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ABSTRACT
The progenitor system of the compact binary merger GW190425 had a total mass of 3.4+0.3

−0.1 M�
(90th-percentile confidence region) as measured from its gravitational wave signal. This
mass is significantly different from the Milky Way (MW) population of binary neutron
stars (BNSs) that are expected to merge in a Hubble time and from that of the first BNS
merger, GW170817. Here, we explore the expected electromagnetic (EM) signatures of such
a system. We make several astrophysically motivated assumptions to further constrain the
parameters of GW190425. By simply assuming that both components were NSs, we reduce the
possible component masses significantly, finding m1 = 1.85+0.27

−0.19 M� and m2 = 1.47+0.16
−0.18 M�.

However, if the GW190425 progenitor system was an NS–black hole (BH) merger, we find
best-fitting parameters m1 = 2.19+0.21

−0.17 M� and m2 = 1.26+0.10
−0.08 M�. For a well-motivated

BNS system where the lighter NS has a mass similar to the mass of non-recycled NSs in MW
BNS systems, we find m1 = 2.03+0.15

−0.14 M� and m2 = 1.35 ± 0.09 M�, corresponding to only
7 per cent mass uncertainties. For all scenarios, we expect a prompt collapse of the resulting
remnant to a BH. Examining detailed models with component masses similar to our best-fitting
results, we find the EM counterpart to GW190425 is expected to be significantly redder and
fainter than that of GW170817. We find that almost all reported search observations were too
shallow to detect the expected counterpart to GW190425. If the LIGO–Virgo Collaboration
promptly provides the chirp mass, the astronomical community can adapt their observations
to improve the likelihood of detecting a counterpart for similarly ‘high-mass’ BNS systems.

Key words: gravitational waves – stars: neutron.

1 IN T RO D U C T I O N

The detection of gravitational waves (GWs) from the merger of
compact objects has unveiled new populations of black holes (BHs;
Abbott et al. 2016; Abbott et al. 2019b) and now neutron stars
(NSs). Observations of GW190425, the second probable binary NS
(BNS) merger detected, by the LIGO–Virgo Collaboration (LVC;
The LIGO Scientific Collaboration & the Virgo Collaboration 2020,
hereafter LVC20) indicate that it was likely a BNS merger, but with
the total mass of the system, 3.4+0.3

−0.1 M�, being significantly larger
than any of the known BNS systems in the Milky Way (MW; e.g.
Özel & Freire 2016; Farrow, Zhu & Thrane 2019). This puzzling
system has already led to questions about its formation scenario

� E-mail: foley@ucsc.edu

(Romero-Shaw et al. 2020; Safarzadeh, Ramirez-Ruiz & Berger
2020).

GW190425 is especially intriguing since the first BNS merger,
GW170817, had a total mass consistent with the MW BNS popu-
lation (Abbott et al. 2017a). The relative rates of GW170817-like
and GW190425-like events are comparable (LVC20), indicating
that significant selection effects, dramatically different delay times,
and/or significant environmental differences are necessary to pro-
duce such mergers at similar rates yet have no ‘high-mass’ systems
in the MW sample.

Ideally, we would have detected an electromagnetic (EM) coun-
terpart to GW190425 to pinpoint its location and glean additional
information about the system. For GW170817, Coulter et al. (2017)
discovered the optical counterpart, AT 2017gfo (also known as
Swope Supernova Survey 2017a or SSS17a), giving way to numer-
ous studies in the areas of high-energy astrophysics (Goldstein et al.
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2017; Murguia-Berthier et al. 2017), nuclear physics (Margalit &
Metzger 2017; Abbott et al. 2018; Annala et al. 2018; Radice
et al. 2018a), general relativity (Barack et al. 2019), r-process
nucleosynthesis (Kasen et al. 2017; Kilpatrick et al. 2017; Rosswog
et al. 2018), compact-object formation channels (Blanchard et al.
2017; Levan et al. 2017; Pan et al. 2017; Ramirez-Ruiz, Andrews &
Schrøder 2019), and cosmology (Abbott et al. 2017b; Guidorzi et al.
2017).

However, no such counterpart has been confidently discovered for
GW190425 (Antier et al. 2019; Coughlin et al. 2019; Hosseinzadeh
et al. 2019; Lundquist et al. 2019), perhaps partly because of
the large localization area for GW190425 (90th-percentile region
of 8284 deg2; LVC20), high distance (159+69

−71 Mpc), and that
a significant fraction of the localization region was either Sun
constrained or at low Galactic latitudes. An alternative possibility
is that the counterpart was intrinsically faint, as indicated by the
luminosity function of kilonovae associated with short gamma-ray
bursts (Gompertz et al. 2018; Ascenzi et al. 2019).

LVC20 performed a sophisticated and detailed analysis of the
GW strain data and provided posterior distributions for parameters
that describe the system.1 Their approach was to make minimal
assumptions and allow the data constrain the parameter estimates.
However, part of the resulting allowed parameter space is incon-
sistent with separate astrophysical constraints on NSs and BHs.
Here, we apply additional astrophysical constraints to significantly
reduce the allowed parameter space for GW190425. With the more
constraining data, we examine the characteristics of a possible EM
counterpart, finding that it likely was significantly fainter and redder
than AT 2017gfo.

