— =M,|=—+b|— C 1 <2 ,
omoe Mg Tl\ar,) Tea| T2 ta
(36)
with the compactness
M.

Ci=——1 | ie{l,2}. 37
/= R,(M,.EOS) jeil.z} (37)
Here, the numerical coefficients a = —9.3, b = 114.2,
¢ = -337.6, and n = 1.5 are fitted from numerical-rela-

tivity simulations, whereas « is drawn from a Gaussian
distribution with mean O and standard deviation 0.004M g
as a fiducial parameter describing the error on the relation
[308]. Likewise, the wind ejecta M yinq for the KN model
and the isotropic equivalent energy FE, for the GRB
afterglow model can be linked to the disk mass My that
forms around the remnant after the merger:

Mej,wind = gMdisk’ (38)
Ey = €(1 - C)Mdisk- (39)

Here, we introduced ¢, the fraction of the disk that gets
unbound as wind, and e, the share of the remaining disk that
is converted into jet energy. The former is assigned a
uniform prior from 0 to 1, the latter is sampled log-
uniformly from 10~7 up to 0.5. The disk mass itself can
be determined from the total binary mass, the mass ratio ¢,
and the EOS through the phenomenological relations
[49,309,310]:

Mdisk
1
010 ( M, )

= a{l +btanh<

¢ — (My + M5) /M pesnoa
)] o

where the prompt collapse threshold mass is given by [311]

Moy (EOS)

My oo = =360V 2/
threshold < 3.6 R16(EOS)

+ 2.38) Mooy (EOS),
(41)

with
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a=—-1.725-2.337¢, b =-0.564 —0.437¢,

1
&= Etanh[ﬂ(q - Qtrans)]s
Girans = 0.886. (42)

¢ =0.953, d = 0.057,

B = 5.879,

The luminosity distance and inclination angle are naturally
shared by the GW and electromagnetic models.

For sampling, we combine both likelihoods for the GW
data and electromagnetic light curve by simply adding the
log-likelihoods:

log £(6|d) = log Law (6|d) + log L (6]d).  (43)

Thus, the likelihoods £Gw(é|d) taken from Eq. (33) and the
electromagnetic likelihood given through Eq. (35) are taken
as independent, but some of the parameters are linked on
the prior level. To avoid prohibitively large computation
times, we restrict the number of live points to 1024.

The two KN models perform differently, as evident by
variations in the posterior estimates for certain parameters.
Meanwhile, the differences with regards to the EOS are
fairly mild. Statistically, the Bu2019 model is preferred
with a Bayes factor In BEU20)9 of 12.73 for the inference
with GW data and KN, and 6.12 when the GRB afterglow
is added. However, the luminosity distance and inclination
are not well estimated in the GW + KN + GRB inference
with Bu2019. For the present work, we therefore quote our
results with respect to the Bu2023 model unless stated
otherwise. We discuss the performance of the two models
in more detail in Appendix C.

In Fig. 22, we compare the resulting posterior distribu-
tions on EOS quantities, when we perform a parameter
inference with the data from GWI170817 and KN
AT2017gfo, and the joint inference combining
GW170817, AT2017gfo, and GRB afterglow. Adding
the electromagnetic signals leads to the rejection of the
softest EOS still contained in the posterior of the GW-only
inference. Thus, we are able to place narrower limits on R 4
and nrgy. Compared to previous works, we find slightly
larger statistical uncertainties in the NS radii, e.g.;
Ref. [312] quotes Ry, = 11.86704; (11.9810%) km for
their GW + KN (GW + KN + GRB) inference, whereas
we find Ry, =12.19%077 (12.19107) km, all values
quoted here at 90% credibility. We attribute this difference
to our larger prior EOS set, since we implemented the
constraint from yEFT more conservatively.

In our analysis of the electromagnetic counterparts to
GW170817, systematic uncertainties arise from many
possible sources. They are partially accounted for during
sampling. For example, we include ancillary fit-error
parameters to acknowledge biases that arise from the
phenomenological relations used in Egs. (36) and (38).
Likewise, uncertain modeling assumptions, such as heavy-
nuclei opacities [313], nuclear heating rates [314], local
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FIG. 22.  Posterior distributions of R, 4, Moy, P3n,,» and npoy
for inferences using only GW data (purple line), GW and KN data
(orange line), and GW, KN, and GRB afterglow data (magenta
line). Here, Bu2023 is the adapted KN model.

thermalization [315,316], or idealized geometries in the KN
models [306], as well as, for example, the lack of reverse
shocks and self-Compton emission in the GRB afterglow
model, may affect the results. Though they are somewhat
addressed by setting o, to 1 mag in Eq. (35) [306], the
differences in the posteriors of the two KN models, as
discussed in Appendix C, still exemplify current uncer-
tainties in KN inference arising from a lack of knowledge
about the relevant microphysical processes.

C. Gravitational-wave signal GW190425

GW190425 is the second convincing candidate fora GW
signal from a BNS merger [246] and was observed through
the LIGO detectors [248]. However, GW190425 was not
accompanied by a firm detection of an electromagnetic
signal [317-319] and had an overall weaker SNR of
12.4, compared to 33 for GW170817. As in Sec. VA
for GW170817, we perform parameter inference of
GW190425 using NMMA with the same IMRPhenomXP
NRTidalv3 waveform model, sample again directly over
the EOS candidates, and reweigh the result to account for
selection effects. The priors are listed in Table V and the
strain data were taken from Ref. [257]. We note that the
primary component in GW190425 is significantly heavier
than in GW170817, and thus the sampling of M; may
occasionally reach above the TOV mass of the sampled
EOS. In this case, NMMA sets A to 0 and hence assumes an
NSBH. However, the EOS candidates we sample over all
fulfill Moy 2 2M4, and the source frame mass of the
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primary component is M| < 1.94M at 95% credibility.
Hence, no NSBH sample point is present in our pos-
terior files.

We find no further constraints on the EOS set, as our
analysis simply recovers the input prior, as can be seen in
Fig. 23. The outcome for the tidal deformabilities is shown
in Fig. 24 and compared to GWTC-2.1 data of Ref. [320].
Like for GW170817, our posterior estimates on A, are
tighter compared to the analysis of the corresponding LVC
GWTC catalog estimates [320], because we sample over an
EOS set. While it appears as if indeed some stiffer EOS
candidates are outside of the credible region of the tidal
constraint, this impression is misleading since we sample
our prior uniformly in mass ratio and chirp mass and use the
weighted EOS set to determine the tidal deformabilities. In
that way, the mass measurement of the stars in GW 190425
affects the inference of A, ,, but no real information about
the EOS is recovered [321]. In fact, Fig. 23 confirms that
the posterior distribution on R4 and other EOS-derived
quantities
does not change significantly compared to the prior. A very
weak tendency toward softer EOSs with smaller radii seems
noticeable, but this effect may also arise from under-
sampling the EOS space in regions with low prior
likelihood.

Overall, the larger NS masses and an only moderate
SNR make GW190425 unsuitable for rigorous constraints
on tidal deformabilities [50,246,321]. For similar reasons,
we do not perform inferences for the black hole-
neutron star merger candidates GW200105_162426 and
GW200115_042309 [322].

