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ABSTRACT

In the past few years, new observations of neutron stars and neutron-star mergers have provided a
wealth of data that allow one to constrain the equation of state of nuclear matter at densities above
nuclear saturation density. However, most observations were based on neutron stars with masses of
about 1.4 solar masses, probing densities up to ~ 3-4 times the nuclear saturation density. Even
higher densities are probed inside massive neutron stars such as PSR J0740+6620. Very recently, new
radio observations provided an update to the mass estimate for PSR J0740+6620 and X-ray observa-
tions by the NICER and XMM telescopes constrained its radius. Based on these new measurements,
we revisit our previous nuclear-physics multi-messenger astrophysics constraints and derive updated
constraints on the equation of state describing the neutron-star interior. By combining astrophysical
observations of two radio pulsars, two NICER measurements, the two gravitational-wave detections
GW170817 and GW190425, detailed modeling of the kilonova AT2017gfo, as well as the gamma-ray
burst GRB170817A, we are able to estimate the radius of a typical 1.4-solar mass neutron star to be
11.94f8:§(73km at 90% confidence. Our analysis allows us to revisit the upper bound on the maximum
mass of neutron stars and disfavours the presence of a strong first-order phase transition from nuclear
matter to exotic forms of matter, such as quark matter, inside neutron stars.

Keywords: nuclear physics — neutron stars — neutron star core — gravitational waves — stellar

mergers

1. INTRODUCTION

One of the major challenges in modern nuclear physics
is the characterisation of the equation of state (EOS)
describing matter at supra-nuclear densities. These
densities are probed inside neutron stars (NSs), which
are among the most compact objects in the Universe.
Therefore, NSs are ideal laboratories to test theories of
strong interactions at conditions that cannot be realized
experimentally on Earth and to validate or falsify theo-
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retical models for the EOS of dense neutron-rich matter
(see, e.g., Lattimer (2012) and Ozel & Freire (2016)).
In the recent years, a number of new observational
constraints on the EOS appeared, either from single
NSs, such as the observations of massive pulsars (De-
morest et al. 2010; Antoniadis et al. 2013; Cromar-
tie et al. 2019) or the X-ray pulse-profile modeling of
J0030-+0451 by the Neutron-Star Interior Composition
Explorer (NICER) (Miller et al. 2019b; Riley et al.
2019), but also from the observation of binary NS merg-
ers via gravitational waves (GWs), GW170817 (Abbott
et al. 2017b, 2019b, 2018, 2019a) and GW190425 (Ab-
bott et al. 2020a,c), and corresponding electromag-
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netic (EM) counterparts associated with GW signals,
namely AT2017gfo and GRB170817A (e.g., Abbott et al.
(2017a); Arcavi et al. (2017); Coulter et al. (2017);
Lipunov et al. (2017); Soares-Santos et al. (2017); Tanvir
et al. (2017); Valenti et al. (2017)). All these measure-
ments provide key input to analyse the NS structure and
the EOS. This wealth of data made available by multi-
messenger observations of NSs and NS mergers in the
last years has energized the field and triggered many ex-
citing studies (e.g., Metzger (2017); Radice et al. (2018);
Ruiz et al. (2018); Annala et al. (2018); Most et al.
(2018); Hinderer et al. (2019); Radice & Dai (2019);
Tews et al. (2018b); Coughlin et al. (2019); Essick et al.
(2020a); Capano et al. (2019); Raaijmakers et al. (2020);
Dietrich et al. (2020); Essick et al. (2020b)). However,
most of the existing observational data that is suffi-
ciently constraining to improve our understanding of the
EOS, e.g., from GW170817 or NICER observations of
J0030-+0451, probe typical NSs with masses of the or-
der of 1.4Mg. Hence, these measurements explore the
EOS ‘only’ up to densities of the order of three to four
times the nuclear saturation density, ngy; ~ 0.16 fmf‘o’;
cf. Fig. 1. These ‘intermediate’ densities are likely below
the onset of a possible phase transition to exotic forms
of matter, e.g., quark matter (see, e.g., Annala et al.
2020).

