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ABSTRACT
We report on the impact of a probabilistic prescription for compact remnant masses
and spins on massive binary population synthesis. We find that this prescription pop-
ulates the putative mass gap between neutron stars and black holes with low-mass
black holes. However, evolutionary effects reduce the number of X-ray binary candi-
dates with low-mass black holes, consistent with the dearth of such systems in the
observed sample. We further find that this prescription is consistent with the forma-
tion of heavier binary neutron stars such as GW190425, but over-predicts the masses
of Galactic double neutron stars. The revised natal kicks, particularly increased ultra-
stripped supernova kicks, do not directly explain the observed Galactic double neutron
star orbital period–eccentricity distribution. Finally, this prescription allows for the
formation of systems similar to the recently discovered extreme mass ratio binary
GW190814, but only if we allow for the survival of binaries in which the common en-
velope is initiated by a donor crossing the Hertzsprung gap, contrary to our standard
model.

1 INTRODUCTION

Rapid binary population synthesis models rely on simpli-
fied prescriptions to enable computationally efficient mod-
elling of a large set of binaries under a range of assumptions
about stellar and binary evolution. Recipes for predicting
the masses and natal kicks of neutron stars or black holes
left behind at the end of massive stellar evolution include
models by Hurley et al. (2000); Hobbs et al. (2005); Bel-
czynski et al. (2008); Fryer et al. (2012); Spera et al. (2015);
Müller et al. (2016); Bray & Eldridge (2016, 2018); Patton
& Sukhbold (2020). Recently, Mandel & Müller (2020) pro-
posed a new set of prescriptions, derived from first-principle
3-dimensional supernova simulations and parametrised sim-
plified models. These new recipes are probabilistic (see, e.g.,
Clausen et al. 2015) in order to account for the stochastic
nature of stellar evolution and supernovae. They also self-
consistently couple the remnant mass and kick recipes.

Here, we investigate the impact of these prescriptions on
the evolution of massive stellar binaries using the COMPAS
(Compact Object Mergers: Population Astrophysics and
Statistics) rapid binary population synthesis suite (Steven-

son et al. 2017; Vigna-Gómez et al. 2018). Unless specified
otherwise, we follow the default prescriptions from these pa-
pers, except for using the Mandel & Müller (2020) recipes
for compact remnant masses and kicks, with the default pa-
rameters from Table 1 in that paper. Unless specified oth-
erwise, we consider solar metallicity (Z = 0.014, Asplund
et al. 2009). We do not allow donors that are crossing the
Hertzsprung gap to survive a common-envelope phase (“Pes-
simistic” model of Belczynski et al. 2008), and we assume
that any binaries that would experience Roche-lobe over-
flow immediately after ejecting the common envelope would,
in fact, merge during this phase. When discussing double
compact-object binaries, we select only those that will merge
within the approximate current age of the Universe, 14 Gyr,
through gravitational-wave emission.

2 MASS GAP AND BLACK-HOLE X-RAY
BINARIES

Observations of Galactic neutron stars suggest a likely max-
imum mass of ≈2.1–2.2 solar masses (Antoniadis et al. 2016;
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Alsing et al. 2018; Farr & Chatziioannou 2020). This is
consistent with the maximum stable neutron star mass in-
ferred from observations of the double neutron star merger
GW170817 (Margalit & Metzger 2017) and the maximum
theoretically possible mass without relying on exotic matter
(e.g., Lattimer 2012). On the other hand, masses of black
holes in black hole X-ray binaries are consistent with a min-
imal mass of ≈ 4.5–5 solar masses (Özel et al. 2010; Farr
et al. 2011). This led to the conjecture of a mass gap be-
tween neutron stars and black holes, and the emergence of
remnant mass models that enforced such a mass gap, e.g.,
the “Rapid” model of Fryer et al. (2012).