D. Gamma-ray burst GRB211211A

GRB211211A is one of the closest GRBs observed so
far. It was first detected on 11 December 2021 at 13:09:59
(UTC) by the Burst Alert Telescope of the Swift
Observatory. Subsequent observations in the optical and
near-infrared were reported, e.g., in Refs. [247,323]. Its
particularly long duration of 51.37 & 0.80 s [247] suggests
that it could have originated from the collapse of a massive
star, as evidence exists that long GRBs are linked to
supernovae [324]. However, multiple studies have
shown that the observed electromagnetic emission in
the optical and near-infrared is best described when
invoking a KN associated with a compact binary merger
[247,323,325-327]. The authors of Ref. [327] performed a
large set of multiwavelength analyses for GRB211211A
assuming four different scenarios, namely, a BNS merger,
an NSBH merger, a core-collapse supernova, and an
r-process-enriched core-collapse supernova. Their model
comparison revealed that GRB211211A is best fit when
jointly inferring the data with the GRB afterglow model of
Refs. [305,328] and KN contribution modeled as in
Ref. [298]. Therefore, the likeliest explanation for this
GRB is a BNS system as progenitor.
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FIG. 23. EOS inference based on GW190425. Arrangement

and color coding as in Fig. 20.

Assuming for the sake of argument that GRB211211A
originated from a BNS merger, we explore what constraints
it can provide on the EOS. The idea is to use the ejecta
posterior from Ref. [327] with the highest evidence
(cf. BNS—GRB—ME,;SC“ in Tables 1 and 2 in Ref. [327])
as likelihood to sample over the EOS and an agnostic
prior for the BNS parameters. To that end, we employ
the relations of Eqgs. (36) and (38) to link the EOS
candidates and ejecta masses. The result of that calcula-
tion is then compared to the marginalized posterior
P(Mj ayn» Mej winaldev) obtained from the inference of
GRB211211A light-curve data dgy [327]. In practice,
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FIG. 24. M-A curves of our selected EOS set, color coded
according to inference based on the measurement of GW190425.
The red and blue credible regions are as in Fig. 21, with the blue
contours from LVC GWTC-2.1 posterior [320].

we sample uniformly over the chirp mass M in the range of
0.7-3.7M , and mass ratio g on the interval 0.125-1, and
additionally sample over the uncertainty parameters { and
in the phenomenological relations; hence our parameter
space consists of M, ¢, £, a. Then, the full likelihood reads

L(M,q.,a,EOS|dgy) = P(Mej.dymMej,wind|dEM)- (44)

The light-curve posterior on the right-hand side is evaluated
numerically through the kernel density estimation from
discrete samples of Ref. [327]. This approach is imple-
mented in NMMA, using PYMULTINEST for nested sampling
[329]. Although our analysis finds a preference for a
chirp mass of M =1.39702M, and a mass ratio of
q = 0.827311, corresponding to M, = 1.76'('9¢M and
M, = 1.467052M , we find no posterior constraint on the
EOS, as the impact of the EOS on the light curve is
mitigated by the necessary, but unconstrained, { parameter
during sampling. Given the additional systematic uncer-
tainty from the KN and GRB afterglow model (see Sec. V
B) and the unknown nature of the source, GRB211211A
thus provides no valuable information on the EOS. We
expect similar findings for future GRB detections without
accompanying GW signal.

E. Postmerger constraints from GW170817

The postmerger fate of the BNS remnant in GW170817
provides information on the EOS, complementary to
that obtained from the tidal deformabilities during
inspiral. Various arguments, such as the lack of spin-down

luminosity [330] and the launch of a relativistic jet for the
GRB [290,331], support the hypothesis that a black hole
was created in the aftermath of GW170817. At the same
time, based on the presence of an electron-rich, blue
component in KN AT2017gfo, there is general agreement
that the remnant did not collapse immediately to a black
hole, but instead formed a spinning (supramassive
or hypermassive) NS for a brief intermediate period
[47,295,332,333]. Numerical-relativity simulations support
this picture [334,335]. The remnant slowed down until
angular momentum became insufficient to sustain the star,
triggering the collapse to a black hole. The exact spin-down
timescale remains a matter of debate, as there are two
possibilities (excluding prompt collapse). GW170817
could have formed a hypermassive NS which was sustained
through differential rotation and collapsed on the order of
milliseconds. Alternatively, it might have created a supra-
massive, rigidly spinning star that collapsed on a longer
timescale. The moderate strength of the blue component as
well as the released structured jet favor the first scenario
[332,333,336].

In any case, to eventually produce a black hole, the
remnant mass needs to exceed the threshold mass M.
The exact value for this threshold depends on the rotational
state of the remnant and the EOS, but will generally scale
with the TOV mass; i.e., the higher the TOV mass, the less
likely it would appear that for a given remnant mass a black
hole was created. Hence, by rejecting any EOS that predicts
a threshold mass lower than the actual remnant mass, the
black-hole formation hypothesis can place upper limits on
the TOV mass. Such limits have been proposed, for
example, in Refs. [53,332,337-339]. In Ref. [47], the
authors use the total mass of GW170817 as a lower limit
to the threshold mass for prompt collapse to infer a lower
limit on the radii.

To perform Bayesian inference on our EOS set with this
constraint, we combine the approaches of Refs. [53,339].
We use our joint parameter inference of GW170817,
AT2017gfo, and the GRB170817A afterglow to determine
the remnant mass and compare this value to the threshold
M ;. During the merger, gravitational mass is not con-
served, as some share is radiated away in the form of
gravitational waves. Instead, the mass balance for the
remnant mass M., has to be set up in terms of baryonic
masses, which we subscript with . The mass balance reads

Miemp = My + My — Mg agnp — Maik - (45)

To determine the posterior likelihood of one of our EOSs, we
sample the relevant parameters M, My, M gyn, M gisk, and
EOS from the joint GW + KN + GRB posterior of Sec. V B.
The EOS of the current sample point is used to convert the
gravitational masses to baryonic masses. Ejecta and disk
mass are already expressed in terms of the baryonic mass.
The likelihood for such a sample point is then
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L(My, My, M gyn» M i, EOS|BH collapse)

B { 1 if Miemp > Meons (46)
0 else,

where the baryonic remnant mass on the right-hand side is
calculated with Eq. (45) and the threshold for collapse M ., ,
is determined from the EOS. The sampling was implemented
with PYMULTINEST [329].

There are two natural choices for the threshold mass,
namely the Kepler mass limit Mg, i.e., the maximum
mass that can be supported by an EOS when the star rotates
rigidly, and more conservatively the TOV mass Mtqy.
Choosing the TOV mass as threshold is more conservative
because it is a valid cutoff even if GW170817’s remnant
was a only supramassive NS, while selecting the Kepler
mass limit implies that the collapse was precipitated by a
hypermassive star. On the other hand, the multimessenger
evidence of GW170817 hints toward a short-lived hyper-
massive NS as remnant [332,333,336], and thus, both
choices are justified. Obtaining the baryonic TOV mass
from the EOS is straightforward, but determining the
Kepler mass limit requires the construction of rotation
sequences of relativistic stars.

This is achieved with the RNS code [179,180], which we
use to determine the baryonic Kepler mass limit M, ;, for
each of our EOS candidates. However, the calculation with
RNS will carry a numerical error that depends on the
stiffness and presence of phase transitions in the specific
EOS. Therefore, for each EOS, we ran RNS twice, one time
with standard and the other time with high resolution. The
difference between the two values is used as uniform error
on the result from the high resolution run. Accordingly, the
likelihood in Eq. (46) is then given by the cumulative
distribution over that uniform range for My, . The error is
typically on the order of 0.01-0.03M, but for some
difficult EOS goes up to 0.08M. For about 700 of our
EOS candidates, RNS fails to converge at the higher
resolution. For these cases we use a simple fit relation
derived from the successful calculations,

Myepp = 1.737Mp0y — 0.698, (47)

with a Gaussian error of 0.06M .

