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Abstract
The Laser Interferometer Gravitational-Wave Observatory (LIGO)-Virgo collaboration recently reported the

0.06

properties of GW190412, a binary black hole merger with unequal component masses (mass ratio 0.257( (5 when
using the EOBNR PHM approximant) and a non-vanishing effective spin aligned with the orbital angular
momentum. They used uninformative priors to infer that the more massive black hole had a dimensionless spin
magnitude between 0.17 and 0.59 at 90% confidence. We argue that, within the context of isolated binary
evolution, it is more natural to assume a priori that the first-born, more massive black hole has a negligible spin,
while the spin of the less massive black hole is preferentially aligned with the orbital angular momentum if it is
spun up by tides. Under this astrophysically motivated prior, we conclude that the lower mass black hole had a
dimensionless spin component between 0.64 and 0.99 along the orbital angular momentum.

Unified Astronomy Thesaurus concepts: Stellar mass black holes (1611); Gravitational waves (678); Compact

binary stars (283)

1. Introduction

Gravitational waves from the coalescence of two black holes,
GW190412, were detected by the advanced Laser Interferom-
eter Gravitational-Wave Observatory (LIGO; Aasi et al. 2015)
and Virgo gravitational-wave observatory (Acernese et al.
2015) on 2019 April 12 (Abbott et al. 2020). The data were
analyzed with a range of gravitational waveform models. In all
cases, the data point to a significantly asymmetric mass ratio,
with a heavier (primary) black hole of roughly 30 solar masses
and a lighter (secondary) black hole of less than 10 solar
masses. Moreover, this is one of the few systems detected so
far with a clearly non-negligible spin. The effective spin is
defined as

(myx; + max,) - L
Xeff = ]X] 2X2 , (1)
ny + my

where m; and m, are the primary and secondary masses, X and
x> are the  corresponding  dimensionless  spins

O<x;=Ixl <1),and L is the unit vector along the orbital

angular momentum. It is inferred to be X ;4 = 0.28100% (here

and below, median and bounds of 90% credible interval) when
using the EOBNR PHM (effective one-body calibrated to
numerical relativity incorporating precession and higher multi-
poles) approximant (Ossokine et al. 2020). We quote results for
this approximant throughout this Letter.

Unfortunately, this is the only spin combination that is
readily measurable with gravitational-wave observations. A
measure of the spin component in the orbital plane, X, is very
poorly constrained: Abbott et al. (2020) reported that there is
only tentative evidence for a non-zero X, as the signal-to-noise
ratio of the excess power due to precession overlaps with the
expectation from random noise fluctuations (see Figure 6 of
Abbott et al. 2020). While high values of x,, are disfavored by

the data, low values only appear to be ruled out by the chosen
prior (see Figure 5 of Abbott et al. 2020). It is impossible to
directly measure the magnitudes of individual spins or their tilt
angles relative to the orbital angular momentum from the
combination Y. alone. Any such attempts are therefore very
sensitive to a priori assumptions about the plausible distribu-
tions of these properties, which enter the analysis as priors.

Abbott et al. (2020) assumed priors that were uniform in
component spin magnitudes x; and isotropic in the directions,
i.e., uniform in the cosine of the tilt angles ¥; - L. From this,
they infer that the primary must be relatively rapidly spinning,
with a spin magnitude x; = 0.467012, while the spin of the
secondary is not constrained. We argue in Section 2 that our
best understanding of stellar and binary evolution suggests a
different prior, in which the primary black hole is not
significantly spinning while the secondary’s spin may be large
but must be preferentially aligned with the orbital angular
momentum. In Section 3, we re-weight the posterior samples of
Abbott et al. (2020) to infer that the secondary’s spin has a
projection of X, - L= 0.887011 along the orbital angular
momentum. We conclude with a brief summary of future
prospects in Section 4.