To explore the high-density EOS and to place con-
straints on the possible existence of a phase transition,
it is crucial to observe isolated NSs close to the max-
imum mass supported by the EOS. Alternatively, the
high-density part of the EOS can also be probed through
binary NS mergers. Once the two stars merge, they can
potentially form a hypermassive remnant even exceed-
ing the maximum mass of individual NSs (Radice et al.
2017; Margalit & Metzger 2017; Ruiz et al. 2018; Rez-
zolla et al. 2018). However, such remnants have not yet
been observed through GWs but only through the associ-
ated EM observations which, due to their more involved
interpretation, leads to larger uncertainties for the EOS
(e.g., Heinzel et al. (2021) and Kawaguchi et al. (2020)).
Fortunately, the recently published second observation
by NICER (Miller et al. 2021b; Riley et al. 2021a) pro-
vides a crucial new data point for an isolated NS close
to the maximum mass.

NICER is a NASA mission on board the International
Space Station that measures the X-ray pulse profile of
selected pulsars which allows one to extract information
on the configuration of X-ray hot spots. Additionally,
the pulse profile is sensitive to the light bending around
the pulsar (Wolff et al. 2021), and therefore, provides
information on the NS compactness, which in turn al-
lows to extract data on the NS mass and radius. The
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Figure 1. The posterior for the pressure as a function of
number density for our final analysis is shown at 68% and
95% credible intervals (blue light- and dark-shaded bands,
respectively). The shaded bars indicate qualitatively the
densities probed by different NS information: for theoretical
modeling at low densities using chiral effective field theory
(gray), for gravitational waves (green), where the maximal
probed density is the central density of GW190425’s primary
component, for massive pulsars (orange), where we give the
central density of PSR J07404-6620, and for kilonova and
GRB (purple). Because kilonova and GRB properties de-
pend on the black hole formation mass, and therefore the
maximum allowed mass by the EOS, we show the central
density of the maximum mass NS.

first NICER measurement was reported in December
2019 and targeted the pulsar J0030+0451, for which
both mass and radius were unknown. Two indepen-
dent analyses of the first NICER observation provided
mass-radius constraints for this NS of 1.347015 M, and
1271715 km (Riley et al. 2019) or 1.447015M and
13.0271°2 km (Miller et al. 2019b) at 68% confidence.
In its second observation, NICER analyzed X-ray data
from the millisecond pulsar PSR J0740-+6620 (Miller
et al. 2021b; Riley et al. 2021a). This NS is the
heaviest NS observed to date with a known mass of
2.08 £ 0.07 My (Fonseca et al. 2021, updated from its
original value reported by Cromartie et al. 2019). Com-
bining the known mass with the pulse-profile model-
ing allowed the NICER collaboration to measure the
radius of PSR J0740+6620. Two independent analy-
ses by the NICER collaboration found the radius to
be 12.397 ) 30km (Riley et al. 2021a) or 13.717% 8 km
(Miller et al. 2021b) at 68% confidence. While the
NICER data provide information about the modulated
emission from the star, the analyses of Miller et al.
(2021b) and Riley et al. (2021a) additionally used in-
formation from the X-ray Multi-Mirror (XMM)-Newton
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Figure 2. Upper panel: Posterior distribution function for
Rpredict from the NMMA framework of Dietrich et al. (2020)
(blue shaded). The median and 68% uncertainty for the
radius prediction of PSR J0740-+6620 are shown as blue error
bar. We also show the NICER-only measurement of Riley
et al. (2021a)(yellow) and Miller et al. (2021b)(red) at 68%
uncertainty. The posteriors after the inclusion of the updated
observations of PSR J0740+6620 are shown by dashed lines.
Lower panel: Similar to the upper panel but including also
XMM data.

telescope (Struder et al. 2001; Turner et al. 2001) to im-
prove the total flux measurement from the star, due to
a smaller rate of background counts.

In this article, we incorporate the new X-ray ob-
servation of PSR J0740+6620 and its updated mass
within our existing nuclear-physics multi-messenger as-
trophysics (NMMA) framework, which we have devel-
oped and described in Dietrich et al. (2020). This allows
us to revisit our constraints on the NS EOS, in particular
on the existence of strong first-order phase transitions,
the maximum mass of neutron stars, and the nature of
GW190814 (Tews et al. 2021).