We introduce our astrophysically motivated assumptions and
apply them to the GW190425 data in Section 2. In Section 3, we
explore how the updated parameter estimates affect the properties of
an EM counterpart. In Section 4, we discuss additional implications
of the GW190425 system. We conclude in Section 5.

2 PHYSICALLY MOTIVATED SYSTEMS

In this section, we make several arguments to reduce the parameter
space of possible progenitor systems for GW190425. We first
separate different scenarios into BNS and NSBH mergers.

In the former scenario, high spins and a particularly high mass
for m1 are ruled out by physical arguments. We are further able to
restrict the parameter space by examining two possible progenitor
systems, an equal-mass system and a system including an NS whose
mass is consistent with the non-recycled NSs in MW BNS systems
(a mass close to a Chandrasekhar mass).

Similar physical arguments require that the NSBH scenario have
a relatively extreme mass ratio. Again, assuming that the lighter
object is consistent with the MW BNS population provides stringent
constraints.

2.1 Is GW190425 a BNS or NSBH Merger?

Given the total mass of the system, GW190425 is likely a BNS
merger, but an NSBH merger cannot be ruled out by the GW data
alone (see also Han et al. 2020). Unless there is a population of
very low mass BHs (i.e. M < 1.7 M�), GW190425 was not a BBH
merger, and we do not further consider that scenario.

1https://dcc.ligo.org/LIGO-P2000026/public

Figure 1. Prior distributions for the minimum TOV mass (MTOV,min; black
curve), which is derived from the mass estimates of millisecond pulsars
J0740+6620 (blue dashed curve; Cromartie et al. 2020) and J0348+0432
(red dotted curve; Antoniadis et al. 2013), and the maximum TOV mass
(MTOV,max; gold curve). The curves correspond to the probability that the
TOV mass is above MTOV,min or below MTOV,max, respectively.

We distinguish if the primary object is a BH based on its mass.
We assume that if m1 ≤ MTOV, the Tolman–Oppenheimer–Volkoff
(TOV) mass (Oppenheimer & Volkoff 1939; Tolman 1939), then
the primary is an NS. We assume it is a BH if m1 > MTOV.
Because we do not precisely know the equation of state for nuclear
matter, we must constrain this maximum mass through observations.
We use two pulsar mass measurements for this constraint. Of
well-measured pulsars, the most important for this quantity is the
millisecond pulsar J0740+6620, which has the highest measured
mass, M0740 = 2.14+0.10

−0.09 M� (Cromartie et al. 2020). We also
include J0348+0432 with a mass of M0348 = 2.01 ± 0.04 M�
(Antoniadis et al. 2013), which because of its small mass uncertainty
is particularly important for excluding the low-mass tail. Critically
for the NSBH case, we assume MTOV ≥ M0704 and M0348.

We also assume MTOV is less than the maximum value determined
from requiring a hypermassive NS after the merger of GW170817.
Several studies have performed similar analyses (Margalit & Met-
zger 2017; Shibata et al. 2017, 2019; Ruiz, Shapiro & Tsokaros
2018; Ai, Gao & Zhang 2019), all finding MTOV � 2.1–2.3 M�
(at 90th-percentile confidence). We use the distribution of limits
from these sources to produce a one-sided Gaussian distribution
to predict the upper limit for MTOV, finding it is best fit with a
central value of 2.10 and a width of 0.06 M�, corresponding to a
90th-percentile limit of 2.23 M�. Notably this distribution is also
consistent with the measured mass of the pulsar J0740+6620. We
display our assumed MTOV masses in Fig. 1.

Additionally, we assume that the less massive component of the
GW190425 system is an NS, requiring m2 ≥ Mmin,NS, the minimum
mass of an NS. Stellar evolution and core collapse indicate that there
is such a minimum mass (e.g. Ertl et al. 2020). For this minimum
mass, we adopt the mass of the unseen companion in J0453+1559,
M = 1.174 M� (Martinez et al. 2015). Suwa et al. (2018) suggest
a stellar evolution pathway for producing such a low-mass NS,
although see Tauris & Janka (2019) for an alternative scenario in
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Figure 2. Posterior distributions of the component masses m1 and m2 in
the source frame. The blue contours represent the LVC20 high-spin prior
distributions, while the red contours are recovered by assuming GW190425
was a BNS merger. The solid black line represents systems with equal
mass. Vertical lines in the one-dimensional plots enclose 90 per cent of the
probability with the distributions scaled to have the same total area.

which this object is instead a white dwarf (WD; we therefore believe
this minimum mass to be conservative).

Starting with the PhenomPv2NRT (Dietrich et al. 2019) high-spin
posterior distributions (LVC20, corresponding to their preferred
model), we resample the posterior distributions with additional
conditions. Whenever we assume a component is an NS, we require
that its mass be Mmin,NS ≤ M ≤ MTOV,max. When we assume a
component is a BH, we assume M > MTOV,min.

