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Abstract

The observation of a compact object with a mass of 2.50–2.67Me on 2019 August 14, by the LIGO Scientific and
Virgo collaborations (LVC) has the potential to improve our understanding of the supranuclear equation of state.
While the gravitational-wave analysis of the LVC suggests that GW190814 likely was a binary black hole system,
the secondary component could also have been the heaviest neutron star observed to date. We use our previously
derived nuclear-physics-multimessenger astrophysics framework to address the nature of this object. Based on our
findings, we determine GW190814 to be a binary black hole merger with a probability of >99.9%. Even if we
weaken previously employed constraints on the maximum mass of neutron stars, the probability of a binary black
hole origin is still ∼81%. Furthermore, we study the impact that this observation has on our understanding of the
nuclear equation of state by analyzing the allowed region in the mass–radius diagram of neutron stars for both a
binary black hole or neutron star–black hole scenario. We find that the unlikely scenario in which the secondary
object was a neutron star requires rather stiff equations of state with a maximum speed of sound c 0.6s times
the speed of light, while the binary black hole scenario does not offer any new insight.

Unified Astronomy Thesaurus concepts: Compact objects (288); Neutron stars (1108); Nuclear astrophysics
(1129); Nuclear physics (2077); Neutron star cores (1107); Stellar mergers (2157); Gravitational waves (678)

1. Introduction

Neutron stars (NSs) are the densest objects in the observable
universe and allow us to probe matter under the most extreme
conditions realized in nature. In particular, NSs close to the
maximum mass, i.e., the highest mass Mmax that can be supported
against gravitational collapse to a black hole (BH), truly probe
matter at its limits. Even though NS masses could historically be
inferred quite accurately through timing measurements (Lattimer
2012), the exact value of Mmax is still not known. For a long time,
because observed NSs had masses around 1.4Me, one assumed
that Mmax was not much higher. However, this situation changed
with several observations of pulsars with M∼ 2Me in the last
decade: PSR 1614-2230 with M= 1.908± 0.016Me (Demorest
et al. 2010; Arzoumanian et al. 2018), PSR J0348+0432 with a
mass of M= 2.01± 0.04Me (Antoniadis et al. 2013), and MSP
J0740+6620 with a mass ofM= 2.14± 0.10Me (Cromartie et al.
2019). These observations firmly established that the equation
of state (EOS) of NSs has to be sufficiently stiff to support
such heavy stars. Combining the likelihoods for these three
observations, they provide a strong lower bound Mmax

M2.03 at 90% confidence (Dietrich et al. 2020a). An upper
bound on Mmax, on the other hand, is impossible to obtain
from NS mass measurements alone. Assuming that BH and NS
mass distributions do not overlap, it might be extracted from
population studies or observations of BHs, e.g., Alsing et al.
(2018), Fishbach et al. (2020), and Farr & Chatziioannou (2020),

or from nuclear-physics considerations, e.g., Kalogera & Baym
(1996).
In addition, the first observation of a binary neutron-star (BNS)

merger, GW170817 (Abbott et al. 2017b, 2019) performed by
the LIGO Scientific and Virgo collaborations (LVC), and the
observations of the associated kilonova, AT2017gfo, and the short
gamma-ray burst, GRB170817A (Abbott et al. 2017a) led several
groups to propose upper limits on Mmax, e.g., Margalit & Metzger
(2017) and Rezzolla et al. (2018). These bounds are based on
the conjecture that the ejecta properties disfavor both a prompt
collapse to a BH as well as a long-lived NS. This delayed-collapse
scenario, with an expected remnant lifetime of several 100ms
(Gill et al. 2019), provides an upper limit on Mmax, because larger
Mmax typically lead to longer remnant lifetimes, see, e.g., Dietrich
et al. (2020b) and references therein. Given the observed remnant
mass of MR= 2.7Me (Abbott et al. 2017b, 2019), limits on Mmax
have been proposed in the range of 2.3–2.4Me, see, e.g., Margalit
& Metzger (2017), Ruiz et al. (2018), Rezzolla et al. (2018), and
Shibata et al. (2019). While generally robust, these upper limits on
Mmax are based on numerical simulations and on the reasonable
but unproven assumption that the final remnant was a BH.
A recent detection by Advanced LIGO (Aasi et al. 2015)