This paper is structured as follows. In Section 2 we
briefly summarize our previous results and review re-
cent works including the NICER measurement of PSR
J07404-6620. In Section 3, we review our NMMA frame-
work. Using the new NICER data, in Section 4, we dis-
cuss our prediction for the NS EOS (Sec. 4.1), the NS
maximum mass and the probability for GW190814 (Ab-
bott et al. 2020b) to be a black hole-NS merger
(Sec. 4.2), and investigate to what extent the recent
NICER observations informs us about the existence of
a phase transition in the EOS (Sec. 4.3). We will give a
summary of our results in Section 5.

2. PREVIOUS WORKS

In our previous work (Dietrich et al. 2020),
we included the pulsar mass measurements of PSR
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J07404+-6620, PSR J0348+4042, and PSR J1614-
2230 (Cromartie et al. 2019; Antoniadis et al. 2013;
Demorest et al. 2010), GW data from the NS mergers
GW170817 and GW 190425, information from the kilo-
nova AT2017gfo, the gamma-ray burst GRB170817A
as well as its afterglow (Abbott et al. 2017a), and the
NICER observation of PSR J0030+0451 (Riley et al.
2019; Miller et al. 2019b) in a Bayesian Inference frame-
work based on systematic nuclear-physics input from
chiral effective field theory (EFT). We obtained a ra-
dius of a typical NS of Ry 4 = 11.75f8:gg km (Dietrich
et al. 2020) at 68% uncertainty. Based on these results,
our prediction of the radius of PSR J0740+46620 was
Rpredict = 11.527075km at 68% confidence level. We
compare this prediction with the recent NICER mea-
surements in Fig. 2. We find that our estimate is in
excellent agreement with the results obtained in Ri-
ley et al. (2021a) and Miller et al. (2021b) using only
the NICER data. Once data from the XMM-Newton
observatory is additionally taken into account to esti-
mate the background of the radius measurement of PSR
JO740+6620, the radius is pulled to larger values de-
creasing the agreement between our prediction and the
measurement, but deviations are < lo. This effect is
stronger for the Maryland-Illinois result (Miller et al.
2021b), which could be caused by a number of differ-
ences between the individual analyses of Miller et al.
(2021b) and Riley et al. (2021a), e.g., different pulse-
profile models, different prior choices, different NICER
and XMM phase-resolved data sets, a different model for
the generation of the count data, and different samplers.

Since the first announcement of the NICER results
for PSR J0740+6620 (NICER 2021) there have been
several studies of the implications of this radius mea-
surement (Somasundaram & Margueron 2021; Biswas
2021; Li et al. 2021; Annala et al. 2021). However,
these studies did not use the full posterior samples re-
leased in Riley et al. (2021a); Miller et al. (2021Db), but
employed hard cuts for the radius-mass measurement,
which can lead to biases during the final multi-messenger
analysis, as shown in, e.g., Miller et al. (2019a). In
more detail, the studies in Somasundaram & Margueron
(2021) and Biswas (2021) were based on phenomeno-
logical nuclear-physics descriptions, but did not include
systematic nuclear-theory calculations with uncertainty
estimates, e.g., from chiral EFT, to constrain the low-
density EOS. Instead, Somasundaram & Margueron
(2021) studied the impact of the NICER observation of
PSR J0740+6620 on the existence of a first-order phase
transition or quarkyonic matter using two different mod-
els for the high-density part of the EOS. They found
that the NICER observation of PSR J07404-6620 can-
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not rule out first-order phase transitions, but this study
also did not systematically include other astrophysical
constraints in a Bayesian analysis. Using a different EOS
parametrization, Biswas (2021) combined a hypothetical
radius measurement of PSR J0740+6620 with previous
GW and NICER observations and the recent result for
the neutron-skin thickness of 2°8Pb from the PREX-II
experiment (Adhikari et al. 2021). In contrast to these
works, Annala et al. (2021) used theoretical nuclear-
physics input from chiral EFT at low densities and per-
turbative Quantum Chromodynamics (QCD) at high
densities to constrain the EOS. However, they did not
perform a Bayesian analysis to constrain the EOS given
available astrophysical data, but instead implemented
various constraints using hard cuts; see above. None of
these papers included multi-messenger constraints from
EM counterparts associated with binary NS mergers,
e.g., from AT2017gfo and GRB170817A.

