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ABSTRACT

In its third observing run, the LIGO/Virgo collaboration has announced a potential neutron star-black
hole (NSBH) merger candidate, GW190426 152155. Together with GW190814, these two events
belong to a class of binaries with a secondary mass less than 3 M⊙. While the secondary system
in GW190426 152155 is consistent with being a neutron star with a mass of 1.5+0.8

−0.5 M⊙, that of

GW190814 is a 2.59+0.08
−0.09 M⊙ object and counts as the first confirmed detection of a mass-gap object.

Here we argue that these two events could have a common origin as follows: both are formed as NSBH
systems; however, the larger escape velocity of a system with more massive primary BH increases the
bound fraction of the ejecta material from the supernova explosion leading to the formation of a NS.
This bound material forms a disk, which is preferentially accreted onto the NS. This scenario predicts
the secondary component mass should correlate with the primary component mass, which is consistent
with GW190426 152155 and GW190814. If this hypothesis is corroborated by upcoming observations,
GW190814-like events can be excluded from the binary black hole population when inferring their
global characteristics.
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1. INTRODUCTION

The LIGO/Virgo collaboration recently released the
detected gravitational-wave events in the first half of
their third observing run (Aasi et al. 2015; Acernese
et al. 2015; Abbott et al. 2020c,d) One notable system
is the neutron star-black hole (NSBH) merger candi-
date, GW190426 152155, with primary (secondary) com-
ponent masses of m1 = 5.7+0.4

−2.3 (m2 = 1.5+0.8
−0.5) M⊙. Al-

though the false alarm rate of this system is the highest
(FAR ≈ 1.4 yr−1), it is still possible for this event to have
an astrophysical origin.
Together with GW190814 (Abbott et al. 2020b)

which has primary (secondary) component masses of
m1 = 23.2+1.1

−1.0 (m2 = 2.59+0.08
−0.09) M⊙, these two GW

events constitute systems with the lowest mass ra-
tios, with q = 0.112+0.008

−0.009 (0.26+0.41
−0.15) for GW190814

(GW190426 152155), where mass ratio is defined as q =
m2/m1. In fact, the very low mass ratio of GW190814
makes this GW event an outlier in the entire population
studied so far (Abbott et al. 2020d), with its secondary
being the first confirmed detection of a mass-gap object.
Mass-gap objects are compact objects with masses be-
tween 2–3 M⊙ that are either the most massive NSs or

the least massive BHs (Bailyn et al. 1998; Özel et al.
2010; Farr et al. 2011). Is it possible these systems have
a common origin?
Different formation mechanisms have been proposed

for the formation of GW190814 such as in AGN disks

(Yang et al. 2020), from hierarchical mergers (Safarzadeh
et al. 2020a; Liu & Lai 2020; Lu et al. 2021), common en-
velope evolution (Zevin et al. 2020), population III stars
(Kinugawa et al. 2020) or consistent with being a NS-BH
system (Han et al. 2020). Safarzadeh & Loeb (2020) ar-
gued that GW190814 could have formed as an NSBH
system; however, due to the presence of a very mas-
sive primary BH companion, when the secondary star
exploded and left an NS behind, a fraction of the ejecta
from this explosion could have remained bound to the
binary. This comes as a result of the increased escape
velocity of the binary due to the gravitational pull of the
massive primary BH companion given by:

vesc =

(

2GMBH

a

)1/2

, (1)

where a is the orbital separation between the newly
formed NS and the BH. The bound material forms a cir-
cumbinary disk, but it will be the NS that accretes from
the disk and grows its mass from about 1.4 to about 2.6
M⊙. In this scenario, the bound fraction of the ejecta
material depends on the primary BH mass. Therefore,
less massive primary companions would not lead to sig-
nificant changes to the final mass of the newly born NS.
In this letter, we show that if GW190426 152155 is in-

deed a real NSBH GW event, the component masses of
these two systems are in line with the above interpreta-
tion. The structure of this letter is as follows: in §2, we
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briefly discuss how to compute the bound ejecta fraction
from a supernova explosion depending on the primary
component mass of a binary system. In §3, we show the
expected trends from this model and discuss how these
two low mass ratio events agree with the model, and in
§4, we discuss the caveats of the models and plans for
future works.

2. METHOD

To estimate the fraction of bound material to a bi-
nary after a supernova explosion, we need to know the
velocity profile of the ejecta material and estimate what
fraction of the total ejecta material is moving with speeds
less than the escape velocity of the binary. The details
of this calculation are presented in Safarzadeh & Loeb
(2020), and here we just briefly summarize it. The for-
malism is based on the results of (Truelove & McKee
1999) and reformulated in (Suzuki & Maeda 2017). The
ejecta material is considered to be expanding in a homol-
ogous fashion. It has a power-law distribution of density
(ρ) in velocity space transition with slopes changing from
inner to outer part denoted by m and n. The ejecta mass
with velocity less than v is given by:

M(< v)=

∫ vt

0

4πR2ρ(t, R)dR

=











f3Mej

3−m

(

v
wcvej

)3−m

, for v ≤ wcvej,

f3Mej

3−n

[

(

v
wcvej

)3−n

− n−m
3−m

]