and Advanced Virgo (Acernese et al. 2015) adds a fascinating
new piece of information to this puzzle. In its third observing run,
on 2019 August 14, the LVC discovered gravitational waves
(GWs) from a binary compact-object merger of a 22.2–24.3Me
BH with an unidentified compact companion of 2.50–2.67Me
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(Abbott et al. 2020b). While in the future, gravitational-wave
detectors might be able to distinguish the type of the event and,
in particular, identify the secondary, i.e., lighter component
purely based on the GW signal (Chen et al. 2020; Fasano
et al. 2020), this was not possible for GW190814 due to the
large mass ratio q≡m1/m2� 1 of the event.11 The tidal
deformability of a binary black hole (BBH) system, L̃ = 0,
is almost indistinguishable from an NS–BH merger with
˜ ( ) ( )L = L + + -q q1 12 1 1016

13 NS
5 2 for the given system

parameters, where ΛNS is the NS tidal deformability. In
addition, the missing electromagnetic counterpart does not
provide additional information because from an NS–BH system
with such a heavy primary component no electromagnetic
signal is likely to be detected, unless the BH has a very high
spin, χ= cJ/(Gm2) with speed of light c, angular momentum
J, gravitational constant G, and the object’s mass m (e.g.,
Foucart 2012 and Krüger & Foucart 2020). This is disfavored
for GW190814 with the primary spin magnitude bounded
to be χ1< 0.07 at 90% confidence (Abbott et al. 2020b).
Therefore, from observations alone, it cannot be determined if
the secondary component of GW190814 is the lightest BH
or the heaviest NS discovered to date, and its nature needs to
be constrained differently. Using the GW170817-informed
EOS samples of Abbott et al. (2018), obtained with a spectral
EOS parameterization (Lindblom 2010; Lindblom & Indik
2012), the LVC found the probability for GW190814 to
be a NS–BH merger is less than 3% (Abbott et al. 2020b).
Using EOS-independent pulsar-mass distributions (Farr &
Chatziioannou 2020), they also reported a probability of less
than 29%.

Additional information on the nature of the secondary
component of GW190814 might be obtained by considering
the many new pieces of NS data obtained in the last years.
Besides mass measurements and observations of gravitational
waves from BNS mergers, improved nuclear-physics con-
straints with uncertainty estimates from chiral effective field
theory (EFT; Hebeler et al. 2013; Lynn et al. 2016; Drischler
et al. 2019), recent X-ray observations by NICER (Miller et al.
2019; Riley et al. 2019), or detailed modeling of the kilonova
associated with GW170817 (Kasen et al. 2017; Bulla 2019)
allow us to reduce the uncertainty on the EOS (Annala et al.
2018; Most et al. 2018; Capano et al. 2020; Greif et al. 2019;
Chatziioannou & Han 2020; Dietrich et al. 2020a; Essick et al.
2020; Landry et al. 2020; Raaijmakers et al. 2020), see
Chatziioannou (2020) for a recent review. For example, Essick
& Landry (2020) addressed GW190814 by using a mass-based
classification scheme employing Bayesian model selection and
informed by compact-object populations and posteriors on
Mmax from the EOS model of Landry et al. (2020), which
includes information from mass measurements, BNS mergers,
and NICER. They found the probability of GW190814 to be an
NS–BH merger to be less than 6%, and less than 0.1% when
they additionally enforced the limit on Mmax from Shibata et al.
(2019).

Here, we go further and use the Nuclear Physics—Multi-
Messenger Astrophysics (NMMA) framework developed in
Dietrich et al. (2020a) to analyze GW190814 and identify the
nature of its secondary component. Our NMMA framework
employs all of the additional sources of observational data (NS