We additionally apply a prior on the spin for any assumed NS
component. GW data do not directly constrain the spin, but rather

χ = cS

Gm2
, (1)

where S is the amplitude of the spin vector and m is the NS mass. This
results in a degeneracy between NS spin and mass. Equivalently,
one can write χ as

χ = I�c

Gm2
, (2)

where I is the moment of inertia and � is the spin frequency. For
an NS with a millisecond period and reasonable NS equations of
state, we find a maximum χ of ∼0.2, significantly less than the
‘high-spin’ prior of χ < 0.89 used by LVC20. To be conservative,
we apply a prior of χ < 0.4 for any NS component.

Without any assumptions about the nature of the progenitor
system, LVC20 found a total system mass of 3.39+0.32

−0.11 M� and
component masses of m1 = 2.02+0.58

−0.34 M� and m2 = 1.35+0.26
−0.27 M�

(all 90th-percentile confidence regions and measured in the source
frame). If we assume that GW190425 was a BNS system, the
allowed parameter space reduces to Mtot = 3.33+0.10

−0.06 M� and
component masses of m1 = 1.85+0.27

−0.19 M� and m2 = 1.47+0.16
−0.18 M�,

making the total mass uncertainty only 37 per cent that of its original
measurement. We present the updated mass constraints in Fig. 2 and
Table 1.

As noted by LVC20, m1 and χ are highly correlated for
GW190425. Not including the χ constraint results in a χ distribution
for the more massive component that contains very little probability
at >0.4. However, ∼5 per cent of the χ distribution for the less-
massive component is at >0.4. We therefore include this condition
despite its limited predictive power.

For the NSBH system, we can apply a separate constraint that
there is no tidal deformation for the more massive component (i.e.
�1 = 0). We performed the analysis both with and without this
constraint, finding no significant difference. We therefore do not
include the constraint.

If we assume that GW190425 was an NSBH merger, we find
Mtot = 3.46+0.13

−0.09 M� and component masses of m1 = 2.19+0.21
−0.17 M�

and m2 = 1.26+0.10
−0.08 M�, reducing the total mass uncertainty to

56 per cent that of its original uncertainty. A significant fraction
of the parameter space is ruled out by the minimum mass of an NS,
disfavouring systems with a very low mass NS and a relatively high
mass BH. We present the updated mass constraints in Fig. 3.

2.2 A Chandrasekhar mass neutron star

The individual NSs in MW BNS systems have a mass distribu-
tion centred at 1.33 M� and a standard deviation of 0.09 M�
(Özel & Freire 2016), indicating that such NSs have a preference
for masses similar to the Chandrasekhar mass.2 Separately, core-
collapse modelling indicates that many remnants should be close
to a Chandrasekhar mass (Sukhbold et al. 2016). This is especially
expected in the case of an electron-capture supernova (Kitaura,
Janka & Hillebrandt 2006) or the accretion-induced collapse of a
white dwarf (WD) (Timmes, Woosley & Weaver 1996). There is
a correlation between NS mass and kick velocity (Podsiadlowski
et al. 2004), providing an additional reason why at least the second
NS in a merging BNS system would have a mass on the low end of
viable NS masses.

Given the total mass of the GW190425 system, having one
Chandrasekhar mass NS would imply that the second NS would
have m ≈ 2 M�. Such a massive NS is obviously not observed in
MW BNS systems, however, NSs that massive are known, including
in NS–WD systems (Antoniadis et al. 2016).

Combined, a 1.4 + 2.0 M� system is a natural choice for the
GW190425 progenitor system. Such masses are consistent with
either a BNS or NSBH system and is close to the best-fitting masses
from GW data alone (1.35 + 2.02 M�). We note, however, that such
a system is somewhat in tension with the low-spin prior (χ < 0.05)
assumed by LVC20.

Motivated by these considerations, we use the best-fitting popula-
tion to the non-recycled pulsars in MW BNS systems as determined
by Farrow et al. (2019). They find that a uniform prior with a
lower bound of 1.16+0.01

−0.02 M� and an upper bound of 1.42+0.04
−0.02 M�

is a better fit than a Gaussian distribution for the non-recycled
NSs. Using this prior and assuming a BNS system, we find
m1 = 2.03+0.15

−0.14 M� and m2 = 1.35 ± 0.09 M�. While these values
are consistent with the LVC20 values and from assuming a BNS
system, the mass ranges are significantly reduced. We present the
updated mass constraints in Fig. 4.

2We remind the reader that while the Chandrasekhar mass might be related
to the birth of an NS, it does not physically constrain its mass. However, we
use the name as a reference to the approximate mass of the population of
MW BNSs.
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Table 1. Source properties for GW190425.