In Fig. 25, we compare the impact of the postmerger
constraint on our EOS candidate set when setting the
threshold to the TOV mass or the Kepler limit. For the

former we find Moy = 2.2070-1¢ M, whereas the latter

yields Moy = 2.04f8_‘866M o- In both cases, the posterior is
shifted to softer EOS. Especially when M is set to the
Kepler limit, the posterior largely resides in regions with
relatively low prior likelihood, since the criterion in
Eq. (46) requires EOSs with a TOV mass of around
2M 4, and these are not considered very likely in the GW +
KN + GRB posterior. This causes the posterior on R; 4 and

Prior
1 TOV limit
Kepler limit

L

15 20 25 30 35
]\/[TOV in ]\/1@
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FIG. 25. Posterior distributions of R, 4, Moy, P3n,,» and nioy
based on the postmerger constraint from the collapse of
GW170817’s remnant. The dashed magenta line represents
the posterior from the joint GW + KN + GRB inference of
GW170817 that served as prior for imposing the postmerger
collapse criterion. The light blue lines display the posterior when
choosing My, = Moy 5, the dark blue line for Mgy, = Mgep -

other quantities to widen again compared to Sec. V B. The
resampling also rejects any disk mass above 0.1M and
M ayn superseding 0.01M g, as these values would imply a
small remnant mass that could only collapse if the TOV
mass was significantly below 2M,.

Although there are multiple indications that point toward
the collapse of a hypermassive remnant in GW170817,
there is only a cautious consensus and remaining alternative
scenarios would invalidate the deduced strong upper limit
on Mtgy [340]. Therefore, we adopt the EOS posterior
obtained by setting M to the TOV limit as the default
when combining different constraints in the sections below.
If the assumption that the GW 170817 remnant collapsed to
a black hole is accurate, the derived limits can be seen as
relatively robust. Systematic uncertainty mainly carries
over from the GW and light-curve data models, as dis-
cussed in Secs. VA and V B. In particular, the disk mass
M i 1s relatively unconstrained. When relying on RNS to
determine My, systematic errors could be introduced by
the numerical errors or by the fit in Eq. (47). In Appendix D
we thus show how the results drawn from this particular
constraint remain the same if the Kepler mass limits are
determined through quasiuniversal relations. We point out
that the method for GW170817’s postmerger fate presented
here combines all data available from the GW170817
event, since the postmerger constraint is implemented on
top of the GW + KN + GRB posterior. In future work, one
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could also incorporate this directly into the inference of the
raw data.

VI. COMPARING AND COMBINING
THE RESULTS

In the preceding sections, we studied many different
constraints on the EOS. Table II summarizes the credible
ranges for certain EOS quantities given the individual
constraints. It also quantifies which constraints have a
particular impact on specific properties of the EOS through
the Kullback-Leibler divergence (KLD) [341]:

KLD(d, x) — / de(x|d)ln<P}(j(C)|;)Z)). (48)

This metric compares the posterior P(x|d) of a quantity x to
the prior P(x). A value of zero means the prior and posterior
are equal. The KLD values are shown as bracketed values
in Table II for each inference. We point out that for the
BNS inferences of Sec. V the prior was informed by the
inferences of yEFT, pQCD, and heavy pulsar mass mea-
surements, while the prior for the postmerger constraint is
given by the posterior from the joint inference of
GW170817, the KN, and the GRB. Our determination
of the KLD accounts for that.

From the KLD values it is apparent that currently no type
of source is able to restrict all properties of the EOS on its
own [342]. The nuclear constraints primarily affect R 4 and
less so Mgy or any other listed quantity. The constraints
from BNS inferences also primarily affect the radii and
intermediate part of the EOS. Constraints that restrict Mgy
are also the only ones that have considerable impact on nrqy
and proy, but are insensitive to the shape of the EOS at lower
densities, as expected. In general, the relative uncertainties
on the microphysical EOS description are significantly
higher, e.g., when estimating p;, —or prgy, than the
uncertainties of macroscopic properties like NS radii.

This underscores that several constraints need to be
combined to obtain an EOS posterior that is restricted over
the full density range. We describe our method of combin-
ing our constraint collection in Sec. VI A. In Sec. VI B, we
group the constraints into three different sets and look at the
resulting limits on the EOS. As an application of the
inferred total knowledge, we afterward compare and dis-
cuss the impact of the pQCD matching prescription when
combined with the other constraints and apply our joint
EOS constraints to determine whether the HESS J1731-347
compact object is consistent with them.

A. How to combine different constraints

For the purpose of combining different inputs, we
emphasize that not all constraints studied in the previous
sections are independent of each other. Some constraints,
namely yEFT, pQCD, and the heavy pulsars, have been

used as prior input for the BNS inferences of Sec. V.
Additionally, other constraints also have been used as prior
for results of previous works we rely upon. Table II lists the
dependencies between the different inputs.

Further, the NS for our constraints may originate from the
same underlying mass population, and hence, the priors for
their masses should be linked. When combining multiple
measurements, one would ideally address this through
hierarchical sampling, where the masses of those NSs
thought to originate from the same population are drawn
from some population model with free hyperparameters. In
practice though, the neutron stars we consider might be part
of different subpopulations; e.g., the population of merging
BNSs is potentially different from the population of galactic
double pulsars [343-345], which, in turn, does not need to
coincide with the qLMXB population [205,346]. It has been
demonstrated that population effects in GW analysis from
BNS mergers only become significant after 210 events
[347,348]. Our constraint collection encompasses two BNS
events and similarly low numbers of NSs in other population
categories; therefore, we do not expect any impact on the
final result by neglecting hierarchical population effects.
Moreover, since the form of the different population models
is not known, the assumptions of a uniform NS mass range
up to the TOV mass seems appropriate and is a common
choice [349,350]. This population model is implicitly
assumed, e.g., in Eq. (29).

To now actually combine the individual constraints, we
take the immediate dependencies into account by only
multiplying independent likelihoods and omitting the de-
pendent ones. For instance, if we include the PSR J0740 +
6620 NICER constraint, we will not simultaneously factor in
the radio timing measurement of PSR J0740 + 6620,
because both concern the same NS and the latter was used
as prior for the analysis of the NICER data. Likewise, the
BNS inferences of Sec. V are not combined again with the
constraints from yEFT, pQCD, and radio timing measure-
ments, as these constituted their prior. When we combine
two constraints that share a common prior, we reweigh the
combination accordingly [351]. For example, the
GW170817 and GW 190425 posteriors both carry informa-
tion from yEFT, pQCD, and the heavy pulsars in their prior;
hence we combine them as follows

P(EOS|{GW170817, GW190425})

P(EOS|GW170817)P(EOS|GW190425)
X .
P(EOS|{yEFT, pQCD, heavy pulsars})

(49)

We proceed analogously when combining a BNS inference
with the NICER result for PSR J0740 + 6620 and simply
divide by the radio timing measurement of that pulsar one
more time. Because of the finite sample size in the BNS
inferences, undersampling effects will come into play when
too many of these constraints are added together. However,
in our collection at most three independent BNS inferences
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TABLE IL

Summary of the individual constraints. We describe the measured quantities, mutual dependencies, and the credible intervals for

EOS quantities at the 95% level. The Kullback-Leibler divergence of each posterior is shown in brackets directly below each credible interval.