masses, GW data from GW170817 and GW190425, NICER
data, and detailed kilonova modeling of GW170817) as well as
EOS constrained by modern nuclear-physics theory, and hence,
presents the first systematic multimessenger analysis of
GW190814 using a wealth of interdisciplinary input. We point
out that the inclusion of multiple channels in our analysis
provides the most complete understanding of GW190814, in
contrast to previous studies that used only a subset of possible
constraints. Moreover, our analysis is based on a framework
with controlled systematic uncertainties for all of its compo-
nents (Dietrich et al. 2020a). We investigate the two different
scenarios and also determine their constraints on the NS EOS.
Our study strongly suggests that GW190814 was a BBH and
not an NS–BH merger, see also similar conclusions in Abbott
et al. (2020b), Most et al. (2020), and Essick & Landry (2020).
To be conservative, we perform our analysis with and without
assuming upper limits on Mmax obtained from GW170817. We
find that the existence of a heavy NS in GW190814 leads to
tension with current nuclear-physics constraints, see also Tan
et al. (2020) and Fattoyev et al. (2020).

2. Analysis

Our analysis starts from the NMMA framework introduced
in Dietrich et al. (2020a). This approach is based on a set of
5000 EOSs that are constrained below 1.5 times the nuclear
saturation density, nsat≈ 2.7× 1014 g cm−3 by state-of-the-art
microscopic calculations using chiral EFT (Epelbaum et al.
2009; Machleidt & Entem 2011). Chiral EFT is a systematic
theory for nuclear interactions that allows us to quantify
theoretical uncertainties (Epelbaum et al. 2015; Drischler et al.
2020), and is valid at densities below 1− 2nsat (Tews et al.
2018a; Essick et al. 2020), although the exact breakdown of
chiral EFT is an open problem. Our NMMA EOS set is
constrained below 1.5nsat by quantum Monte Carlo (QMC)
calculations (Carlson et al. 2015) employing local chiral EFT
interactions of Gezerlis et al. (2014) and Lynn et al. (2016)
with systematic uncertainties. Since NSs explore densities of
several times nsat, we extend the EOSs beyond 1.5nsat using the
parametric speed-of-sound extension scheme developed in
Tews et al. (2018b) and Tews et al. (2019), but see also Alford
et al. (2013) and Greif et al. (2019) for different speed-of-sound
schemes; Hebeler et al. (2013) and Raithel et al. (2016) for
polytropic; Lindblom (2010) and Lindblom & Indik (2012) for
spectral; and Landry & Essick (2019), Essick et al. (2020), and
Landry et al. (2020) for nonparametric extension schemes. The
chosen extension scheme is very versatile and includes exotic
physics, e.g., strong first-order phase transitions. Varying the
density up to which microscopic constraints are enforced
between 1− 2nsat does not significantly change the maximum
mass posterior once astrophysical data is included (Essick et al.
2020). Therefore, our choice of 1.5nsat is robust.
Using Bayesian inference, these EOSs are analyzed with

respect to their agreement with the posteriors on Mmax from
heavy-pulsar observations (Demorest et al. 2010; Antoniadis
et al. 2013; Cromartie et al. 2019), the upper limit on Mmax

( = -
+M M2.16max

up
0.15
0.17 ) from Rezzolla et al. (2018), which is

consistent with the limits inferred in Margalit & Metzger (2017),
Ruiz et al. (2018), Rezzolla et al. (2018), and Shibata et al.
(2019), the full mass–radius (MR) posterior from the NICER
observation of PSR J0030+0451 (Miller et al. 2019; Riley et al.
2019), the GW observations of GW170817 (Abbott et al.
2017b, 2019) and GW190425 (Abbott et al. 2020a), and the

11 Please note that the definition of the mass ratio used here is the inverse of
the definition used in Abbott et al. (2020b).
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kilonova observation AT2017gfo (Abbott et al. 2017a), where
both the pulsar mass measurements and the upper limit on Mmax
are approximated with Gaussian likelihoods. Hence, the poster-
ior of the NMMA analysis takes into account a wealth of
available data on NSs; see Dietrich et al. (2020a) for detailed
information and discussions. From the 5000 initial EOSs
analyzed in Dietrich et al. (2020a), about 20% are within the
95% credible interval given all observational constraints. Our
analyses allowed us to constrain the radius of a typical 1.4Me