Raaijmakers et al. (2021) and Miller et al. (2021b)
were directly based on the NICER and XMM measure-
ments of PSR J0740+6620 and studied the influence of
the new NICER data using the full posterior samples.
For this purpose, Miller et al. (2021b) employed a very
general and conservative EOS prior that was not directly
informed by nuclear-theory calculations at low densi-
ties. In addition to the NICER observations of pulsars
PSR J0030+0451 and PSR J0740+4-6620, final EOS con-
straints in Miller et al. (2021b) used other heavy-pulsar
mass measurements, gravitational-wave observations of
GW170817 and GW190425, and constraints on the nu-
clear symmetry energy. Results presented in Raaijmak-
ers et al. (2021) were instead constrained by chiral EFT
calculations up to 1.1ng,t, comparing four different chi-
ral EFT calculations. In addition, EM information from
AT2017gfo were included as well as information from
GW170817 and GW190425.

In this paper, we mainly improve upon the studies
presented in Miller et al. (2021b) and Raaijmakers et al.
(2021) in two ways: by using improved GW models (Di-
etrich et al. 2019) and by using more sophisticated kilo-
nova models with detailed microphysical input and ex-
ploring deviations from spherical symmetry (Kasen et al.
2017; Bulla 2019). In case of Miller et al. (2021b), we
also include low-density input from chiral EFT.

3. METHODOLOGY

Our NMMA framework uses Bayesian inference tools
to analyze a set of EOSs with respect to their agreement
with several astrophysical observations of NSs.

The initial EOS set is constrained at low densities
by calculations of the energy per particle of neutron

matter using interactions from chiral EFT (Epelbaum
et al. 2009; Machleidt & Entem 2011). Chiral EFT is a
low-energy systematic theory for nuclear forces and pro-
vides a momentum expansion of two-nucleon and multi-
nucleon interactions. Interactions are arranged in an
order-by-order scheme that organizes various interac-
tion mechanisms according to their relative importance.
By going to higher orders, the precision of the calcula-
tion is improved at the cost of more involved calcula-
tions. An important benefit of the chiral EFT scheme
is that it allows one to estimate theoretical uncertain-
ties (Epelbaum et al. 2015; Drischler et al. 2020). Given
chiral EFT Hamiltonians describing the strong inter-
actions between nucleons, a many-body method is re-
quired to solve the many-body Schroedinger equation
and calculate the energy per particle. The EOS set used
here is constrained by calculations employing Quantum
Monte Carlo (QMC) methods which are among the most
precise methods to solve the nuclear many-body prob-
lem (Carlson et al. 2015) and have been combined with
chiral EFT interactions with great success (e.g., Gez-
erlis et al. (2013); Piarulli et al. (2018); Lonardoni et al.
(2018); Lynn et al. (2019)). Specifically, here we use the
QMC calculations by Tews et al. (2018a) using local chi-
ral EFT interactions from Gezerlis et al. (2013, 2014);
Tews et al. (2016), and Lynn et al. (2016).

The range of applicability of chiral EFT calcula-
tions is limited because the average nucleon momentum
increases with density and the momentum expansion
breaks down. While the exact breakdown density for
individual chiral EFT interactions is unknown, it was
estimated to be between 1 — 2ng,; for the QMC calcula-
tions used here (Tews et al. 2018a; Essick et al. 2020b).
We constrain the NS EOS with QMC calculations of the
EOS up to a density of 1.5n4,4 but results were found to
show only a very weak dependence to a variation of this
density between 1 — 2ng,; (Essick et al. 2020b). We use
the speed-of-sound extension scheme from Tews et al.
(2018b) to extend the EOS to higher densities in a gen-
eral way. The speed-of-sound extension scheme allows
us to explore the physically plausible EOS space without
making any strong model assumptions (see also Greif
et al. (2019) and Raaijmakers et al. (2021)). We only
require the EOSs to explore speeds of sound, ¢g, limited
by 0 < cg <1 in units of the speed of light, and to pro-
vide a maximum mass for NSs of at least 1.9 M. Our
EOS set explicitly includes EOS with regions of sud-
den stiffening or softening, e.g., strong first-order phase
transitions towards exotic forms of matter.