Parameter LVC high-spin prior BNS BNS + m2 ≈ MCh BNS + q ≈ 1 NSBH

Primary mass m1 (M�) 2.02+0.58
−0.34 1.85+0.27

−0.19 2.03+0.15
−0.14 1.70+0.17

−0.06 2.19+0.21
−0.17

Secondary mass m2 (M�) 1.35+0.26
−0.27 1.47+0.16

−0.18 1.35 ± 0.09 1.60+0.05
−0.14 1.26+0.10

−0.08

Chirp mass M (M�) 1.437+0.022
−0.020 1.436+0.022

−0.019 1.433+0.023
−0.019 1.436+0.021

−0.019 1.438+0.021
−0.020

Mass ratio q = m2/m1 0.67+0.29
−0.25 0.79+0.18

−0.19 0.67+0.10
−0.08 0.94+0.05

−0.16 0.57+0.10
−0.08

Total mass mtot (M�) 3.39+0.32
−0.11 3.33+0.10

−0.06 3.38+0.08
−0.07 3.31 ± 0.05 3.46+0.13

−0.09

Effective inspiral spin parameter χ eff 0.06+0.11
−0.05 0.03+0.04

−0.03 0.05 ± 0.03 0.02+0.03
−0.02 0.07+0.04

−0.03

Luminosity distance DL (Mpc) 159+69
−71 162+67

−73 171+66
−76 161+66

−70 154+70
−69

Figure 3. Same as Fig. 2, but where the solid red contours are recovered
by assuming GW190425 was an NSBH merger.

Figure 4. Same as Fig. 2, but where the solid red contours are recovered by
assuming GW190425 was a BNS merger where the lighter object was NS
drawn from the Farrow et al. (2019) non-recycled NS mass distribution.

In this scenario, we find a mass ratio of q = 0.67+0.10
−0.08, indicating

a system far from equal mass, but intriguingly close to the best-
fitting value without any astrophysical assumptions (q = 0.67+0.29

−0.25).
Additionally, we find that the luminosity distance is somewhat, but
insignificantly, larger with these assumption (DL = 171+66

−76 Mpc
with and DL = 159+69

−71 Mpc without).
For the NSBH scenario, the posterior distributions do not change

significantly when including this additional assumption. As can
be seen from Fig. 3, the secondary mass is already constrained to
within the Farrow et al. (2019) mass distribution with the basic
NSBH assumptions.

2.3 An equal-mass system

All known MW BNS systems have mass ratios of q ≈ 1, with
the lowest measured value for a system expected to merge in a
Hubble time of 0.75 ± 0.05 (Ferdman & PALFA Collaboration
2018) and the second-lowest being 0.92 ± 0.01 (Ferdman et al.
2014). While none has a total mass of >2.9 M�, there is a clear
preference for equal-mass systems in this population. Additionally,
the GW170817 BNS system and nearly all BBH systems are also
consistent with their components having equal mass (Abbott et al.
2019a,b). Nature produces many compact binary systems with near-
equal mass, though this does not preclude the production of unequal
systems.

To investigate the possibility that this is a near-equal-mass system,
we use the distribution of mass ratios from the MW BNS systems as
determined by Farrow et al. (2019) to investigate the implications
for GW190425. The 90th-percentile prior lower bound on q is 0.836.
This configuration requires a low spin to be consistent with the GW
data.

Under the assumption that GW190425 was a BNS with roughly
equal-mass components, the parameter space is especially con-
strained. We find the components had masses of m1 = 1.70+0.17

−0.06 M�
and m2 = 1.60+0.05

−0.14 M�. We present the updated mass constraints
in Fig. 5. The mass ratio is constrained to q = 0.94+0.05

−0.16 and
χeff = 0.02+0.03

−0.02, consistent with expectations and the low-spin prior
from LVC20.

3 A STRO PHYSI CAL I MPLI CATI ONS

In this section, we detail the implications of the tighter priors
assumed in Section 2.

3.1 Remnant

The source-frame chirp mass for GW190425 of M =
1.437+0.022

−0.020 M� is sufficiently large that if GW190425 came from a
BNS system, it likely resulted in a prompt collapse to a BH (see e.g.

MNRAS 494, 190–198 (2020)
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Figure 5. Same as Fig. 2, but where the solid red contours are recovered
by assuming GW190425 was a near-equal-mass BNS merger.

Hotokezaka et al. 2011; Piro, Giacomazzo & Perna 2017). We can
assess this by examining the remnant mass compared to the TOV
mass and the radius of a 1.6 M� NS, R1.6. Following Bauswein,
Baumgarte & Janka (2013) and Bauswein et al. (2017), we expect
prompt collapse if

Mtot > Mthresh ≈
(

2.38 − 3.606
GMTOV

c2R1.6

)
MTOV. (3)

The remnant should have underwent prompt collapse if Mtot is
larger than the maximum value of Mthresh given current constraints
on MTOV and R1.6. For MTOV = 2.17 M� (Margalit & Metzger 2017)
and R1.6 = 13.5 km (De et al. 2018), we find Mthresh, max = 3.3 M�.

The remnant for GW190425 likely had a mass similar to the
threshold mass. From GW data alone, GW190425 had Mtot =
3.39+0.32

−0.11 M�. However, we should examine only BNS mergers
since NSBH systems will never have an NS remnant, even if short
lived. In Section 2.1, we found that if GW190425 is a BNS system,
it had Mtot = 3.33+0.10

−0.06 M�. Assuming that the lighter component
had a mass similar to the Galactic mass distribution, we find
GW190425 had Mtot = 3.38+0.08

−0.07 M�. As noted below, it is unlikely
that it ejected more than 0.04 M�. Additionally, Mthresh may be as
low as ∼2.7 M� given current constraints on MTOV and R1.6. We
therefore believe it is likely that the remnant of GW190425 promptly
collapsed to a BH.