, forwcvej < v.
(2)

with a numerical factor fl given by,

fl =
(n− l)(l −m)

n−m− (l −m)wn−l
c

, (3)

and the ejecta velocity vej given by:

wcvej =

(

2f5ESN

f3Mej

)1/2

. (4)

The parameter wc indicates the location of the inter-
face between the inner and outer ejecta in the velocity
coordinate. Following the two zone modeling of the SN
ejecta in Suzuki & Maeda (2017) which explored the cor-
responding parameter ranges of m ∈ (0, 2), n ∈ (9, 12),
and wc ∈ (0.1, 0.3), in this work we set wc = 0.2, and
n = 10 while investigating variations in m.
The ejected material will subsequently form a cir-

cumbinary accretion disk; however, this material will get
preferentially accreted onto the smaller compact object
of the binary as shown in hydrodynamical simulations
of circumbinary accretion disks around asymmetric bi-
naries (e.g., D’Orazio et al. 2016; Duffell et al. 2020).
The relative ratio of the accreted material between the
two components given by the following fitting formula:

δm2

δm1
=

1

0.1 + 0.9q
, (5)

where q = m2/m1 is the mass ratio of the binary. There-
fore, the final component masses of the binary are in-

creased from their initial value by:

mf
2 = mi

2 +Mbound

(

1

1.1 + 0.9q

)

, (6)

and

mf
1 = mi

1 +Mbound

(

1−
1

1.1 + 0.9q

)

, (7)

where Mbound = M(< vesc). In all these calculations
we assume mi

2 = 1.4 M⊙, and we assume a range for
mi

1 ∈ (1.4, 40) M⊙. Moreover, we have applied an ef-
ficiency of 80% to the calculations to account for the
velocity boost of the ejecta due to the orbital velocity
of the pre-supernova star leading to the formation of the
NS (Safarzadeh & Loeb 2020).

3. RESULTS

Figure 1 shows the expected relation between the to-
tal mass and mass ratio of NSBH binaries assuming dif-
ferent supernova explosion energy and ejected material
mass. For each choice, we vary the initial separation of
the binary between amin = 1 R⊙ to amax which is set
by requiring the merging timescale due to the emission
of GWs to be less than Hubble time (tH) for a binary
consist of a MNS = 1.4 M⊙ NS and a primary BH given
by (Peters 1964):

tH =
5

256

c5

G3

a4max

(MBHMNS)(MBH +MNS)
, (8)

where c is the speed of light, G is the Newton constant.
Top panels of Figure 1 show the case assuming ESN =

1050erg/s and showing two cases of Mej = 2 M⊙ (blue
shaded region) and Mej = 3 M⊙ (red shaded region).
Bottom panels of Figure 1 show the same but with higher
SN explosion energy of ESN = 1051erg/s and larger
ejecta mass of Mej = 4 M⊙ (blue shaded region) and
Mej = 5 M⊙ (red shaded region). Top left and top
right panels differ on the adopted value for m indica-
tive of the inner slope of the ejecta profile. The black
dashed lines show the case assuming Mej = 0, meaning
turning off this mechanism. In each panel, the contours
show the posteriors on the mass ratio and total mass of
GW190426 152155 and GW190814 assuming IMRPhe-
nomNSBH waveform model, taken from the GWTC-2
data release (LIGO Scientific Collaboration and Virgo
Collaboration 2020a). The same is observed if we plot
the posteriors from another NSBH waveform, such as
SEOBNRv4-ROM-NRTidalv2-NSBH. We note that a
higher supernova explosion should be compensated by
larger ejecta material mass since a smaller fraction of
the ejecta material remains bound to the binary as ESN

is increased. The range of supernova explosion energies
and the ejecta mass from the pre-supernova He star that
we have explored in this work agrees with the expected
values from numerical simulations (e.g., Ertl et al. 2020)
which find explosion energies between (0.2 − 2) × 1051

erg (see their Figure 14) , and ejecta masses between
(1− 5) M⊙ (see their Figure 15).
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stronger predictive power as the envelope is more con-
strained between different assumptions going into the
model in terms of the supernova energy or ejecta mass.

4. DISCUSSION

While the observed location of the two low-mass ratio
GW events either in mass ratio and total-mass or primary
and secondary component mass plane agree with the
circumbinary accretion scenario discussed in this work,
more data is required to confidently study the suggested
correlations. Moreover, we did not discuss the timescale
for the accretion of the material from the circumbinary
accretion disk that, in some cases, would require hyper
Eddington accretion rates. If we want to avoid such
cases, the model would prefer ESN = 1050erg/s (Sa-
farzadeh & Loeb 2020).
One other consequence of this model is that the sec-

ondary component’s spin magnitude should increase if its
mass has increased in the accretion process. For example,
Most et al. (2020) interpret the secondary of GW190814
to be a highly spinning NS, which would agree with
the formation scenario discussed in this work. As such,
the spin of the NS with more massive BH companions
should be significant, which agrees with the estimates of
0.49+0.08