NS, R1.4, to be = -
+R 11.8 km1.4 0.8

0.9 (Dietrich et al. 2020a).
We now use the final posterior of our NMMA analysis to

investigate the nature of GW190814, which includes all
analysis steps except the absence of EM emission from
GW190425. In particular, we study four scenarios. In the first
scenario, NSBH1, we assume that GW190814 was an NS–BH
merger. Hence, GW190814 leads to an additional lower limit
on Mmax. Even though rotation could stabilize such a heavy NS
against gravitational collapse for a lower Mmax (Rezzolla et al.
2018; Most et al. 2020; Tsokaros et al. 2020; Zhang &
Li 2020), the long lifetimes of BNS systems suggest NS spins
to be small. Therefore, we adopt the same low-spin prior used
in the LVC studies, χ2< 0.05 (Abbott et al. 2017b), suggesting

M M2.5max at 90% confidence. Because upper limits on
Mmax from GW170817 might suffer from systematic uncertain-
ties and are based on assumptions about the fate of the remnant,
in the second scenario, NSBH2, we again assume that
GW190814 was an NS–BH merger but relax the upper bound
on Mmax of Rezzolla et al. (2018). In our third scenario, BBH1,
we assume that GW190814 was a BBH merger, i.e., that the
secondary component is a BH.12 This scenario is contrary to
NSBH1. In this case, GW190814 leads to an additional upper
limit on Mmax, consistent with the upper bound of Rezzolla
et al. (2018). Finally, the scenario BBH2 is contrary to NSBH2

and assumes GW190814 was a BBH merger but relaxes the
Mmax bound of Rezzolla et al. (2018). The information on
GW190814ʼs secondary component’s mass measurement is
incorporated via the method described in Miller et al. (2020)
with the posterior samples taken from The LIGO Scientific and
the Virgo Collaboration (2020).

3. Results

In the following, we discuss what we can learn about the
nature of GW190814 and the dense-matter EOS probed in the
core of NSs from our four scenarios.

3.1. The Nature of GW190814

In Figure 1, we compare the posterior on Mmax of the
NMMA analysis (blue), = -

+M M2.18max 0.13
0.15 , with the poster-

ior of the mass of the secondary component of GW190814
depending on two choices for its spin: (1) χ2< 0.05 (green),
expected for NS, and (2) without any constraint on the spin
(black), which is relevant in case of a BH. Please note that the
posterior widens slightly if higher spins are allowed, see
Figure 2. Furthermore, we show the posterior of the NMMA
analysis when we relax the upper bound on Mmax of Rezzolla
et al. (2018; orange), = -

+M M2.30max 0.25
0.34 .

NSBH1 is described by the overlap of the NMMA and mass
posteriors (blue and green). Due to the great tension between
the upper limit on Mmax extracted from the BNS merger

GW170817 (Rezzolla et al. 2018) and the assumption that this
new object, close to the remnant mass of GW170817, is an NS,
this is the most restrictive of the four scenarios. From the
overlap of both posteriors, we can estimate the probability that
the secondary component of GW190814 had a mass below
Mmax by using

( ) ( ) ( )

( )
ò òD > = D + D

¥

-¥

¥
P m d m dm p m m p m0 ,

1

M m
0

max 2

where D º -m M mmax 2, and ( )p mMmax
and ( )p mm2

are the
probability distribution for Mmax from the NMMA analysis and
the posterior on m2 from GW190814, respectively. The overlap
region is extremely small, and hence, the probability P(Δm> 0)
is less than 0.1%, in excellent agreement with Essick & Landry
(2020) with an upper limit on Mmax. Neutron-star EOS for this
maximum-mass range are heavily penalized by the upper Mmax

limit. In the NSBH1 case, we find that the resulting Mmax is
constrained to a very narrow range, = -

+M M2.53 ;max 0.06
0.07 see

the lower panel of Figure 1. This finding is in good agreement
with the limit on Mmax obtained from spin-polarized neutron
matter in Tews & Schwenk (2020). However, this Mmax would
imply that the remnant of GW170817 was either a supramassive
or long-lived NS, which is in conflict with the observed kilonova
lightcurve and the GRB afterglow, e.g., Margalit & Metzger
(2017).
For NSBH2, the relaxation of the upper bound on Mmax

widens the NMMA posterior, see the orange curve in Figure 1.
However, Mmax is still constrained to be M M2.8max
because of the required softness of the EOS at low densities
to be consistent with GW170817, and the requirement for the
EOS to explain the kilonova observations within our kilonova
models, that depend on Mmax through disk ejecta (Coughlin
et al. 2019; Dietrich et al. 2020a). While GW190814 again
leads to an additional lower limit on Mmax, similarly to NSBH1,
the overlap region is now larger. This results in an increase of
P(Δm> 0) to about 19%. For NSBH2, we find that Mmax is
constrained to = -

+M M2.68max 0.11
0.14 .