However, more recent evidence indicates that the puta-
tive mass gap is at least partly populated. Microlensing ob-
servations hint at a population of dark remnants in the mass
gap (Wyrzykowski & Mandel 2020). Several recent observa-
tion point to non-interacting binaries with dark companions
that are likely to fall in the mass gap (e.g., Thompson et al.
2019). The best-measured compact object in the mass gap
is the lighter companion in the recent gravitational-wave ob-
servation GW190814, with a mass of 2.59+0.08

−0.09 M� (Abbott
et al. 2020). On the other hand, supernova models suggest
that the remnant mass range of the mass gap could be rea-
sonably well populated (e.g., Ertl et al. 2020; Chan et al.
2020).

Therefore, to satisfy the available evidence, a remnant
mass model must both populate the mass gap and be con-
sistent with the dearth of observations of black hole X-ray
binaries with low-mass black holes. Mandel & Müller (2020)
demonstrated that, following their remnant mass prescrip-
tion, a population of single stars drawn from the initial mass
function will populate the mass gap with compact remnants;
this would, for example, explain the microlensing observa-
tions. We will return to merging compact-object binaries
and gravitational-wave sources in Section 4. Here, we con-
sider the impact of the Mandel & Müller (2020) remnant
mass and kick model on X-ray binary predictions.

We identify any binaries in which one star collapses into
a black hole while the companion is non-degenerate as po-
tential X-ray binaries. In our binary population synthesis
models, the most typical companion at the time the black
hole is formed (in more than 80% of such systems) is a main-
sequence star of above 3 solar masses (i.e., O or B star).

Approximately a fifth of all black holes formed in bi-
naries with a non-degenerate companion are low-mass black
holes, which we define as having a mass between 2 and 4
solar masses. At first glance, this would suggest that around
a fifth of black-hole X-ray binaries should host low-mass (or
mass-gap) black holes.

However this does not account for the disruption of bi-
naries due to mass loss during a supernova or natal kicks.
The birth of low-mass black holes is accompanied by the
highest amount of mass loss and, in the Mandel & Müller
(2020) models (see also Fryer et al. 2012; Bray & Eldridge
2016, 2018; Giacobbo & Mapelli 2020), the largest natal
kicks. Consequently, binaries with low-mass black holes are
the most likely to be disrupted by supernovae, as shown in
Figure 1. In fact, while the vast majority (≈ 97%) of binaries
that form ≥ 5 M� black holes survive the first supernova,
only just over a third of binaries that form low-mass black
do so. Therefore, only around 8% of surviving black-hole

Figure 1. Mass distribution of black holes at formation in bi-

naries where the companion is a non-degenerate star. The two

distributions show all binaries, including those disrupted by the
supernova (dashed) and those binaries that survive the black hole

formation and associated kick (solid). The shaded region indicates

low-mass (mass-gap) black holes. Simulations at Z� are shown.

X-ray binary progenitor candidate binaries host low-mass
black holes.

Thus, only one or two of the 20 black-hole X-ray binaries
with well-measured masses analysed by Farr et al. (2011)
should be expected to host a black hole in the putative mass
gap. At least one of those binaries may, in fact, be consistent
with a low-mass black hole once possible measurement biases
are accounted for (Kreidberg et al. 2012). Even if none are, it
is hardly surprising: the probability of this is (1− 0.08)20 ≈
19%.

We only considered potential X-ray binaries and inten-
tionally avoided the discussion of observability, since that
would require further assumptions to be made on the du-
ration and luminosity of X-ray emission. However, it is not
unreasonable to expect that observational selection effects
would further diminish the contribution of X-ray binaries
with low-mass black holes to the observed sample. For exam-
ple, not surprisingly, a higher fraction of potential systems
with low-mass black holes have companions more massive
than the black hole after the supernova. These would then
be detectable as high-mass wind-fed X-ray binaries, which
are shorter-lived than stably mass transferring low-mass X-
ray binaries. At the very least, the expected maximum Ed-
dington luminosity is lower for low-mass black holes.