R4 Mroy P3ng, ntov Ptov

Constraint Measurement Dependencies (km) (Mg) (MeVim™3)  (ng) (MeV fm™>)
Prior 134910060 2175007 901 544170 425172
EFT Theoretical 121175398 2.055197 691186 6515970 519738
(0.561)  (0.022)  (0.093) (0.13) (0.093)
pQCD Theoretical 1347535 214700 8813 5.46700] 40375
(0.0)  (0.006)  (0.011)  (0.006)  (0.007)
CREX Egyms Loym 123315378 2,090/ 767 6195577 497135
(0.454)  (0.009)  (0.059)  (0.081)  (0.057)
PREX-II Eqms Lugn 344 217700 00l 550702 4327l
(0.141) ~ (0.001)  (0.002)  (0.003)  (0.002)
208pp dipole Egm> Lym 13.025337 2137008 8474 5761882 457180
(0.192)  (0.002)  (0.008)  (0.017) (0.01)
HIC esym(n) 1334738 2.16100¢  88%5F 5527090 431707
(0.017)  (0.002)  (0.003)  (0.002)  (0.001)
Heavy pulsars M 13.7057 235507 111530 51558 4355330
0.069)  (0.466)  (0.279)  (0.217)  (0.128)
Black Widow J0952-0607 M 138750y 25217072 13615°  4737E 423730
(0.116)  (0.529)  (0.433)  (0.315)  (0.174)
NICER M, R 13.1753%5 2.16150% 8958 5.627197 43473
J0030 + 0451 (0.102)  (0.051)  (0.054)  (0.054)  (0.028)
NICER M, R Radio timing 13395357 2347090 10752 53458 4605307
J0740 + 6620 J0740 + 6620 (0.111) (0459  (0.319)  (0.277)  (0.182)
qLMXBs M, R 1297517 2177908 88t 5755518 461138
(0.135)  (0.025)  (0.021)  (0.041)  (0.031)
HESS M, R 1099739 1747050 4203 8.597304% 65471088
J1731-347 (1276)  (0.34)  (0.621)  (0.659)  (0.369)
X-ray burster M, R 12,6274 2175047 8578 6.09°7] 51273
4U 1702-429 (0.709)  (0.346)  (0.434)  (0.543)  (0.224)
X-ray burster M, R qLMXBs 12487351 2.097078 755,30 633135 50753%
J1808.8-3658 (0.281)  (0.083)  (0.074)  (0.153)  (0.102)
GW170817 M, A XEFT, pQCD, 11987107 221%04 808l 6257139 562723
Heavy pulsars (0.312)  (0.183) (0.26) (0.258) (0.126)
GW170817 + KN M, A, M XEFT, pQCD, 12.1870%) 225701 88177 6.011],0 528737
Heavy pulsars, (0.256)  (0.151)  (0.188)  (0.208)  (0.066)

GW170817
GW170817 + KN + GRB M, A, M, E, XEFT, pQCD, 12187073 2267019 88772 6.017]% 535738
Heavy pulsars, (0.304)  (0.168)  (0.201)  (0.236)  (0.091)
GW170817

GW190425 M, A XEFT, pQCD, 12447118 2317038 10059 56477 48305318
Heavy pulsars (0.029)  (0.018)  (0.016)  (0.026)  (0.005)
GRB211211A My, Eo XEFT, pQCD, 12.537192 2357049 106112 54578 46673
Heavy pulsars (0.002)  (0.007)  (0.005)  (0.004)  (0.002)

021014-31

(Table continued)



HAUKE KOEHN et al.

PHYS. REV. X 15, 021014 (2025)

TABLE 1I. (Continued)

R4 Mroy P3ng, ntov Prov
Constraint Measurement Dependencies (km) Mg)  (MeVim™)  (ng) (MeVfm™)
GW170817 postmerger Moy GW170817 + KN+ GRB 12.221/)2 2207010 8475 617015 52053}
(0.525)  (0.235) (0.156) 0.12) (0.133)
GW170817 postmerger Moy, Mk, GWI170817 + KN + GRB  11.981080 2041006 66130 7221088 658136
Kepler limit 0.74)  (3377)  (1.258)  (2.208)  (0.621)

can be combined (GW190425, GRB211211A, and one
instance of the GW170817 analyses) and we verified that
the undersampling effects cause only very minor deviations,
since both GW190425 and GRB211211A have no con-
straining effect on the EOS.

B. Results from combined constraints

We are now able to combine the various constraints from
our EOS inference, taking the dependencies into account as
just described. We will do so by defining three different
sets. Set A includes those constraints used most often in the
literature, namely yEFT, pQCD, the three heavy pulsar
mass measurements, GW170817, and the NICER obser-
vations. Note that the first three are already implicitly
included in our inference of GW170817. Set B comple-
ments set A with the heavy-ion collision data, the gLMXBs,
the black widow pulsar PSR J0952-0607, and adds the
KN and GRB afterglow to the inference of GW170817. Set
C additionally includes the symmetry energy constraints
from PREX-II, CREX, and the 2°*Pb dipole measurements,
as well as the x-ray bursters from Sec. IV E, HESS J1731-
347, GW190425, GRB211211A, and the postmerger con-
straint from GW170817. Hence, set C combines every
information discussed so far, except pQCD* and the
GW170817 postmerger constraint with the Kepler limit.

Sets A, B, and C are formed in order of increasing model
dependency, with set A including those constraints we
deem reliable and set C containing also data points where
the systematic uncertainties are potentially large. Because
this assessment is subjective and other combinations are
permissible, we created an online interface [76] where we
provide the opportunity to freely combine constraints and
obtain the resulting posterior distributions of the EOS
parameters. We summarize the composition and results
of sets A, B, and C in Table III.

We show the resulting constraints on the NS masses and
radii, pressure and speed of sound, and the symmetry
energy in Fig. 26. The radii of NSs can be determined
within an uncertainty of ~0.5-1 km, depending on the
number of constraints employed. With higher NS mass, the
uncertainty in the radius grows slightly. In Figs. 27 and 28
we also show how the posterior estimates on R 4 and Mgy
evolve when the individual constraints are sequentially
added. We find that the posterior median for the canonical
radius settles around ~12 km even when adding only a few
constraints, relatively independent of the exact combina-
tion. In contrast to the narrow limits on NS radii, meaningful
restrictions on the speed of sound and the empirical nuclear
parameters are harder to obtain. While the inclusion of
YEFT allows us to restrict Ly, < 100 MeV, narrower

TABLE III. Summary of the three combination sets. We provide the credible intervals for EOS quantities at 95%
credibility.
Set A B C
Description yEFT Set A Set B
pQCD HIC PREX-II
Heavy pulsars Black Widow J0952-0607 CREX
NICER J0030 + 0451 qLMXBs 208ph dipole
NICER J0740 4 6620 GW170817 + KN + GRB Burster 4U 1702-429
GW170817 Burster J1808.8-3658
HESS J1731-347
GW190425
GRB211211A
GW170817 postmerger
Ry 4 (km) 1226708 12417057 12175904
Moy (Mg) 2251032 2.33503 2.30°0%
Pan, (MeV fm™) 907/ 99°55 9353
ntov (nsal) 592;#11;? 567j1183 573:())2?35

021014-32



FROM EXISTING AND NEW NUCLEAR AND ASTROPHYSICAL ...