This basic analysis is consistent with that of LVC20, which found
a 97 per cent chance of a prompt collapse using recent simulations,
a range of equations of state, and their high-spin priors. Kyutoku
et al. (2020) also came to the same conclusion. A prompt collapse
implies that GW190425 was likely accompanied by a short gamma-
ray burst (Murguia-Berthier et al. 2014), which was not confidently
seen (although, see Pozanenko et al. 2020); however, the data are
not constraining (Song et al. 2019).

For the remainder of this work, we assume that if GW190425 was
a BNS merger, it underwent a prompt collapse. Even if it produced
a hypermassive NS, it would have been sufficiently massive to
collapse quickly, making the resulting ejecta qualitatively similar to
the prompt-collapse scenario.

3.2 Ejecta

Rosswog (2013) produced several dynamical merger models of
compact binary mergers (see also Korobkin et al. 2012). The models
include both BNS and NSBH mergers over a large mass range. We
use these models to estimate the amount of dynamical ejecta and
its velocity. In particular, the 1.4 + 2.0 and 1.6 + 1.6 BNS merger
models produced 0.039 and 0.020 M� of ejecta with an average
velocity of 0.15 and 0.11c, respectively. There are no low-mass
NSBH models, but the 1.4 + 5.0 NSBH (corresponding to the least-
massive NSBH merger presented) model produced 0.024 M� with
an average velocity of 0.15c, and lower mass models are expected
to produce less ejecta with a smaller average velocity.

Other studies have examined a range of NS masses (and equations
of state), but do not fully cover the range of possible systems
for GW190425 (e.g. Bauswein et al. 2013; Radice et al. 2017,
2018b), and we therefore focus on the Rosswog (2013) results
for consistency. Bauswein et al. (2013) do not examine NSBH
mergers, but it does cover the full parameter space of BNS mergers
appropriate for GW190425. Comparing to the Rosswog (2013)
results, Bauswein et al. (2013) generally find ejecta masses that are
smaller by a factor of �2 depending primarily on the assumed NS
equation of state. Other studies with even more limited parameter
spaces also typically eject ∼50 per cent of the mass of the similar
Rosswog (2013) models. Because of these differences, we consider
the Rosswog (2013) models as having optimistic ejecta masses
and GW190425 may have ejected significantly less material than
corresponding models.

We argue in Section 3.1 that GW190425 likely underwent a
prompt collapse to a BH. In this scenario, all ejecta (regardless of
exact origin) are expected to have low electron fraction, Ye.

3.3 Electromagnetic counterparts

AT 2017gfo, the optical counterpart to GW170817 (Coulter et al.
2017), was relatively bright at all optical wavelengths, peaking at
M ≈ −16 mag (Andreoni et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Evans et al. 2017; Kasliwal et al. 2017; McCully
et al. 2017; Smartt et al. 2017; Tanvir et al. 2017; Utsumi et al.
2017; Valenti et al. 2017). It faded extremely quickly in blue bands
but was longer lived in the near-infrared (NIR; e.g. Siebert et al.
2017). This broad-band behaviour requires ejecta with a distribution
of lanthanide fractions, Xlan that is often parametrized as separate
components each with a single lanthanide fraction (e.g. Drout et al.
2017; Villar et al. 2017).

The lanthanide fraction is directly related to the electron fraction,
Ye, of the material, with Ye � 0.25 material producing a significant
fraction of lanthanides (Lippuner & Roberts 2015). Ejecta created
through separate processes during the merger are expected to have
different Ye (Metzger & Fernández 2014) with the tidal debris
having Ye � 0.1 (e.g. Rosswog 2005) and a neutrino-irradiated
disc wind having Ye � 0.25 (Fernández & Metzger 2013). The
amount of ejecta from the disc wind and its Ye depends critically on
the mass of the remnant and lifetime of a possible hypermassive or
supramassive NS (Metzger & Fernández 2014). The bright blue
colours of AT 2017gfo require a short-lived hypermassive NS
(Margalit & Metzger 2017; Murguia-Berthier et al. 2017).

As discussed in Section 3.1, GW190425 likely underwent a
prompt collapse and had low Ye, and thus the ejecta should have a
high Xlan. All models considered exclusively produce low-Ye ejecta
that correspond to high lanthanide fractions of log Xlan ≈ −2.
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Figure 6. uriK (blue, red, orange, and black curves) absolute light curves
for kilonova models (Kasen et al. 2017). The solid curve is a model
matched to the observations of GW170817 (Kilpatrick et al. 2017) and
contains both blue, low-lanthanide fraction and red, high lanthanide fraction
components. The dashed curves represent a model with Mej = 0.04 M�,
v = 0.15c, and log Xlan = −2, similar parameters to hydrodynamical models
of a 1.4 + 2.0 M� BNS merger (Rosswog 2013), a likely scenario for
GW190425.