3 DOUBLE NEUTRON STARS

Multiple binary population synthesis studies explored the
observed properties of Galactic double neutron star systems,
including Portegies Zwart & Yungelson (1998); Os lowski
et al. (2011); Andrews et al. (2015); Tauris et al. (2017);
Shao & Li (2018); Vigna-Gómez et al. (2018); Kruckow et al.
(2018). However, while most of these studies are able to re-
produce individual binaries, they struggle to accurately re-
produce the distribution of the properties of neutron star
binaries in the population. In particular, models struggle
to match the observed distribution of double neutron star
masses (e.g., Tauris et al. 2017; Vigna-Gómez et al. 2018;
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Figure 2. Chirp mass distribution of double neutron stars formed

at solar metallicity and merging within 14 Gyr. The black lines

indicates the chirp masses of Galactic double neutrons; the red
line indicates the chirp mass of GW190524.

Kruckow 2020) and eccentricities (e.g., Ihm et al. 2006;
Chruslinska et al. 2017; Andrews & Mandel 2019; Chat-
topadhyay et al. 2020). Unfortunately, the stochastic rem-
nant mass and kick recipe (Mandel & Müller 2020) is not
able to resolve the discrepancy between predictions and ob-
servations without further modifications to the model as-
sumptions.

In almost half of merging double neutron stars in
our simulations, the first-born neutron star is formed in
an electron-capture supernova, giving it a birth mass of
1.26 M�. Subsequent Eddington-limited accretion raises its
mass by no more than 0.001 M�, producing a sharp peak
in the model distribution which is not seen in observations.
This suggests that, contrary to our models, there is either
a broader range of electron-capture supernova birth masses,
or significant super-Eddington accretion, perhaps during the
common-envelope phase (e.g., MacLeod & Ramirez-Ruiz
2015) or during mass transfer from a post-He-main-sequence
secondary onto the neutron star primary (case BB mass
transfer, Dewi & Pols 2003).

Moreover, we find that the chirp mass, defined as
Mc = m

3/5
1 m

3/5
2 (m1 + m2)−1/5, where m1,2 are the indi-

vidual neutron star masses, is generally over-predicted by
the model relative to the observations. Figure 2 shows the
predicted chirp mass distribution of merging neutron stars.
Almost half of all simulated systems have a chirp mass higher
than that of PSR J1913 + 1102, the Galactic system with
the highest chirp mass among the nine systems with pre-
cisely measured masses. The probability of this happening
by chance (ignoring any selection effects, cf. Chattopadhyay
et al. 2020) is only 0.2%. One possible correction is that
binary evolution changes the compactness of the core, lead-
ing to a reduced remnant mass relative to single stars with
the same carbon-oxygen core mass for which the Mandel
& Müller (2020) model was calibrated. This could reduce
the predicted masses by a few hundredths of a solar mass,
bringing them into closer agreement with observations.

On the other hand, we find that massive binaries such as
GW190425, a binary neutron star merger with a chirp mass
of 1.44 ± 0.02 M�, could be generically produced through

binary population synthesis. Among all merging binary neu-
tron stars in our models, 5% have a chirp mass exceed-
ing 1.42 M� at solar metallicity, rising to 10% at 0.1 Z�.
This increases to 8% (14%) at Z� (0.1 Z�) after account-
ing for gravitational-wave selection effects, which scale as
M2.5

c since the detection range scales as M5/6
c . There is

then a ≈ 15% (24%) probability that one of two reported
gravitational-wave binary neutron stars is as massive as
GW190425 (the other, GW170817 (Abbott et al. 2017), had
a mass similar to Galactic double neutron stars). We thus
do not find the need to resort to alternative models (e.g.,
Romero-Shaw et al. 2020; Safarzadeh et al. 2020) to explain
GW190425; see Vigna-Gómez, Ramirez-Ruiz and Mandel (in
prep.), for more details.