PHYS. REV. X 15, 021014 (2025)

1.0

2 2
¢ in ¢

n i Ngat

600

—— Set A S
Set B o
—— Set C i

p in MeV fm™
S 5
(=] (=)

[}

j=l

(=}
L

100 4

100

90 1

80 1 s _eemTTTTTT N

-
f==)
N
\
~
-

Lgym in MeV
= ot D
o (=) (=)
~
-

w
f=)
s

- -
-~
~

Do
(=}
L

(
4 N
=

10

25 30 35 10 15 50
Eoy in MeV

FIG. 26. Final posterior estimate for the M-R and p-n relationship, speed of sound, and symmetry-energy parameters from the three
different combinations of constraints A (red), B (yellow), C (blue). The solid lines in the top left-hand panel show the M-R curves with
highest posterior likelihood, the dashed lines mark the 95% credibility intervals in radius at a given mass. Similarly, the dashed lines in
the top right-hand panel indicate the 95% credible intervals for the pressure as a function of number density, the solid line there refers to
the median. The bottom left-hand panel shows the same quantities for the speed of sound as a function of number density, with the
medians drawn again as solid lines. For the calculation of these posterior properties, we include only EOS samples below their TOV
density; i.e., we consider P(p|n,n < nyoy). The gray dotted line in the bottom left-hand panel indicates the conformal limit ¢z = ¢2/3.
The bottom right-hand panel shows the 95% credible regions for the nuclear symmetry parameters Egyy, and Lgy,,. The gray dotted line
indicates the 95% credible region for these parameters from the combined results of PREX-II and CREX.

constraints, in particular on E,, can be achieved only
when the results of PREX-II and CREX are directly
included [352]. Regarding the speed of sound, our infer-
ence implies that its value likely exceeds the conformal
limit of 1/4/3¢ around 3ng,, but for higher number
densities the posterior distribution reaches a flat plateau
and the upper limits on ¢? remain weak and not particularly
informative.

C. Impact of the pQCD matching prescription

In Sec. I B, we presented two different methods of
how the pQCD constraint can be applied to the EOS

candidates. One option is to use the step function in Eq. (7)
for the matching condition and to marginalize over the
uncertainties in the renormalization scale and other param-
eters. Significantly stronger results from pQCD can be
obtained when instead marginalizing over the set of
possible high-density extrapolations, as shown in Fig. 5.
This comes at the cost of additional model dependence. We
denote the latter version as pQCD*.

To determine how the conclusions would change with
the stronger pQCD* constraint, we reweigh the posteriors
of sets A, B, and C in a similar manner as Eq. (49), to make
them independent of the default pQCD. We then factor in
again the likelihoods of the EOSs under pQCD*.
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FIG. 27. Distribution of R; 4 for different constraints. The left-hand wings of the violin plots show the posterior distribution of R 4
from the constraint individually. The right-hand wings show the posterior distribution when multiple constraints are successively
combined. Constraints are combined sequentially from top to bottom and left to right, with dependencies taken into account as discussed
in the text. Symmetric 95% credible intervals are indicated by the solid areas under the curves and stated in the bottom left for the
constraint individually and upper right-hand corner for the combination.

When including pQCD#* instead of the usual pQCD
constraint in set A, we find a decrease in the estimated TOV
mass from originally 2257057 M to 2.207010M, while

the tail in the posterior for large ps3,  is cut from 90| to

92f3519 MeV fm—3. The estimates for the canonical NS

radius and TOV density do not change significantly.
This behavior is similar when pQCD* is introduced in

sets B and C, where Mgy reduces from 2.331’8;23;Mo to
2.30103IM and from 2.30709My to 2.28%019M,
respectively. Hence, combining pQCD* with astrophysical
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FIG. 28.

Distribution of Mgy for different constraints. Arrangement as in Fig. 27.
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FIG. 29. Credibility intervals on the speed of sound when the
conservative pQCD matching condition (Fig. 4) is replaced with
pQCD* (Fig. 5). The red lines are as in the middle panel of
Fig. 26. The blue lines show the resulting posterior median and
95% credibility interval when pQCD is replaced with pQCD* in
set A, denoted as set A*.

constraints allows one to exclude stiff EOS candidates that
otherwise would remain likely.

Figure 29 also compares the evolution in the speed of
sound when the usual pQCD constraint is replaced by
pQCD* in set A. The initial rise of c? above the conformal
limit is very similar to the rise of ¢? with the original pQCD
constraint as shown in Fig. 26; however, with pQCD* we
observe a slightly stronger upper limit for ¢2 across all
densities and a slight decrease of the median c¢? after 4 ng,,
though it increases again after 5 ng,. Other studies generally
find that the speed of sound decreases at higher densities
after peaking above the conformal limit [25,312], especially
when pQCD constraints are implemented [34,35,68,353].
We do not observe any softening or stringent upper limits on
the speed of sound within the usual sets A, B, and C, since
our EOS candidates are constructed through a model-
agnostic speed-of-sound extrapolation and were matched
to the conservative pQCD constraint at ntgy. When imple-
menting pQCD*, we observe a slight softening, even though
the constraint is applied at ntgy. This is in agreement with
other studies, that generally find that the speed of sound
decreases at higher densities after peaking above the
conformal limit [25,312], especially when information
from pQCD is included [34,35,68,353,354]. However, the
median as well as the uncertainty range for the speed of
sound increases again at n > S5ng,. This is possibly due to
the decrease in sample size for ¢2(n) at higher density, as we
include only those EOSs with n < ntgy. Hence, above
~5Sngy, statistical limitations prevent reliable restrictions on
the speed of sound.

D. Outlier detection

The mass-radius measurement of HESS J1731-347
causes the overall highest deviation from the EOS prior,

TABLE IV. Posterior predictions about the HESS J1731-
347 radius. The table lists different metrics explained in the
text to compare the posterior prediction about the radius to
the actual measurement. The measured radius of Ref. [72] is
R = 10.40:1"?72 km. Set C here excludes the original HESS
measurement.

Set A B C
R (km) 12.07100; 12,1808 12,151 028
KWM (km) 1.61 1.73 1.71
KLD 2.231 2.659 2.825
c 0.4 0.55 0.57
P 6.98 11.35 16.42

as it shifts the posterior to very soft EOSs. Given the other
inputs and their Kullback-Leibler divergences, it appears
that HESS J1731-347 is the likeliest candidate for a
statistical outlier in the constraint dataset.

To examine this impression quantitatively, we employ
posterior predictive checking. Specifically, we may com-
pare the M-R posterior of HESS J1731-347 to the radius
range we would expect for this object from some given set
of other constraints d = {d,, d,, ...}, e.g., from set A. To
determine the expected radius range, we resample the
masses from the original posterior P(M, RIHESS) of
Ref. [72], but determine the radius samples from our
EOS set weighted with the posterior likelihood from
P(EOS|d) [355]. We denote the mock posterior obtained
this way by P(M, R|HESS[d]).

To quantify the difference between the actually measured
radius and the posterior from our mock prescription, we
may resort again to the Kullback-Leibler divergence
or alternatively to the Kantorovich-Wasserstein metric
(KWM) [356]. For the different constraint sets A, B, and
C, the comparison of these radius distributions is done in
Table IV. Moreover, we can use the mock posterior to
perform again an inference on the EOS set with Eq. (31).
This allows us then to compare the posterior predictive
value for the true measurement to the value that would be
achieved if the measurement agreed perfectly with the
expectation from the constraints d. The posterior predictive
ratio P,

_ P(HESS|[d]|d)
~ P(HESS|d)
> kosL(EOS|HESS|d])P(EOS|d)
Y kosL(EOS[HESS)P(EOS|d)

(50)

can be interpreted like a Bayes factor, in the sense that,
assuming the constraints in d for the EOS, the mock radius
value of P(M, RIHESS|d]) is P times more plausible than
the actual measurement.