NSBH2 is also the ideal case to highlight the importance of
the various aspects of our NMMA analysis. When including
only nuclear-physics constraints and heavy-pulsar masses, P
(Δm> 0)∼ 33% which even increases to ∼44% when NICER
data are included. This is because heavy pulsars favor high
Mmax and NICER data prefers stiff EOS that also tend to have
higher Mmax. The limitations on Mmax, and hence P(Δm> 0),
stem from the inclusion of the GW signal GW170817 and its
associated kilonova, which reduce P(Δm> 0) to ∼27% and
∼20%, respectively. Finally, GW190425 reduces P(Δm> 0)
to the 19% quoted above.
For the scenario BBH1, the observation of GW190814 adds

an upper limit on Mmax, which now excludes the small overlap
region of the blue and black curves in Figure 1 (note that for
BBH1,2 we do not constrain χ2). In this sense, BBH1 is the
contrary of NSBH1, and the probability for the mass m2 of
GW190814 to be above Mmax, P(Δm< 0), is above 99.9%. As
expected, this scenario does not visibly impact the posterior
on Mmax from the NMMA analysis and we obtain =Mmax

-
+ M2.18 0.13

0.15 . Finally, BBH2 is contrary to NSBH2. In this case,
we find P(Δm< 0)∼ 81% and = -

+M M2.29max 0.21
0.26 .

We have also tested the dependence of our findings on the
EOS prior. The NMMA analysis used an EOS prior that is

12 It has been suggested that the secondary component might be a primordial
black hole, see, e.g., Vattis et al. (2020).
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uniform in R1.4 (Dietrich et al. 2020a). Using the EOS prior
provided directly by the parametric speed-of-sound extension
scheme developed in Tews et al. (2018b, 2019), i.e., an EOS
prior that is nonuniform in R1.4, we show the results as dashed
lines in Figure 1. We find that the probability for NSBH2

changes only very slightly for a different EOS prior, from 19%
to 17%. Hence, we conclude that our findings are robust with
respect to the EOS prior.

We summarize the findings for all four scenarios in Table 1.
Our analysis strongly suggests that GW190814 was a BBH
merger, as otherwise GW190814 would introduce a strong
tension with the results of our NMMA analysis. Given the
remnant mass of GW170817 of 2.7Me, which is very close to
the inferred m2 of GW190814, and the likely scenario that the
remnant of GW170817 was, in fact, a BH, this seems to be the
most consistent scenario given all current observational and
theoretical knowledge of the NS EOS. Our findings are
consistent with Abbott et al. (2020b), Tan et al. (2020), Most
et al. (2020), and Essick & Landry (2020).

3.2. EOS Constraints from GW190814

Finally, we investigate the impact of our four scenarios on
the EOS by studying the MR relation. This allows us to provide
testable predictions for the NS radius for these four cases, and
might help to fully pin down the nature of GW190814 when
more observations become available in the future.
For NSBH1 (P(Δm> 0)< 0.1%), the strong tension between

the different constraints on Mmax translates to a narrow posterior in
the MR plane, which we show in the left panel of Figure 3. We
find that in this case R1.4 is constrained to be = -

+R 12.6 km1.4 0.5
0.4 .