Andrews & Mandel (2019) argued that the default
model of binary evolution will naturally struggle to repro-
duce the observed bi-modal distribution of eccentricities of
short-period Galactic double neutron stars. The peak around
eccentricity 0.1 is consistent with ultra-stripping during case
BB mass transfer. This leaves behind a low-mass star that
easily explodes in an ultra-stripped supernova with limited
mass loss and without significant asymmetry, giving rise to
reduced kicks (Tauris et al. 2015). However, it is challeng-
ing to explain the cluster of three Galactic binary neutron
stars, including the Hulse-Taylor binary B1913+16, with ec-
centricities around 0.6, since such systems should have also
experienced ultra-stripped supernovae, or the absence of ob-
served binaries with intermediate eccentricities.

The stochastic kick model of Mandel & Müller (2020)
does not treat ultra-stripped supernovae separately from
other supernova types. Instead, the kick is proportional to
the mass of the carbon-oxygen core ejected during the su-
pernova, which characterises the asymmetric ejection of lin-
ear momentum, and inversely proportional to the remnant
mass. This reduces the ultra-stripped supernova kick rela-
tive to typical core collapse supernovae, and puts it in line
with low-mass iron core collapse (Podsiadlowski et al. 2004;
Müller et al. 2018; Stockinger et al. 2020). It nevertheless
allows for median natal kicks of . 200 km s−1 for ultra-
stripped stars, significantly greater than the 30 km s−1 ultra-
stripped supernova kicks assumed in previous studies such
as Vigna-Gómez et al. (2018).

We may thus expect binary population synthesis based
on the Mandel & Müller (2020) models to predict a broader
range of eccentricities for short-period neutron stars, and
that is indeed what we see in Figure 3. We find a broad,
relatively flat distribution of eccentricities of merging dou-
ble neutron stars, both at birth and after 100 Myr of orbital
decay through gravitational-wave emission, a typical spin-
down age for mildly recycled pulsars in the observed sam-
ple. However, the modelled distribution does not show two
clusters at eccentricities near 0.1 and 0.6 that appear in the
observed population. Moreover, the low-eccentricity popula-
tion is depleted relative to Vigna-Gómez et al. (2018) mod-
els by the increased ultra-stripped supernova kicks. We thus
conclude that there is missing physics in the model if, in fact,
all observed field double neutron stars are formed through
the isolated binary evolution channel. One possibility could
be the impact of incomplete stripping of the hydrogen en-
velope during earlier evolutionary phases and enhanced en-
velope re-expansion after the end of core helium burning in
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Figure 3. Period-eccentricity distribution of double neutron stars

merging within 14 Gyr at the moment of formation (open blue

circles) and after the passage of 100 Myr (green solid circles –
note that merged systems no longer appear on the plot). Merg-

ing field Galactic double neutron stars are shown with burgundy

diamonds.

partially stripped stars (Götberg et al. 2017; Laplace et al.
2020).

4 MERGING BINARIES

Finally, we consider predictions for merging compact-object
binaries. Table 1 summarises the predicted yields per million
solar masses of star formation at two metallicities: solar and
a tenths of solar. We separately highlight the formation of
merging (within 14 Gyr) neutron star – black hole binaries
and binary black holes that include a low-mass (mass-gap)
black hole as one of the companions.

The overall yields are broadly consistent with previous
COMPAS studies, such as Neijssel et al. (2019). As in that
study, we find that binaries involving neutron stars are rela-
tively insensitive to metallicity (but see Laplace et al. 2020).
Meanwhile, metallicity has a very large impact on the pro-
genitors of binary black holes which suffer from strong winds
at high metallicity, reducing the binary mass and widening
the binary so much that it can no longer merge. This is com-
pounded by the impact of metallicity on the radial expansion
of massive stars, with a reduced window for radial growth
during core helium burning that is necessary to tighten the
binary through a survivable common envelope in the COM-
PAS models (e.g., Klencki et al. 2020), leading to an order-
of-magnitude reduction in the yield of merging binary black
holes at Z� relative to 0.1Z�. We do find increased binary
black hole yields at both Z� and 0.1Z� with the Mandel &
Müller (2020) remnant mass kick prescription relative to the
Fryer et al. (2012) ‘Delayed’ prescription.