We can also explicitly analyze the hypothesis of whether
the compact object in HESS J1731-347 should be described
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by the same EOS as the constraints in d. We call this
hypothesis H, and its evidence is given by

Zy, = »_P(HESS,d|EOS)P(EOS)
EOS
= > L(EOS|HESS)L(EOS|d)P(EOS)
EOS
=Z,» L(EOS|HESS)P(EOS|d). (51)
EOS

where P(EOS) is the prior on the EOS and Z,, the evidence
for the constraint set d. The alternative hypothesis H; is
that HESS J1731-347 is not necessarily described by the
same EOS as the rest of the data, but by some other M-R
relationship in our candidate set. The evidence for H; is
given by

Zy, = P(HESS|EOS ) P(d|EOS,)
EOS;,EOS;

x P(EOS;)P(EOS,)
=Z,» _L(EOS;[HESS)P(EOS;)>  P(EOS|d)

EOS; EOS;

=7, _L(EOS;|HESS)P(EOS;). (52)
EOS;

The coherence ratio is then defined as C = Z /Zy,, where
the factors Z; in Egs. (51) and (52) cancel.

The values for P and C are provided in Table IV.
Altogether, the different metrics listed there show a grow-
ing tension between the expected radius of HESS J1731-
347 and the actual measurement as we add more constraints
to the EOS. Yet, the posterior predictive ratios are not very
large, especially for set A; hence we cannot immediately
reject the HESS measurement as an outlier. Also for all of
the constraint sets A, B, C, we have C < 1, so we never
reject the null hypothesis Hy,. Still, we find some substantial
deviation of the HESS measurement from the posterior
EOS expectation, especially for set C. We note that testing
the hypothesis H, against H is mainly a statement about
the measured radius and does not comment on the low mass
of the object. To properly address the nature of the HESS
compact object, evolutionary aspects should be investi-
gated and the systematic uncertainties mentioned in
Sec. IV D, also in regards to the mass measurement, need
to be kept in mind.

The postmerger constraints from GW170817 and the x-
ray burster 4U 1702-429 also stand out with respect to the
KLD of their posteriors. However, the narrow radius
estimate from the latter falls in the range expected from
the remaining constraints and hence it is not an outlier in
the statistical sense. The postmerger constraint is the only
one that places a strong upper limit on Mgy, and,
therefore, it is difficult to assess its validity based on the

available data, though it seems to be consistent with the
trend from pQCD*. Additionally, PREX-II and CREX
could be classified as mutual outliers based on their
different predictions for Lgy,. However, their impact on
neutron-star properties is minor and, hence, statistical
discrimination based on the remaining data seems difficult.
We may resort such analyses to future work.

VII. CONCLUSIONS

In the present work, we discussed a diverse collection
of available constraints on the EOS of dense, neutron-
rich matter. We applied these constraints one by one to
our broad set of EOS candidates constructed with the
metamodel approach and speed-of-sound extrapolation,
while assessing their respective impact and commenting
on remaining uncertainties. This allowed us to compare the
impact different constraints have on distinct parts of the
EOS. In the end, we combined the constraints to obtain
stringent limits on the canonical NS radius, maximum NS
mass, and other EOS-derived quantities. In doing so, we
introduced three sets of constraint combinations. Set A
includes those constraints we consider less prone to large
systematic errors, whereas in sets B and C we subse-
quently add every other constraint we discussed in the
present work.

In total, we find for set A R, = 12.26f84'98? km, as
well as Myoy = 2.257093M. For sets B and C we
have R4 = 12417050 km, Mqyoy =2.337035M, and
R4 = 1217702 km, Moy = 2.30505% M o, respectively.
This is in good agreement with previous studies, e.g.,
Refs. [27,43,48-50,53,54,66,75]. An overview on the sets
and their posterior results is given in Table III. When we use
the Kepler limit instead of the TOV mass for the postmerger
GW170817 constraint in set C, we are able to place an even
stronger limit on Moy of 2.05700/My. Other custom
combinations of EOS constraints can be obtained from our
Web interface in Ref. [76] created for this purpose.

As an application, we combined the new pQCD matching
criterion pQCD* with the astrophysical data, showing how
this further excludes stiffer EOSs that are allowed by the
remaining data, at the cost of additional assumptions about
the extrapolation. We also investigated whether the M-R
measurement of the HESS J1731-347 compact objects
qualifies as an outlier, finding that the more constraints
we apply to the EOS, the less likely the small radius of the
actual measurement becomes compared to the expectation
from the posterior. The evidence shows substantial deviation,
but especially for the conservative set A we cannot immedi-
ately reject the HESS measurement as an outlier.

Explicit dependencies between the different data points
are taken into account in our combination effort. At the
same time, we ignore any population effects when combin-
ing inferences from multiple NSs. Though we do not expect
this to impact the final results significantly based on the low

021014-36



FROM EXISTING AND NEW NUCLEAR AND ASTROPHYSICAL ...

PHYS. REV. X 15, 021014 (2025)

number of events in each possible subpopulation (see
Sec. VI A), we emphasize that incorporating population
effects through hierarchical inference will become impor-
tant when a large number of events is available in the future
[347]. Furthermore, the results are also subject to potential
systematic biases in the inputs; thus care should be taken
when quoting strict limits on EOS quantities.

The selection of constraints explored here is not com-
plete; e.g., we have not considered limits on Mgy from NS
population studies [168,169,354], or further M-R measure-
ments from Xx-ray observations [210], or quasiperiodic
oscillations [357]. When supplementing the EOS model
with a prescription for thermodynamic properties like heat
capacity or neutrino emissivity, NS cooling curves also
place limits on the EOS [272,358-360]. Yet, our extensive
set of constraints shows how combining different pieces of
information in a fully Bayesian fashion can place narrow
limits on NS masses and radii. Although it has been noted
that simple hard cuts on the EOS candidates based on
empirical limits deliver similar outcomes compared to a
Bayesian likelihood function on the EOS space [361], we
believe performing Bayesian analysis directly over the
space of possible EOSs has multiple advantages. For
one, including the full Bayesian uncertainty of a measure-
ment will maintain consistency even if future measure-
ments with improved uncertainties become available [40].
Moreover, it allows us to combine different types of
measurements in a more flexible way and without the
need to relate different measured and derived quantities
through phenomenological relations.

We note that even given our large collection of con-
straints, microscopic quantities such as p;, —are still
subject to large relative uncertainty. The relative uncer-
tainty on the pressure at a given density grows strongly with
density. At Sng, the 95% credibility range for the pressure
already encompasses a factor of 2, even for set C. One
reason for this is that most of our constraints are astro-
physical in nature and therefore affect only the microscopic
EOS in an integrated form across the range of several n.
Likewise, our broad posterior estimates of the empirical
nuclear parameters show that to effectively constrain the
low-density regime of the EOS, current NS observations
alone are not sufficient, and conversely, knowing the
symmetry energy parameters alone has only mild impact
on NS properties.

The uncertainty about the EOS will be reduced in the
future, when new measurements with higher data precision
become available. For instance, even the relatively well-
constrained NS radii would only improve slowly if further
NS observations with present statistical uncertainties were
added. This emphasizes the need for high-precision obser-
vations, e.g., from next-generation GW detectors [362-371],
moment-of-inertia measurements from long-term pulsar
timing observations [57-59,372], or new Xx-ray observatories
such as Strobe-X [373]. More stringent constraints on the

symmetry energy and other nuclear parameters could be
obtained from high-precision scattering experiments like
MREX [65] or a new generation of HIC experiments
[62-64,374].
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APPENDIX A: IMPACT OF THE yEFT
LIKELIHOOD FUNCTION

Since it remains difficult to interpret the pressure band
proposed by yEFT calculations in a genuinely Bayesian
fashion, the choice of the likelihood function Eq. (6) and
subsequently the score function f in Eq. (4) is ambiguous,
though it naturally impacts the conclusions drawn from this
constraint.