2. Astrophysical Prior

In the last several years, various teams have argued that the
first-born black hole in an isolated merging binary black hole
system is likely to have very slow spin as long as there is
efficient angular momentum transport within the star, while the
secondary may be rapidly spinning only if the binary is
sufficiently tight before the secondary’s collapse to enable tidal
locking (e.g., Kushnir et al. 2016; Belczynski et al. 2020;
Hotokezaka & Piran 2017; Qin et al. 2018; Zaldarriaga et al.
2018; Fuller & Ma 2019; Bavera et al. 2020). Given the
uncertainties in the detailed models, here we attempt to
pedagogically lay out the key arguments and caveats.
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We restrict our discussion to isolated binaries. Other binary
black hole formation channels are plausible, including forma-
tion in dense stellar environments and in hierarchical three-
body systems (see, e.g., Mandel & Farmer 2018, for a review).
However, because the classical isolated binary evolution
channel is consistent with the rate and property distribution
of all events observed so far (e.g., Neijssel et al. 2019), we
assume that GW190412 was also formed through this channel.
We further assume that the more massive black hole is formed
first from the initially more massive and more rapidly evolving
star; while the mass ratio can be reversed during binary
evolution, the very asymmetric mass ratio of GW190412 is
unlikely to arise from a binary that experienced mass ratio
reversal (but may point to formation in a lower-metallicity
environment; Stevenson et al. 2017).

It is relatively easy to spin up a star or stellar core. Assuming
a star of mass M and radius R accretes a mass m of material that
is moving at a Keplerian velocity v = \/GM /R at the star’s

equator, it gains an angular momentum S = mRv = m~ GMR.
If the star is initially non-spinning, it will end up with a
dimensionless spin magnitude

cS_mR_c2

GM2 ~ M\GM® @

X

The second term has a value of order 10* for a typical star;
therefore, only a fraction of a percent of the star’s mass needs
to be accreted in order to significantly spin up the star.

On the other hand, once a black hole is formed, spinning it
up requires a significant amount of accreted material. Ignoring
the complexities of general relativity and naively applying
Equation (2) provides a simple back-of-the-envelope estimate.
The second term in Equation (2) has a value of order unity for a
black hole. This indicates that the black hole mass must be
roughly doubled to produce a rapidly spinning object. A more
accurate calculation (e.g., Thorne 1974; King & Kolb 1999;
Podsiadlowski et al. 2002; Fragos & McClintock 2015) shows
that 20% of the black hole’s mass must be added to bring the
spin of a non-spinning black hole to 0.5, and the mass must be
more than doubled to bring the spin to 0.99. The mass doubling
timescale for a black hole accreting at the Eddington limit is of
order 100 million years—far longer than the <10’ yr lifetime
of high-mass X-ray binaries composed of a black hole and its
wind-shedding companion. Although Moreno Méndez et al.
(2008) argued that hypercritical accretion may allow a
significant amount of matter to be accreted at super-Eddington
rates, numerical simulations indicate that only a small fraction
of the black hole’s mass is likely to be accreted during the
common-envelope phase (MacLeod & Ramirez-Ruiz 2015; De
et al. 2019). Therefore, any angular momentum in a black hole
must come from the progenitor star or the supernova itself.

In order for gravitational-wave emission to bring a binary to
coalesce within the age of the universe, the black holes must be
quite close—about 30 solar radii apart for the masses of
GW190412 (Peters 1964). This is much smaller than the size of
the evolved supergiant progenitors of these black holes, so the
stars must interact with several episodes of mass transfer,
possibly including a common-envelope phase. Consequently,
the envelopes of the stars will be stripped off. But the
envelopes contain the bulk of the moment of inertia, and hence,
with efficient angular momentum transport, the bulk of the
angular momentum. For example, Figure 1 shows the
dimensionless spin enclosed within a given mass coordinate
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Figure 1. Enclosed dimensionless spin as a function of the mass coordinate for
a maximally rigidly rotating giant with an initial mass of 60M,, at metallicity
Z = 0.0002 evolved until just before collapse with MESA (Paxton et al. 2011).
The top abscissa shows the radius of the given mass coordinate. Although the
total x > 1, almost all of the angular momentum is in the envelope, and the
core has a dimensionless angular momentum x < 1.

for a maximally rotating giant star under the assumption of
rigid body rotation; while the total dimensionless spin exceeds
1, the spin of the compact core is 5 orders of magnitude lower
—i.e., differential rotation by more than 6 orders of magnitude
would be required for the stripped core to retain a high spin
parameter. This extreme differential rotation appears incon-
sistent with asteroseismic observations of (albeit, much less
massive) giants (Cantiello et al. 2014; den Hartogh et al. 2019)
and with theoretical models of angular momentum transport
(Tayler 1973; Spruit 2002; Fuller et al. 2019, but see
Eggenberger et al. 2019). We therefore conclude that even
when stars are rapidly rotating earlier in their evolution, the
stellar core left behind after stripping will have negligible spin.