The recently published gravitational-wave discovery
GW190814 is a signal from the merger of a ≈ 2.6 M� com-
pact object, which we assume to be a black hole, with a
≈ 23 M� black hole (Abbott et al. 2020). This source is
challenging to form in sufficient quantities through isolated
binary evolution (Zevin et al. 2020), and alternative models
have been proposed ranging from formation in young stel-
lar clusters (Rastello et al. 2020) to less standard models

such as strong lensing (Broadhurst et al. 2020) or growth
by accretion from a circumbinary ring (Safarzadeh & Loeb
2020).

We also struggle to reproduce this source, despite nat-
urally allowing for black holes with the right masses. While
binary black holes with unequal mass ratios are common in
our simulations, with a median mass ratio of 0.5 and mass
ratios below 0.3 in more than 20% of merging binaries at Z�,
only 2% of merging binary black holes at Z� have mass ra-
tios below 0.2, and none are as extreme as GW190814. This
does not appreciably change at 0.1Z�, and while the over-
all yield of merging binary black holes increases more than
ten-fold, the yield of binary black holes including a low-mass
companion is almost unchanged with our default settings.

We can reproduce systems like GW190814 at 0.1Z�
if we allow Hertzsprung-gap donors to survive common-
envelope evolution. In that case, we find a number of systems
similar to Channel B of Zevin et al. (2020). For example, a
binary with initial masses of approximately 40 and 30 M� at
a separation of . 30R� undergoes conservative mass trans-
fer while both stars are still on the main sequence, with
mass ratio reversal gradually leading into continuing stable
mass transfer from the Hertzsprung gap primary, widening
the binary. In the model of Hurley et al. (2000), the primary
is left with a sufficiently low-mass core to ultimately leave
behind a 2.6 M� black hole, although population synthesis
models may under-predict the masses of stripped donor stars
that engaged in mass transfer on the main sequence. Mean-
while, the secondary evolves off the main sequence and, as a
Hertzsprung gap donor, initiates dynamically unstable mass
transfer onto the primary. After the binary is hardened by
ejecting the common envelope, the secondary collapses into
a 23 M� black hole. While the survival of common-envelope
evolution initiated by a Hertzsprung gap donor is inconsis-
tent with our default model, this mass transfer could, in fact,
be dynamically stable based on updated models of the radial
response of Hertzsprung-gap donors to mass loss (Ge et al.
2020); see Neijssel et al. (in prep.) for further discussion.
Since the secondary is significantly more massive than the
primary, and Eddington-limited mass transfer onto a black
hole is expected to be almost completely non-conservative,
such stable mass transfer could harden the binary sufficiently
to allow gravitational-wave emission to drive it to merger
within 14 Gyr.

5 CONCLUSION

We investigated the impact of a probabilistic recipe for neu-
tron star and black hole masses and kicks (Mandel & Müller
2020) on massive binary evolution. We found that, as ex-
pected, this recipe produces binaries with low-mass black
holes in the putative mass gap, consistent with the latest ob-
servations, including GW190814. At the same time, the nat-
ural coupling of the remnant kicks and masses helps explain
the dearth of low-mass black holes in observed black-hole X-
ray binaries. The recipe is consistent with the formation of
more massive binary neutron stars such as GW190425. How-
ever, we continue to struggle to explain the mass distribu-
tion and period–eccentricity distribution of Galactic double
neutron stars, indicating a shortcoming in binary evolution
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Binaries Yield, ×10−6 M−1
�

at Z� at 0.1 Z�
Binary neutron stars 4.6 4.8
Black hole – neutron star binaries (all) 11 10
— with 2 M� < MBH ≤ 4 M� 3.1 3.1

Binary black holes (all) 5.8 69
— with 2 M� < min(MBH) ≤ 4 M� 3.9 4.2

Table 1. Yields of compact-object binaries that will merge in 14 Gyr per million solar masses of star formation.

models or the presence of multiple formation channels for
these systems.
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