Kasen et al. (2017) produced light curves for kilonovae with a
range of Mej, v, and Xlan. Kilpatrick et al. (2017) used a combination
of two of these models corresponding to low-lanthanide and high
lanthanide components to match the light curves of AT 2017gfo.
This is confirmation that kilonova observations can be reproduced
by theoretical models.

For comparison, we examine light curves for a kilonova with
Mej = 0.025, 0.03, and 0.04 M�; v = 0.1, 0.15, and 0.15c; and
log Xlan = −2 (for all models), respectively. These models are
similar to the Rosswog (2013) models for 1.6 + 1.6, 1.2 + 2.0,
and 1.4 + 2.0 M� BNS mergers. The first two models are also
somewhat similar to the 1.4 + 5.0 M� NSBH merger. We display
the light curves corresponding to the 1.4 + 2.0 M� model and the
Kilpatrick et al. (2017) model for AT 2017gfo in Fig. 6. While
the NIR light curves of these two models are nearly identical, the
optical light curves are significantly different with the 1.4 + 2.0 M�
BNS merger producing a kilonova with significantly less optical
luminosity. The other models, which have less ejecta mass, produce
significantly less luminous kilonovae, with the 1.6 + 1.6 M� model
being ∼1 mag fainter in i at peak than the 1.4 + 2.0 M� model.
The 1.4 + 2.0 M� model is the most luminous of models consistent
with GW190425.

In Fig. 7, we display the differences between the two models. As
seen in Fig. 6, the K-band light curves are nearly identical. However,
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Figure 7. Difference in absolute magnitude between kilonova models
(Kasen et al. 2017) for GW170817 (Kilpatrick et al. 2017) and a model
with Mej = 0.04 M�, v = 0.15c, and log Xlan = −2, similar parameters to
hydrodynamical models of a 1.4 + 2.0 M� BNS merger (Rosswog 2013),
a likely scenario for GW190425. The blue, red, orange, and black curves
correspond to the uriK bands, respectively. The u band is shown only for the
first 1.5 d after merger, after which time it is so faint in the 1.4 + 2.0 M�
model that there are insufficient photon statistics to create a reasonable light
curve. In the optical bands, we expect GW190425 to be several magnitudes
less luminous than GW170817.

the 1.4 + 2.0 M� BNS merger kilonova is ∼6, 3, and 2 mag less
luminous than GW170817 in uri over the first week after the merger.

4 D ISCUSSION

4.1 Parameters

The astrophysically motivated assumptions reduced the uncer-
tainties on several parameters. As these assumptions were never
in tension with the observations, the parameters did not shift
dramatically from the LVC20 results.

While our assumptions significantly affected the mass-related
parameters (each component mass, total mass, and mass ratio),
moderately affected χ eff, and had a minor effect on the distance,
it did not change most parameters such as the tidal deformation or
inclination. As such, our study cannot improve our understanding
of the nuclear equation of state or more precisely constrain its
location.

Nevertheless, the mass and spin parameters are important for
understanding the origin of the system and its ultimate fate. The
BNS, BNS with m2 ≈ MCh, and NSBH scenarios are all consistent
with m1 = 2.0 M�, m2 = 1.3 M�, and χ eff = 0.05. These values
are consistent with a separate analysis specifically examining the
NSBH case (Han et al. 2020), although the values presented here
are more precise. The q ≈ 1 scenario disfavours such a system
and instead prefers m1 ≈ m2 ≈ 1.65 M� and χ eff = 0.02. Our
results for the NSBH and m2 ≈ MCh scenarios are inconsistent with
the LVC20 analysis assuming low-spin priors, and future analyses
should examine spin priors carefully.

For all scenarios except the equal-mass case, we find a relatively
high χ eff that is inconsistent with MW BNS systems. Such a con-
strained system (masses known to ∼10 per cent and spin constraints)
should guide explorations of possible pathways to creating such a
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system. Similarly, there must only be a few possible ways to create
a low-spin, high-but-equal-mass system.

4.2 Searching for an EM Counterpart to GW190425

In the minutes after the merger of GW190425, the LVC publicly
announced its detection as a likely BNS merger3 with a low false-
alarm rate (1 per 69 834 yr; Ligo Scientific Collaboration & VIRGO
Collaboration 2019a). They quickly released a three-dimensional
probability map of the location of the GW emission with a two-
dimensional 90th-percentile localization region of 10 183 deg2 that
was revised about a day later to having a size of 7461 deg2 (Ligo
Scientific Collaboration & VIRGO Collaboration 2019b); the final
map released in 2020 January has a 8284 deg2 two-dimensional
90th-percentile localization region (LVC20).

Although this region covers ∼1/5 of the entire sky, several groups
searched for an EM counterpart (e.g. Antier et al. 2019; Coughlin
et al. 2019; Hosseinzadeh et al. 2019; Lundquist et al. 2019).
Collectively, ∼50 per cent of the two-dimensional localization area
was observed in the days following the merger.