The score function f is often reduced to a hard cut, i.e.,

1 if p_<p<p,

Al
0 else. (A1)

fuclp.m = {
This is usually implemented implicitly during the con-
struction of the EOS prior set [27,312]. However, alter-
native approaches are equally justified. For instance, in
Ref. [93], Gaussian process regression for the speed of
sound is used to assess the uncertainties of yEFT pre-
dictions, finding the posterior distributions for the pressure

well approximated by a Gaussian distribution. Therefore,
one may as well impose a Gaussian f:

fa(p.n) =exp (—8(%)2)’

P+ —DP-

5 (A2)

with pu =
In a similar manner, Ref. [66] construct a Gaussian like-
lihood function on the squared speed of sound. In any case,
a further question arises of whether the individual score

values f[p(n,EOS),n| along an EOS pressure curve
should be added,

Mpreak

L(EOS|yEFT) / dn f[p(n,EOS),n],  (A3)

0.75n,

or instead be multiplied as in Eq. (6). The former is more
forgiving should an EOS deviate from the band only on a
short density range, but in principle also allocates posterior
likelihood to EOSs that deviate heavily from the band
in some region and coincide perfectly with it on a short
interval.

The approach adopted in the main text followed two
deliberations. First, if the yEFT constraint is applied, the
prediction from this theory should match to the EOS across
the entire nucleonic regime, i.e., from 0.75n, to 1y, and
awkward behavior where the constraint is only fulfilled
on a subinterval should be excluded. Hence, the results
in the main section use the likelihood that multiplies the
score values. Second, small deviations from the band
should be allowed, with the uncertainty arising in the
theoretical prediction being systematic and not Gaussian.
Consequently, the score function adopted in the main

Multiply

Prior
Gaussian
1 Exp. decay

[ Hard cut
Add

8 10 12 14 16
R1_4 in km

FIG. 30. R4 posterior from the yEFT constraint when different
versions for the likelihood L£(EOS|y-EFT) are used. The top
shows the posterior when the score values are multiplied along
the EOS [Eq. (6)], whereas the bottom displays the same when
the score values instead are added [Eq. (A3)]. The color coding in
both panels refers to the form of the score function f. Exponential
decay means f is chosen as Eq. (4) with # = 6, Gaussian refers to
Eq. (A2), Hard cut to Eq. (Al). The likelihood adopted in the
main section is to multiply the score values with an exponential-
decay-score function.

section is neither the hard cut nor Gaussian distribution,
but rather sets the f(p,n) constant across the AFDMC
band and then exhibits exponential decay beyond it.

The exact choice of the likelihood prescription does not
impact the inference too much, as long as the score function
is sufficiently narrow. In Fig. 30, we compare the yEFT-
posterior distribution on R;, when different likelihood
prescriptions are used. When multiplying the score func-
tions, the results are relatively independent on the score
function’s exact form, though the hard cut enables slightly
stricter EOS constraints. Adding the score values along the
EOS with the slow-exponential-decay score function is too
forgiving and distorts the posterior toward very stiff EOSs.
However, employing the hard cut or narrow Gaussian score
functions yields posterior distributions that resemble expect-
ations from other studies more closely [29,67,94]. It also
matches the case where score values are multiplied well.

A challenge of our setup lies in the fact that the density
regime in which we apply the yEFT constraint is not
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FIG. 31. Posterior distribution of ny, when different versions
for the likelihood [Eq. (6)] are used. The skew in the posterior
distribution decreases when the exponent in the likelihood
contains an additional factor of (npeq — 0.75n4)~". Here, f
was taken from Eq. (4).

constant, but depends on the EOS through the individual
breakdown density 7., If the breakdown density is large,
more score values are multiplied, which decreases the total
likelihood and introduces a bias toward smaller np,.,. To
mitigate this effect, we introduced the factor (mpqu —
0.75n4)~" in Eq. (6). Figure 31 shows the posterior
distribution of ny., for the case where this factor in the
exponent is absent, and when it is included. With our
prescription as adopted in the main text, the bias toward

smaller ny., is significantly reduced. We point out that
f(p,n) is not normalized, i.e.,

/ dp f(p.n) % 1. (Ad)

This is because normalizing would foster the bias toward
smaller breakdown densities, since the score values along
the EOS would then decrease in absolute value the larger
the uncertainty in the yEFT band becomes.

APPENDIX B: PRIOR SETUPS FOR THE BINARY
NEUTRON STAR INFERENCES

The 16 parameters for the GW waveform model are
listed in Table V together with their priors for the analyses
of GW170817 and GW190425. For GW170817 we fixed
the sky location to its electromagnetic counterpart, trigger
times were fixed for both GW170817 and GW190425.
Instead of sampling over the component masses M; and
M,, it is common practice in GW analysis to use the
equivalent parameters of chirp mass M and mass ratio g,
because the latter appear explicitly in the waveform models.
However, to prevent unreasonably small component
masses, we restrict the resulting M, M, that are sampled
from the uniform prior in chirp mass and mass ratio to lie
between 1M, and 3.3M,, which effectively yields a
minimum mass ratio of 0.33. The cutoff at 1 M, is relatively

TABLE V. Parameters and priors for the GW inferences. The top two blocks show the intrinsic and observational
parameters as used for all inferences involving GW170817. In the bottom block we present those priors that were
modified for the analysis of GW190425. We denote uniform priors by ¢/, Cosine signifies uniform sampling of the
cosine of that angle. Luminosity distances are sampled uniformly in comoving volume. The subscript j indicates the

two binary components, i.e., j€{1,2}.

Parameter Symbol Prior
Intrinsic Chirp mass (Mg) M U(1.18,1.21)
Mass ratio q U(0.125,1)
Spin magnitude a; U(0,0.05)
Tilt sin g, Uu-1,1)
Misalignment (rad) b2, b1 U(0,2r)
Equation of state EOS See Sec. V
Observational Luminosity distance (Mpc) dy Ueom. vol.(15,75)
Right ascension (rad) a 3.44616
Declination (rad) 1) —0.408084
Trigger time (GPS) t. 1187008 882.43
Inclination On Cosine(0, r)
Phase (rad) ¢ U(0,2r)
Polarization (rad) W U(0,2r)
GW190425 Chirp mass (M) M U(1.485,1.49)
Mass ratio q U04,1)
Luminosity distance (Mpc) dy Ueom. vor.(10,300)
Right ascension (rad) a Cosine(0, r)
Declination (rad) 1) U0, 2x)

Trigger time (GPS)

1240215503.0

~

a
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TABLE VL

Parameters and priors for the light-curve inferences. The top block lists parameters for the

Bu2019 KN model, the middle one for Bu2023. Below, we list the parameters for the GRB-afterglow model, and at
the bottom one finds the fit coefficients linking EM and GW parameters. We denote uniform priors by U/, Gaussian

priors by A, and log-uniform priors by Log.