That would be the most stringent constraint on the NS radius to
date. Also, the posterior on MR remains rather tight in the mass
range (1.4–2.0)Me and, hence, puts very strong constraints on the
NS EOS. For NSBH2 (P(Δm> 0)∼ 19%), the constraints on the
MR relation are less tight and the posterior widens as expected,
see middle left panel of Figure 3. The radius of a typical NS
is found to be = -

+R 12.7 km1.4 0.5
0.6 , in good agreement with the

determinations by the LVC (Abbott et al. 2020b) and Essick &
Landry (2020) for this scenario. Both for the NSBH1 and NSBH2

scenarios, the EOS posterior strongly suggests that the NS MR
relation does not have multiple stable branches, which would be
indicative of very strong first-order phase transitions (Alford et al.
2013). For such EOS, Mmax is typically much smaller, see, e.g.,
Alford et al. (2013), Alvarez-Castillo & Blaschke (2017), and
Chatziioannou & Han (2020). Furthermore, in particular NSBH2

now prefers the stiffest EOS included in our EOS set, and its
posterior is pushed against the upper bound of our EOS prior. This
behavior is observed also for the pressure between (1− 2)nsat,
which is pushed toward the upper prior bound. Therefore, NSBH2

might imply that the QMC calculations employing local chiral
EFT interactions, which we use to constrain the EOSs, might
break down already below 1.5nsat. In particular, NSBH2 would
disfavor the softer Hamiltonian explored in Tews et al.
(2018a, 2018b), although it would not exclude it. A possible
explanation could be that higher-order many-body forces, that
tend to stiffen the EOS (Tews et al. 2013; Drischler et al. 2020),
are crucial to describe NS physics, see also Essick et al. (2020).
Furthermore, NSBH2 suggests that the EOS would need to

remain stiff within the whole NS. While the original NMMA
analysis finds the maximum of the speed of sound inside an
NS, cs,max, to be c 0.4s,max

2 , for NSBH2 we find c 0.6s,max
2 .

Hence, GW190814 being an NS–BH merger might require us
to revisit our current understanding of the EOS.
In the BBH1 and BBH2 scenarios, GW190814 adds another

upper limit on Mmax, which however, is much weaker than
the upper limit of Rezzolla et al. (2018). Hence, for BBH1,
GW190814 does not add any additional information and
our result of Dietrich et al. (2020a), = -

+R 11.8 km1.4 0.8
0.9 , is

reproduced. For BBH2, due to the limit on Mmax being weaker,
the radius posterior shifts to slightly larger radii, and we find

Figure 1. Upper panel: posteriors on the maximum mass of NSs, Mmax, from
the NMMA analysis of Dietrich et al. (2020a) when enforcing the upper limit
on Mmax from Rezzolla et al. (2018; blue) and when relaxing this constraint
(orange). We also show the posteriors for an EOS prior that is not flat in R1.4

(dashed lines). We compare with the posterior on the mass of the secondary
component of GW190814, assuming its spin χ2 < 0.05 (green) or with no limit
on χ2 (black). Lower panel: the resulting posteriors on Mmax for our four
scenarios with their probabilities. The probabilities for the alternative EOS
prior are shown in brackets.

Figure 2. Corner plot showing the posterior distribution of m2–χ2 for
GW190814. The dashed lines mark the 90% credible intervals.
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= -
+R 12.0 km1.4 0.9

0.9 , which remains very consistent with the
findings in Dietrich et al. (2020a). Because this new upper limit
would be more robust than the one of Rezzolla et al. (2018), the
BBH2 scenario would provide a verification of the findings of
the NMMA analysis if this scenario was confirmed.

4. Summary

In this Letter, we have investigated different possible scenarios
for the nature of GW190814 using our robust NMMA framework
that includes a wealth of observational data. Assuming that
this compact merger was, in fact, an NS–BH merger, we find
strong constraints on the radius of a typical neutron star,

= -
+R 12.6 km1.4 0.5

0.4 ( = -
+R 12.7 km1.4 0.5

0.6 ) in case upper limits
on Mmax from GW170817 are (not) enforced. If, on the other
hand, GW190814 was a BBH merger, then it is fully consistent
with our current knowledge of the EOS, and the radius of a typical
NS remains at = -

+R 11.8 km1.4 0.8
0.9 ( = -

+R 12.0 km1.4 0.9
0.9 ).

Based on the low probability of m2 to lie below Mmax
inferred from the NMMA analysis of Dietrich et al. (2020a),
less than 0.1% (19%) if the upper limit on Mmax of Rezzolla
et al. (2018) is (not) included, our study strongly suggests that
GW190814 was a BBH merger. Similar events detected in the
future will help to map out the maximum mass of NSs and
enable us to pin down the EOS of dense matter.
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