As a next step, we analyze our EOS set with respect
to available NS observations. We start by incorporat-
ing a constraint on the maximum mass of NSs through



the radio observations of the heaviest pulsars known
to date, PSR J0348+4042 (Antoniadis et al. 2013) and
PSR J1614-2230 (Arzoumanian et al. 2018). The ex-
istence of these pulsars can only be explained if the
NS EOS supports masses that lie above the individual
masses of these pulsars. Hence, radio pulsar measure-
ments of heavy NSs provide a lower bound on the max-
imum NS mass and the constraints of the high-density
EOS; cf. Fig. 1. We stress that at this stage we do
not include the mass measurement of PSR J0740+6620,
because information will be included through the new
NICER measurement. An upper bound of the max-
imum NS mass follows from the EM observation of
GRB170817A and AT2017gfo. As outlined in, e.g., Mar-
galit & Metzger (2017), the observed EM signatures in-
dicate the formation of a black hole as the final product
of the binary NS merger GW170817. Combining this in-
formation with the estimated total remnant mass from
the GW observation leads to a maximum NS mass of
Mpax < 2167017 My (Rezzolla et al. 2018). Incorpo-
rating the constraints on the maximum mass leads to a
re-weighting of the original chiral EFT EOS set.

As a next step, we include the NICER measurement
of PSR J0030+0451, for which the inferred mass-radius
posterior probability distributions was not dominated by
systematic uncertainties and inferred system parameters
were in agreement for different analyses (Miller et al.
2019b; Riley et al. 2019). Finally, we use the result-
ing EOS set for GW and kilonova parameter estimation
following the methods outlined in Dietrich et al. (2020).

We now include the NICER observations of
PSR J0740+6620 (Miller et al. 2021b; Riley et al.
2021a), which are based on a Bayesian inference ap-
proach to analyze the energy-dependent thermal X-ray
signal of PSR J07404+6620. We employ the poste-
rior samples obtained with the two-circular, uniform-
temperature spots model from Miller et al. (2021a,b)
and the two disjoint simply-connected spherical caps,
uniform-temperature spots model from Riley et al.
(2021a,b). These models provide best agreement with
the observed NICER and NICER+XMM data and, for
the latter, constrain the radius of PSR J0740+6620 with
a mass of 2.08+0.07 M, (Cromartie et al. 2019; Fonseca
et al. 2021) to be 13.717%50 and 12.3973:39 at 68% con-
fidence for Miller et al. (2021b) and Riley et al. (2021a),
respectively.

The corresponding likelihood Lnicgr is given by
,CNICER(EOS) = /MdR pNICER(M7 R)T('(M, R|EOS)
~ / dMdR pricsr(M, R)S(R — R(M, EOS))

S /MPNICER(MaR:R(MvEOS))a
(1)

where pnicer(M, R) is the joint-posterior probability
distribution of mass and radius of PSR J0740+6620 as
measured by NICER and we use the fact that the radius
is a function of mass for a given EOS.

4. RESULTS

In the following, we discuss the results of our NMMA
framework when the new NICER measurement is in-
cluded. We give results using constraints from the X-PSI
analysis by the Amsterdam group (Riley et al. 2021a) or
using the analysis of the Illiniois-Maryland group (Miller
et al. 2021b) outside/inside of parentheses. The com-
bined results refer to an analysis using the average of the
two (M, R) posterior distributions for PSR J0740-+-6620.
Our findings are summarized in Tab. 1.