−0.05 < a < 0.68+0.11
−0.05. We note that in the calcu-

lations we preformed to predict the χeff of GW190814
through accretion, the spin of the secondary for bina-
ries with effective spin below 0.06 is exactly between
0.45 < a < 0.62 or 0.5 < a < 0.66 (for the two models
shown in Figure 3) which agrees with the values reported
in Most et al. (2020).
We emphasize that this correlation is unique to this

proposal. Formation of massive NSs or mass-gap object
through fall-back accretion is also predicted to take place
(e.g., Sukhbold et al. 2018). Although in the fall-back ac-
cretion scenario the more massive secondary is expected
to have a larger spin magnitude similar to the model dis-
cussed in this work, in the fall-back model the mass of the
secondary should be independent of its companion pri-
mary BH mass. Therefore, with future data, the evidence
for or lack thereof a correlation between the primary and
secondary mass can differentiate between the circumbi-
nary accretion model that we advocate in this work and
the fall-back model. Alternatively, detection of a merger
between two mass-gap compact objects would not be
easily accommodated within the model discussed in this
work. Likewise would be a merger between a mass-gap
object with a NS. Such GW events would point to the
formation of mass-gap objects directly from the fall-back

supernova and not accretion from a circumbinary disk.
Moreover, in this work we have not modeled the impact
of the NS progenitor’s gravity itself on the ejecta mate-
rial, but regardless the material would get preferentially
accreted on to the NS in a highly asymmetric binary.
In this work, we did not extend this proposal to explain

GW190425 (Abbott et al. 2020a) since the event is likely
to be a binary neutron star merger despite its disputed
origin (e.g., Safarzadeh et al. 2020b). However, if the
system is an NSBH, the implied low mass of the BH in
this system would not be large enough to affect the ejecta
from the formation of the NS. Therefore the component
masses of the system should have remained close to their
birth value.
We also did not extend this proposal to explain

GW190412 (The LIGO Scientific Collaboration et al.
2020), which is an asymmetric binary black hole (BBH).
BHs are capable of being born with a much wider range
of masses than NSs. So while they could, in principle,
undergo this same process, the effect will be washed out
by the uncertain natal mass.
We also note that if this scenario is at work and

is confirmed with future data, GW events similar
to GW190814 can be safely excluded from the BBH
population when inferring the global characteristics of
BBHs. For example, excluding this event from the
BBH population leads to inferring a BBH merger rate
of RBBH = 23.9+14.9

−8.6 Gpc−3yr−1 while including this
event in the analysis would raise the merger rate to
RBBH = 58+54

−29Gpc−3yr−1(Abbott et al. 2020d). Simi-
larly, considering this event in the BBH population has
large implications on the lower BH mass.
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APPENDIX

A. POPULATION INFERENCE

To measure the intrinsic, selection bias-free slope shown in Figure 4, we use a hierarchical Bayesian model, as
described in Wysocki et al. (2019). The population likelihood over the merger rate (R), slope (A), and intercept (B)
is given by

L(A,B,R) ∝ e−µ(A,B,R)
Ndet
∏

i=1

∫

ℓi(m1,m2)R p(m1,m2|A,B) dm1 dm2. (A1)
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µ is the average number of detections we would detect during our survey if our candidate population (A,B,R)
were correct. We assume a detection is made if it would produce an SNR of 8 in one detector. We approximate an
O3a-scale detector by using the Advanced LIGO 140 Mpc range noise curve (LIGO Scientific Collaboration and Virgo
Collaboration 2020b).
The rest of the likelihood is a product over each of our Ndet detections. Each factor in the product is a population-

weighted average over the marginalized likelihood for one of our detections, ℓi(m1,m2). Under our chosen population
model, described in §3,

p(m1,m2|A,B) ∝

{

m−2.35
1 δ(m2 − (Am1 +B)), if m1 ∈ [4, 50] M⊙

0, otherwise.
(A2)

We cannot evaluate the probability density function numerically—since it contains a delta function—but we can still
draw samples from it. Therefore, we approximate the integral by Monte Carlo

∫

ℓi(m1,m2)R p(m1,m2|A,B) dm1 dm2 ≈
1

Nsamples

Nsamples
∑

j=1

R ℓi(m1,j ,m2,j), (A3)

where m1,j is drawn from a distribution proportional to m−2.35
1 , and m2 = Am1 +B. The LIGO/Virgo collaboration

released posterior samples for each detection, but not the marginalized likelihoods that we need. However, the posteriors
for GW190814 and GW190426 152155 are approximately Gaussian, and the priors on m1 and m2 are approximately
uniform, so we approximate the marginal likelihood by fitting a Gaussian to the posterior samples, taking the sample
mean and covariance.
Now able to evaluate the population likelihood, we use Bayes’ theorem to evaluate the posterior, p(A,B,R|data) ∝

π(A,B,R)L(A,B,R). We assume the prior is uniform over all three parameters. Finally, we draw samples from this
posterior distribution, using the Goodman and Weare’s affine invariant Markov chain Monte Carlo (MCMC) ensemble
sampler (Goodman & Weare 2010), with the Emcee Python package (Foreman-Mackey et al. 2013).
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