We highlight three sets of observations: Coughlin et al. (2019)
observed 8000 deg2 in gr with a limiting magnitude of ∼21 and
2400 deg2 in J with a limiting magnitude of ∼15.5; Hosseinzadeh
et al. (2019) observed 67 galaxies in i with a limiting magnitude
of ∼22.5; and Tohuvavohu et al. (2019) observed 408 galaxies in u
with a limiting magnitude of 21.1. These observations correspond
to the widest/reddest, deepest, and bluest searches, respectively.

GW190425 has a distance of 159+69
−71 Mpc, corresponding to a

distance modulus of 36.01+0.78
−1.28 mag. Assuming no dust extinction

(in the MW, host galaxy, or circumstellar environment), the ob-
servations listed above have absolute magnitude limits of about
−15.0 mag in wide-field gr, −20.5 mag in wide-field J, −13.5 mag
in the deepest i, and −14.9 mag in u, with an uncertainty of ∼1 mag
depending on the distance to GW190425. Taking the distance into
account, we find that the Coughlin et al. (2019) g-, r-, and J-band
observations could detect a GW190425-like 1.4 + 2.0 M� BNS
merger to D = 46, 59, and 15 Mpc, respectively, indicating that
those observations were insensitive to this event. The Tohuvavohu
et al. (2019) u-band observations could detect a GW190425-like
1.4 + 2.0 M� BNS merger to D = 31 Mpc, again indicating that
they were not sensitive enough to detect the EM counterpart of
GW190425. The Hosseinzadeh et al. (2019) i-band observations
were sufficiently deep to detect GW190425 to ∼150 Mpc, not quite
the median distance, if observed at the time of peak luminosity.

4.3 Future searches

The community’s search for an EM counterpart to GW190425
was likely inefficient. The difference in efficiency between the
GW190425 search and the extremely successful search for the
counterpart of GW170817 is primarily caused by the physical
differences of the systems and the likely prompt collapse of the
GW190425 system to a BH. (Differences in success also likely
depended on the localization area.) This resulted in an absolute
magnitude difference in the r band (the most commonly used filter
for searching) of �Mr = 3 mag. The difference in distance between
the two events results in another 1.7–3.8 mag difference. Combined,

3This is not an assessment of the structure of the individual components.
The classification scheme used considers any system where each component
has m < 3 M� a BNS.

the EM counterpart of GW190425 was likely 5–7 mag fainter than
AT 2017gfo in the r band.

While AT 2017gfo had similar peak luminosities in all optical
bands, the EM counterpart to GW190425 was likely much redder
having r − i ≈ 1 mag at peak and r − i ≈ 2 mag at +2 d after
merger (g − i ≈ 1.5 and 5 mag at comparable times). It is therefore
likely more efficient to search in redder bands for similar events,
even at the loss of detector sensitivity.

4.4 Chemical enrichment

A BNS or NSBH merger is expected to disperse heavy, r-
process elements into its environments (Lattimer & Schramm
1974; Freiburghaus, Rosswog & Thielemann 1999). The rate
of enrichment from these events is important for understanding
galaxy evolution and if additional sources of r-process material are
necessary (e.g. Shen et al. 2015; van de Voort et al. 2015, 2019;
Naiman et al. 2018).

AT 2017gfo is often modelled as having two components, each
with different lanthanide fractions. For instance, Kilpatrick et al.
(2017) modelled AT 2017gfo as having a ‘red’ component with
Mej = 0.035 M�, v = 0.15c, and log Xlan = −2 and a ‘blue’
component with Mej = 0.025 M�, v = 0.25c, and log Xlan ranging
from −4 to −6. From this, they find a total amount of r-process
material ejected of Mr-p ≈ 0.06 M�. This value is consistent with
other estimates (Drout et al. 2017; Kasliwal et al. 2017; Smartt et al.
2017; Tanaka et al. 2017; Tanvir et al. 2017; Villar et al. 2017).

We estimate GW190425 ejected 0.01–0.04 M� of mate-
rial with log Xlan ≈ −2, similar to the ‘red’ component of
GW170817/AT 2017gfo, but substantially less than the total mass
ejected. This estimate is larger than the stringent minimum mass
required to effectively pollute low metallicity, r-process enhanced
stars (Macias & Ramirez-Ruiz 2018).

LVC20 determined the individual merger rates for ‘GW170817-
like’ and ‘GW190425-like’ events as well as a combined event
rate assuming both are drawn from the same population. Following
the procedure of Kilpatrick et al. (2017), but using the individual
rates and total ejecta masses for each event, we find a total of
5+11

−4 × 104 M� of r-process material produced in a MW-like galaxy
over 1010 yr. This amount is comparable to that estimated from the
Solar r-process abundance and total mass of stars and gas in the MW
(Grevesse, Asplund & Sauval 2007; Kafle et al. 2014), indicating
that compact-object mergers alone are sufficient for producing the
majority of r-process material in the Universe.

While GW170817 likely produced both ‘light’ (A < 140) and
‘heavy’ (A > 140) r-process material, GW190425 likely produced
primarily heavy r-process material. Using a similar argument as
above, but using the GW170817-like rate for the blue component
of GW170817 and the combined rate for the red component of
GW170817 and GW190425, we find compact-object mergers have
produced 4+12

−2 × 104 M� of light and 0.4+1.1
−0.2 × 104 M� of heavy

r-process material produced throughout the history of the MW.
Roughly 10 per cent of r-process material produced in NS mergers,
averaged over all events, is A > 140 nuclei.