4.1. Neutron-star equation of state

In Fig. 3, we show the EOS and mass-radius poste-
riors after the inclusion of the radius measurement of
PSR J0740+-6620 using only NICER data. In this case,
the NICER radius measurement shows excellent agree-
ment with the NMMA prediction for the radius of PSR
JO740+6620, see also Fig. 2. Because the NICER-only
data slightly prefers softer EOS in the NMMA set, we
observe a softening of our total EOS posterior. This
can also be seen from the posteriors for the mass-radius
relation, that is slightly shifted to lower radii. For ex-
ample, the NMMA framework predicts the radius of a
1.4Mg NS, Ry4, to be 11.75708%km without the new
NICER measurement. Including the measurement, we
find 11.56707%km (11.627025km) and a combined re-
sult of 11.5970%%%km at 90% credible interval. The me-
dian predictions change minimally, by ~ 200m, and
the uncertainties improve slightly from 4.5% to 4.2%
for the combined result at 68% credible interval (and
from 7.1% to 6.9% at 90% credible interval). Simi-
larly, the radius posteriors of PSR J0740+6620 after
including the NICER-only data are shown in Fig. 2.
The estimated radius changes from 11.527070km to
11.2615-05km (11.357052km) at 68% credibility.
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Figure 3. Left panels: The posterior for the pressure as a function of number density including the NICER-only observation of
PSR J0740+6620 from Riley et al. (2021a) (upper panel) and from Miller et al. (2021b) (lower panel). The bands indicate 68%
and 95% credible intervals. The 95% band for the NMMA result without the new NICER measurement is shown as comparison
(blue line). Right panels: NICER mass-radius posteriors of PSR J07404-6620 plotted at 68% and 95% confidence intervals
(orange contours) and the EOSs included in the analysis (gray lines). The 95% contour for the NMMA result without including
the new NICER observation is shown as thick blue line, while the individual EOSs within this credible interval of the NMMA
analysis are shown as thin blue lines. The resulting mass-radius posterior after the inclusion of the new NICER~only observation
is shown in purple for the NICER result of Riley et al. (2021a) (upper panel) and of Miller et al. (2021b) (lower panel)at 68%
and 95% credible intervals. The 1D insets show the posteriors for R1.4 with (purple) and without (blue) the inclusion of the

NICER-only measurement of PSR J0740+-6620.

The situation is different when the XMM data is
added. In Fig. 4, we show our results for the EOS
and the mass-radius relation when including the NICER
and XMM data. Now, these the measurements predict
larger radii compared to our initial estimation for PSR
J0740+6620, see Fig. 2. This slightly shifts our EOS
posterior to the stiffer end and the mass-radius relation
to larger radii. By including the NICER-XMM mea-
surement, R; 4 changes from 11.75f8:§§km without the
new data to 11.84f8:ggkm (12.03f8:g;km) and a com-
bined result of 11.94'_"8:;?1(111. Though the measured
radii are well above the NMMA prediction, the uncer-
tainties are sizable and, hence, the radius measurement
of PSR J0740+6620 does not change our EOS results

significantly. The medians shift to slightly larger values

but remain statistically consistent with a comparable
uncertainty. Similarly, the NMMA radius prediction for
PSR J0740+6620 changes from 11.52F5T5km without
the new data to 11.6379%km (11.96793%m) at 68%
credibility.

4.2. Neutron-star mazimum mass and GW190814

The radius measurement of PSR J07404-6620, and its
impact on the EOS, allows us to revisit our estimate
for the maximum allowed mass for NSs, My ax, Which
we found to be My, = 2.187913 M, without includ-
ing the new NICER data (Tews et al. 2021), see Fig. 5.
Please note that this original estimate used the previ-
ously larger mass for PSR J0740+6620 from Cromartie
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Figure 4. Same as Fig. 3 but using the NICER+XMM data.

et al. (2019), which was updated to a lower value in
Fonseca et al. (2021).

Because the NICER-only data favors slightly softer
EOS, see the previous discussion, the maximum-
mass estimate decreases slightly to Mpax =
21570 15 M (2.167515M).  When additionally con-
sidering the XMM data, the new data prefers
slightly stiffer EOS but the maximum mass estimate,
2170 15 M (2.181515 M), does not change signifi-
cantly. The reason is that the upper limit on My, is
mainly determined by the constraint of Rezzolla et al.
(2018). Because of the strong impact of this constraint,
we also consider the scenario where this upper limit on
M ax 18 not included. In this case, My ax is found to be
2.347038 My, without the new NICER data and changes
to 2.237030 M (2.267035M) including the NICER-
only data and to 2.317037 M (2.407035 M) for the
NICER and XMM data. The changes are small because
the increased stiffness coming from the pulsar radius
measurement competes with the updated lower pulsar
mass.