Binary black hole formation through chemically homoge-
neous evolution (de Mink & Mandel 2016; Mandel & de
Mink 2016; Marchant et al. 2016; du Buisson et al. 2020)
avoids angular momentum loss through envelope stripping, and
can therefore yield two spinning black holes. However, it is
expected to give rise to black hole binaries with large, nearly
equal masses; therefore, GW190412 is unlikely to have
evolved through this channel.

It is also possible that black holes could spin up during the
supernova itself. This could happen through the loss of angular
momentum during the explosion, with the remnant acquiring
the conjugate angular momentum. However, black holes as
massive as 30 M, are likely to form through complete fallback
(Fryer et al. 2012; Adams et al. 2017). Alternatively, Batta
et al. (2017), Schrgder et al. (2018) proposed that black holes
could spin up during the supernova if some of the ejecta were
torqued by the companion before falling back, transferring part
of the orbital angular momentum to the black hole; however,
this generally requires some of the ejecta velocities to be
comparable to the orbital velocities, and is unlikely to lead to
significant spin-up in most cases. Instabilities such as the
standing accretion shock instability during core collapse
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Figure 2. y.q posterior samples from Abbott et al. (2020) transformed into
X * [ according to Equation (3) without prior re-weighting.

(Blondin & Mezzacappa 2007) or gravity waves during O and
Si shell burning (Fuller et al. 2015) have also been proposed as
mechanisms for stochastically transferring angular momentum
to the core. While this angular momentum transfer could be
significant for neutron stars, it is not expected to be sufficient to
create any measurable spin for black holes (e.g., Moreno
Méndez & Cantiello 2016).

This leaves tides as the most likely mechanism to spin up the
star. These tides must operate after stripping—otherwise, even
if the star is tidally spun up earlier in its evolution (say, on the
main sequence), it will still lose the vast majority of its angular
momentum when its envelope is removed during subsequent
mass transfer. However, tides are only efficient in close
binaries, because the tidal efficiency scales as a high power of
the ratio of the star’s radius to the binary separation (e.g.,
Hut 1981). Stripped stars are compact, with radii of order one
solar radius, so tides can only spin up stripped stars if the
binary is very compact indeed, with separations of only a few
solar radii. A binary cannot be this compact when the
progenitor of the primary is a stripped star and the progenitor
of the secondary is on the main sequence, as a main-sequence
massive companion would not fit into a binary this tight.
Hence, we do not expect the primary to be rapidly spun up by
tides.

One noteworthy exception could be a double-core common-
envelope event, which simultaneously strips both the primary
and the secondary of their envelopes and brings the remnant
cores close together (Bethe & Brown 1998; Dewi et al. 2000).
In this case, which requires further investigation, it may be
possible for both companions to be tidally spun up. However,
such events require similar companion masses so that both stars
are evolved off the main sequence at the time of the interaction,
which again makes it implausible as the formation channel of
GW190412.

It may be possible that mass transfer during the main
sequence will simultaneously spin up the donor through tides
and remove enough of its envelope to prevent subsequent
expansion of the star and loss of angular momentum through
envelope stripping in the giant phase. This model was proposed
by Qin et al. (2019) to explain the very high observed black
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hole spins in some high-mass X-ray binaries, particularly
Cygnus X-1, LMC X-1, and M33 X-7 (but see Miller &
Miller 2015; Kawano et al. 2017 for a discussion of the
uncertainties in spin measurements). However, these high-mass
X-ray binaries likely form a distinct population from merging
compact-object binaries (Hotokezaka & Piran 2017) and will
not merge within the age of the universe (Belczynski et al.
2012), being too wide to merge at their present separations and
too tight to survive another common envelope.

Thus, tidal spin-up is likely to operate only on the secondary,
if mass transfer—most likely during a common-envelope event
—brings its stripped core sufficiently close to the already
formed black hole. This is the primary channel for tidally
spinning up the secondary considered by Kushnir et al. (2016),
Zaldarriaga et al. (2018), Belczynski et al. (2020), Qin et al.
(2018), and Bavera et al. (2020). Some of these papers treated
tides in a simplified way, assuming the stripped He star to be
fully synchronized with the orbit if the estimated synchroniza-
tion timescale is shorter than the wind mass-loss timescale and
non-spinning otherwise. Others used detailed binary evolution
models that include, e.g., orbital widening and spin down
through wind-driven mass loss and angular momentum
transport in the stellar interior. Although quantitatively the
results of these studies differ, they all conclude that the primary
is likely to have negligible spin in the presence of efficient
angular momentum transport, while the secondary may be at
least partially tidally spun up in a subset of merging binaries.