Parameter Symbol Prior
Bu2019 Dynamical ejecta mass (M) M ayn Eq. (36)
Wind ejecta mass (M) M wind Eq. (38)
Opening angle (deg) 0] U(15,75)
Bu2023 Dynamical ejecta mass (M) M ayn Eq. (36)
Dynamical ejecta velocity (c) Vej dyn 14(0.12,0.25)
Wind ejecta mass (M) Mg wina Eq. (38)
Wind ejecta velocity (c) Vej wind 4(0.03,0.15)
Average electron fraction Y, dyn 4(0.15,0.3)
GRB afterglow Isotropic energy equivalent (erg) Ey Eq. (39)
Half opening angle (rad) Ocore U, z/2)
Cutoff angle (rad) Oying Uu0,xz/2)
Interstellar medium density (cm™3) ngy Log(107%,0)
Electron power law index p U(?2,3)
Electron energy fraction €, Log(1074,1)
Magnetic energy fraction €p Log(107>,1)
Fit Wind-disk fraction ¢ u(,1)
Dynamical ejecta fit error a N(0,0.04)
Jet energy fraction € Log(1077,0.5)

sharp for the lower mass NS in GW170817, though the
posterior appears unimpaired by that bound. We chose this
cutoff because NRTidalv3 was not yet sufficiently tested
for very low masses at that time, and to reduce computa-
tional cost especially in the expensive joint inference of the
GW, KN, and GRB afterglow.

Similarly, the parameters of the light-curve models
are listed in Table VI. The ejecta masses and isotropic
energy equivalent are obtained from the GW parame-
ters, but are additionally constrained to specific ranges.
This is to prevent sample points with unphysical values
and, in the case of the KN models, to ensure that the ejecta
masses are contained within the grid of POSSIS simulations.
Thus, we require M4y, to lie in between 10°My and
10~'M, for the Bu2019 model, and between 1073 M, and
107"My, for the Bu2023 model. The wind ejecta are
restricted to the range of 107*My—10""3M for Bu2019
and 1072M 4—1079% M, for Bu2023. The isotropic energy
equivalent has to fall in the range of 10*-10% erg.

All priors and constraints were implemented using the
BILBY prior module [260].

APPENDIX C: COMPARISON BETWEEN THE
Bu2019 AND Bu2023 KILONOVA MODEL

Our inferences from the electromagnetic counterpart of
GW170817 deliver different results, depending on which of
the two KN models from Sec. V B is used and whether the
GRB afterglow is included. We show corner plots

for the most important electromagnetic parameters in
Fig. 33. GW parameters, in contrast, do not vary signifi-
cantly across the separate inferences. While the differences
with respect to the posterior distribution of the EOS are
small, the estimates specifically for the wind ejecta masses
show some discrepancy. Differences may be attributed to
different physics prescriptions in the Bu2019 and Bu2023

16
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g 204
g
Z 294
é —— 2massks
‘g —— 2massj
§ 244 !
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261 —— radio-3GHz .
— besselv 7 ‘
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FIG. 32. Best-fit light curves of the joint GW + KN + GRB
inference with the Bu2019 (dotted lines) and Bu2023 model
(solid lines) for selected filters. The different filters are color
coded according to the legend, data points of the respected filters
are displayed as circles with uncertainty bands. The colored
bands indicate the systematic uncertainty of 1 mag around the
best-fit light curves of the Bu2023 model.
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model, however, adding the GRB afterglow also lowers the
estimates for this parameter, since the GRB places some
limits on the inclination and subsequently the disk mass
and wind ejecta. Furthermore, it is apparent that during the
joint GW + KN + GRB inference with the Bu2019 model,
the sampling of the luminosity distance is starkly biased
toward distances of ~24 Mpc. While such low values for

logo(Mej,wind/Me)

the luminosity distances are technically reconcilable
with the GW data alone given the degeneracy between
inclination and distance, the identification of the electro-
magnetic counterpart in the galaxy NGC 4993 [279] sets
the luminosity distance to 40.4 Mpc [375]. Combined with
the bimodal structure in the posterior, we interpret this as an
error during the nested sampling process. The specific

Bu2023 GW+KN
Bu2023 GW+KN+GRB
Bu2019 GW+KN
Bu2019 GW+KN+GRB

logo(Eo/erg)
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FIG. 33.
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Comparison of the posterior estimates for selected parameters from inferences of GW170817 with electromagnetic

counterparts. The contours show the 95% credible regions of the respective parameters. Color coding refers to runs performed with
either only the GW170817 and KN light-curve data, or GW170817, KN, and GRB afterglow light-curve data combined.
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reason for this is uncertain, but may be related to artifacts in
the neural network interpolation of the POsSIS grid or some
hitherto unknown degeneracy between the GRB parameters
and ejecta properties. Because of the large computational
cost for the joint inferences of GW, KN, and GRB after-
glow data, we have to postpone a detailed investigation on
this issue to a later date. The underestimated luminosity
distance also correlates with the lower wind ejecta masses
and broadens the estimate for the isotropic energy equiv-
alent. We also note that the Bu2023 tends to slightly
overestimate the true value of the luminosity distance.
As mentioned, Bu2019 is statistically preferred with
In BBU20YY = 12.73 for GW + KN only and In B52012 =
6.12 when the GRB afterglow is added. However, given the
aforementioned flaw in the sampling of observational
parameters, we decided to quote our main results with
respect to the newer Bu2023 model. Indeed, both models
fit the light-curve data reasonably well, as displayed in
Fig. 32. In the joint GW + KN + GRB inferences, the KN
data are more appropriately fitted with Bu2023, though the
run with Bu2019 fits the data of the GRB afterglow better.

The reduced y* value with the best-fit parameters 6,,

[m/ (1;.60,) — m? (1, d))?

1
2 J
= ; E :
no data points = (Goye)? + [O{tat(tj)]z

. (C1)

reads 0.31 for the Bu2019 run and 0.36 for the run with
Bu2023. We point out that the best-fit light curve of the
former assumes a luminosity distance of 23.3 Mpc, so when
we instead consider the best-fit parameter in the posterior
region of d; ~ 40 Mpc, we obtain a > value of 0.36 with
Bu2019 as well. The best-fit x> values for the GW + KN
only inferences are 0.25 and 0.31, respectively.

APPENDIX D: DETERMINING THE KEPLER
MASS LIMIT WITH QUASIUNIVERSAL
RELATIONS

In Sec. V E we determined the baryonic Kepler limit for
each of our EOS candidates to infer an upper bound on
Moy from GW170817’s postmerger fate. The calculation
of My, through the RNs code carries some numerical
error that could potentially impact the conclusions drawn.
Even though we account for this uncertainty during
sampling, in this appendix we briefly compare the result
from RNS to those obtained when employing the quasiu-
niversal relations,

MKep = RMrov, (Dl)
0.78 km
MKep,b = (1 —+ 5) <MKep + THM%ep> s (D2)

from Refs. [376,377]. There, the numerical values are R =
125550047 at 95% confidence and the relative error & is at

most 1.3%. This agrees well to the fit for the (gravitational)
Kepler mass from our own RNS samples:
Mgep = 1.310M 1oy — 0.278. (D3)
We implement the quasiuniversal relations Egs. (D1) and
(D2) in our resampling procedure for the joint GW +
KN + GRB posterior, and additionally sample R from a
Gaussian prior with mean 1.255 and standard deviation
0.024, and sample uniformly over 6 from —1.3% to 1.3%.
The resulting posterior distribution on Mrqy is very similar
to the one obtained in Sec. V E, although the EOS distri-

bution here is slightly broader with Moy = 2.037 0% M,

compared to the original Mrpgoy = 2.04f00.'866MO from

above. The similarity between these results confirms that
both methods, RNS and quasiuniversal relations, are valid
methods in determining My, , for our purposes.
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