The posterior of M.« affects the classification of
the secondary component of GW190814 (Abbott et al.

2020b), where a 2.6Mg compact object merged with a
22M¢ black hole. Due to its extreme mass ratio and
the low primary spin, the nature of the secondary com-
ponent cannot be extracted from observational data.
Instead, it has to be extracted from EOS modeling,
see, e.g, Kalogera & Baym (1996), Essick & Landry
(2020), and Tews et al. (2021). To examine the prob-
ability for the secondary component of GW190814 to
be a NS, the posterior of Myax, pa,,..(m) and that of
GW190814’s ma, pm,(m) are compared. The probabil-
ity for GW190814 being a NS-black hole merger is given
by (Tews et al. 2021),

P(GW190814 is NSBH)

= / dAm / dm P, (M + Am)pi, (M).
0 — 00

Due to the strong tension between GW190814’s my and
the upper limit from Rezzolla et al. (2018), the inclusion
of the NICER measurement of PSR J0740+6620 does
not impact the classification of this system. With or
without the new NICER measurement, the probability
for GW190814 to be NS-black hole merger is estimated
to be < 0.1%. However, if we relax the upper limit on

(2)
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Figure 5. Distributions of Mmax without the new NICER observation (blue bands) and when including the posterior from
Riley et al. (2021a) (yellow lines) and Miller et al. (2021b) (red lines). We show results for the NICER-only data (left panels)
and for the NICER+XMM data (right panels), and including the Muyax upper limit suggested in Rezzolla et al. (2018) (upper
panels) and when this upper limit on Mmax is relaxed (lower panels).

Max, i.e., do no include the analysis of Rezzolla et al.
(2018), the probabilities change. Using the NICER-only
data, the probability for GW190814 to be a NS-black
hole system changes to 6.30(10.5)%, lower than the pre-
vious estimation of 19% in Tews et al. (2021). When
additionally including XMM data, the probability for
GW190814 to be a NS-black hole system changes to 15.2
(24.4)%. Again, the lower value for the analysis of Ri-
ley et al. (2021a) is due to the updated pulsar mass.
The corresponding posterior distributions are shown in
Fig. 5. Given all current observational and theoretical
knowledge of the NS EOS, a binary black hole merger
remains the most consistent scenario for GW190814.

4.3. FEuxistence of a phase transition

QCD predicts that nucleonic matter undergoes a
phase transition to quark matter at very high densities.
If such a phase transition is realized in neutron stars,
at which exact density such a phase transition would
occur, and which properties this phase transition would
exhibit is unknown (Glendenning 1992; Alford 2002; Al-
ford et al. 2007). A strong first-order phase transition,
i.e., a segment in the EOS where the speed of sound
vanishes, would be a ’smoking gun’ signature for the
existence of exotic forms of matter inside NSs.

Here, we calculate the Bayes factor BRgy for the pres-
ence of such a strong first-order phase transition against
the absence of it. The Bayes factor BiE+ is given by

O
NPT = BalHner)

_ P(Herld) /P(HPT)

P(Hxpr|d)/ P(Hxpr)’

3)

where P(Hpr|d) (P(Hnpr|d)) is the posterior probabil-
ity for the presence (absence) of phase transition, and
P(Hpt) (P(Hnpr)) is the corresponding prior proba-
bility. A Bayes factor larger than one indicates that the
presence of a phase transition is preferred, while a Bayes
factor smaller than one suggests that the presence of a
phase transition is disfavoured. Without information
from the NICER measurement of PSR J0740+6620, we
find the Bayes factor to be 0.265.

When including NICER~only data, softer EOS are pre-
ferred and the Bayes factors in favor of a phase transi-
tion change to 0.298 (0.287). In this case, the NICER
radius measurement of PSR J0740+6620 alone slightly
increases the Bayes factor for the presence of a strong
first-order phase transition within a NS with respect to
the original NMMA analysis, but such a transition re-
mains disfavoured considering all data. On the other
hand, with the additional inclusion of the XMM data,
the Bayes factor changes to 0.231 (0.205). Following the
interpretation of the Bayes factor described in Jeffreys
(1961), the presence of a phase transition inside a NS is
disfavoured in all cases, yet it is not ruled-out, in agree-
ment with the findings of Somasundaram & Margueron
(2021).