Mergers that eject primarily dynamical material with low Ye are
expected to be an excellent site for actinide production, perhaps
being a way to produce the abundances seen in ‘actinide-boost’
stars (e.g. Hill et al. 2002). Notably, whatever process enriches
actinide-boost stars, it must also produce a similar abundance
pattern to the process that enriches normal low-metallicity stars
for lighter elements (Roederer et al. 2009). While GW190425-like
events may be the source of heavy elements in actinide-boost stars,
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the dynamical ejecta of NSs is expected to overproduce actinides
(although see Wanajo et al. 2014 for a nuanced examination of the
Ye distribution in the dynamical ejecta; Holmbeck et al. 2019). This
may indicate additional components to the GW190425 ejecta or
GW190425-like events being rarer in the MW than the measured
rate would imply.

4.5 Expanding the compact-object parameter space

The key observation for GW190425 is the high total mass. As we
have described in detail, the system could range from an equal-mass
BNS system with component masses of ∼1.7 M� each to an NSBH
with m1 = 2.4 M� and q = 0.5.

The NSBH scenario requires a BH significantly less massive
than the population of known MW BHs (Özel et al. 2010; Farr et al.
2011) and would exist in the ‘mass gap’. However, the mass is so
low that it is unlikely to be the result of a previous NS merger.
It therefore appears that such a scenario requires producing such
a low-mass BH from core collapse. A population of ∼2 M� BHs
are not currently predicted from most core-collapse simulations
(e.g. Ugliano et al. 2012), however stellar evolution modelling
indicates a possible pathway (Ertl et al. 2020). Further examination
of theoretical models to understand the likelihood of this possibility
is required for this scenario to be truly viable.

Additionally, there are only a few simulations of high total mass or
extreme mass ratio compact object mergers. Additional simulations
of BNS mergers from 1.6 + 1.6 M� to 1.3 + 2.1 M� and NSBH
mergers with 1.4 + 2.0 M� to 1.2 + 2.4 M� are necessary to fully
understand the properties of the GW190425 ejecta. Future GW
events may have slightly higher total mass indicating even higher
mass ratios. Extending current merger simulations to higher total
masses and more extreme mass ratios will be important for precise
modelling of this new population of binary systems.

5 C O N C L U S I O N S

The discovery of GW190425, the second likely BNS merger, was
a landmark event, unveiling a new population of binary compact
object systems not yet discovered in the MW. We can infer from
the exquisite GW data that the total system mass is significantly
different from the known population of MW BNSs.

Extending that analysis, we use astrophysical information to
further constrain the parameters of GW190425. Depending on
the exact assumptions, we can reduce the parameter space to
<30 per cent that of LVC20. We detail three relevant scenarios that
can then be used in future studies to understand the formation of the
progenitor system, focus merger models, and enhance population
studies.

If GW190425 was a BNS system where the lighter component
has a mass similar to the non-recycled NSs in MW BNS systems, we
find m1 = 2.03+0.15

−0.14, m2 = 1.35 ± 0.09, and mtot = 3.38+0.08
−0.07 M�.

Such a system would have a small mass ratio (q = 0.67+0.10
−0.08) and

a relatively high χ eff of 0.05 ± 0.03 (all uncertainties being 90th
percentile).

However, if we assume that GW190425 had a mass ratio similar
to that of MW BNS systems that merge within a Hubble time, we
find m1 = 1.70+0.17

−0.06, m2 = 1.60+0.05
−0.14, and mtot = 3.31 ± 0.05 M�.

This highly constrained system is also expected to have a small χ eff

of 0.02+0.03
−0.02.

Finally, if GW190425 was an NSBH system, we find m1 =
2.19+0.21

−0.17, m2 = 1.26+0.10
−0.08, and mtot = 3.46+0.13

−0.09 M�. This system

requires a relatively extreme mass ratio of q = 0.57+0.10
−0.08 and a

relatively high χ eff of 0.07+0.04
−0.03.

Regardless of the exact scenario, we expect the remnant to either
already be a BH or promptly collapse to a BH. Again, regardless of
the system, we expect ∼0.03 M� of lanthanide-rich ejecta. Using
updated event rate estimates and these ejecta characteristics, we
find that compact-object mergers produce a significant fraction –
and perhaps essentially all – r-process material in the Universe.

The expected kilonova associated with GW190425 is expected
to have similar NIR properties as AT 2017gfo, but should be
significantly fainter in the optical. As a result, we believe essentially
no follow-up observation obtained to find the EM counterpart was
constraining.

Optical/infrared searches could choose appropriate filters and
adjust exposure times to optimally search for GW170817-like and
GW190425-like events if LVC promptly released the chirp mass. A
reliable estimate is available during the initial analysis (Biscoveanu,
Vitale & Haster 2019) and would significantly improve chances of
detecting counterparts while improving the efficiency of observato-
ries.
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