In all cases, even though a radius measurement of PSR
JO740+6620 probes the EOS at the highest densities we
can observe in the Cosmos to date, the NICER data
adds only limited information due to its sizable uncer-
tainties. In addition, it remains inconclusive if the ra-
dius measurement of PSR J0740-+6620 alone suggests
the presence of a phase transition inside a NS because of
the conflicting nature between the NICER and NICER-
XMM data.
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Table 1. Summary of the resulting posteriors for the radius of a typical NS, R1.4, the NS maximum mass Mmax, and the Bayes
factor for phase transition against its absence, BLgr. The values shown outside (inside) parentheses refer to the results without
(with) inclusion of XMM data. All quoted errors are given at 90% credible interval.

Quantity NMMA NNMA NMMA NMMA + Combined
+ Miller et al. 2021 + Riley et al. 2021 Miller & Riley et al. 2021
Ri4 11,7579 8%%m | 11.6270%5km (12.037577km)  11.5615 T8km (11.8470 20km)  11.597053km (11.94737%km)

Minax 2181015 Mo | 2.167015 Mo (2.1870 12 M)

BRer 0.265 0.287 (0.205)

2.1570 15 Mo (2171015 Mo)

2157035 Mo (2187513 Mo)

0.298 (0.231) 0.294 (0.225)

5. SUMMARY

Using our nuclear physics — multi-messenger astron-
omy framework (Dietrich et al. 2020), we have stud-
ied the impact of the new NICER observations of PSR
J0740-+6620 on the neutron-star EOS. While the NICER
data alone shows good agreement with our previous
NMMA predictions and therefore, validates our results,
the additional inclusion of XMM data prefers slightly
stiffer EOS. However, due to the large uncertainties
of 10-20% in the NICER radius measurement of PSR
J0740+6620, changes remain small.

In particular, the radius of a 1.4Mg NS R; 4 changes
from Ry4 = 11.75708¢ km (Dietrich et al. 2020) to
11.56707%%km and 11.627)55km for the analyses from
Riley et al. (2021a) and Miller et al. (2021b), respec-
tively, at 90% confidence without the XMM data and
to 11.8470-70%km and 12.03157Tkm with the XMM data.
Combining the latter results, we obtain a final radius es-
timate of 11.9470 Z8km (at 90% confidence), showing ex-
cellent agreement with our initial prediction. Although
the NICER-XMM data is informative, its large measure-
ment uncertainties prevent it from significantly influenc-
ing our NMMA analysis.

We also investigated its impact on the maximum al-
lowed NS mass, M,.x, and its influence on the proba-
bility for GW190814 to be a NS-black hole merger. The
upper limit on the maximum mass is mainly influenced
by electromagnetic observations of GW170817 (Margalit
& Metzger 2017; Rezzolla et al. 2018) and therefore,
the NICER data does not result in an observable im-
pact. When not enforcing this upper bound on M.y,
the probability for GW190814 to be a NS-black hole
merger changes from 19% to 6.3% and 10.5% (15.2% and
24.4%) with the inclusion of NICER (NICER+XMM)
data from Riley et al. (2021a) and Miller et al. (2021b),
respectively. Based on these estimations, it remains
most plausible that GW190814 originated from a binary
black-hole merger.

Finally, we studied the possibility for a first-order
phase transition to be present inside NSs. Following
the interpretation of Bayes factors suggested in Jeffreys
(1961), the presence of phase transition inside NSs is
disfavoured, yet it is not ruled-out. However, this result
is mainly impacted by previous multi-messenger obser-
vations of NSs and the impact of the new NICER mea-
surement is small.

Observation of NSs have the potential to help us an-
swer key questions in nuclear physics but current uncer-
tainties of individual data remain large. This highlights
the importance of flexible multi-messenger frameworks
that can use input from nuclear theory modeling of the
EOS, laboratory experiments, and complementary ob-
servations of NSs to probe different aspects and to paint
a complete picture of the EOS.
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