We are thus left with a generic model for the formation of a
merging binary black hole from an isolated binary in which the
primary has negligible spin while the secondary may be
partially spun up. The secondary may have experienced a
supernova natal kick, and there is some evidence from both
models and observations that relatively low-mass black holes
may experience kicks of a few tensto ~ 100 km s~ ' (Willems
et al. 2005; Fragos et al. 2009; Fryer et al. 2012; Mandel 2016;
Miiller et al. 2016; Mirabel 2017; Atri et al. 2019;
Wyrzykowski & Mandel 2020) and possibly even a few
hundred km s~' (Repetto et al. 2017). However, as argued
above, the secondary will only be tidally spun up in very close
binaries, where its orbital velocity is likely to approach a
thousand km s~', so such kicks will not lead to significant
spin—orbit misalignment. In any case, we can consider only
inference on the dimensionless spin component of the
secondary along the direction of the orbital angular momentum,
X7 L. Therefore, our chosen prior is: negligible spin for the

primary; and a uniform on [0, 1] prior for x, - L, to reflect our
ignorance. The latter is partly inspired by Figure 8 of Bavera
et al. (2020), but as we will see, the data support a high value of
X7 L and the exact shape of the prior on this quantity is not as
important as the constraint on the primary spin. While we could
also use binary population synthesis models to place priors on
the masses, we choose to follow the broad, uniform in
component mass priors of Abbott et al. (2020) for simplicity, as
the masses are relatively well measured and thus insensitive to
other broad prior choices.

3. Results

Before proceeding with imposing our alternative prior, we
consider a simple re-interpretation of the existing posterior on
Xeff under the assumption that the effective spin is due entirely
to the secondary. If x; = 0, Equation (1) can be re-written as
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Xeff = M2Xp * I:/(ml + my), or

X, L= Mxeff- 3)
my

Applying this transformation directly to the posterior samples
supplied at https://dcc.ligo.org/LIGO-P190412/public, we
obtain the histogram shown in Figure 2. While this transforma-
tion extends X, - L into the unphysical regime above 1,
Figure 2 shows that, even without adjusting the priors, part of
the inferred x.; space is consistent with a non-spinning
primary and a rapidly spinning secondary.

Our goal is to recompute the posterior using the prior
specified at the end of Section 2. Given the computational cost
of gravitational-wave inference (Veitch et al. 2015), this is
most efficiently done by re-weighting the existing posterior
samples with a new prior. If the prior used in Abbott et al.
(2020) on source parameters 0 is 7 yc(6) and the likelihood of
observing the data d given 8 is p(d|@), then the Abbott et al.
(2020) posterior on the parameters 6 given data d is

ve(0)p(d|6)
p(d)

We can then obtain the posterior using an alternative prior 7 (8)
as

Pch(0|d) =

(0)p(d|f) _

p(0ld) = w(@)ppyc(0d), “)

where the weights are just the ratio of the two
priors, w(0) = 7(0) /m.vc(0).

In principle, we should re-weigh all samples according to our
desired prior. In practice, this is impossible, because there are
no samples in the set of measure zero with y; = 0. Even if we
replace that delta function prior with a somewhat broader one
—say, a Gaussian centered on zero—we still suffer from too
few samples: only one of the 11,992 posterior samples
provided for the EOBNR PHM approximant has y; < 0.1.
This is not surprising: there is a much greater parameter space
within the 7 yc prior to obtain the desired value of y.¢ through
larger values of x;, which can be consistent with almost any
X2, than through a small y; and large and nearly aligned x», as
shown by the Abbott et al. (2020) posteriors. However, it does
make direct re-weighting challenging.

Instead, we make use of the fact that nearly all of the
available information is contained in Y., SO it is sufficient to
re-weight based on the ratio of y.g priors coupled with the
constraint ), - L < 1. (We verified that using the 1.5 order
post-Newtonian expansion coefficient 3 describing spin—orbit
coupling (Poisson & Will 1995) in lieu of y.g does not
appreciably impact inference on ), - L.) Figure 3 shows the
Abbott et al. (2020) prior 7 yvc(Xefr) and our prior 7w(Xefr)s
based on the same mass distribution and the assumptions that
x1 =0 and x, - Lis uniformly distributed on [0, 1].

We now proceed with re-weighting samples using weights
W(Xeir) = T (Xegr) /TLve (Xep)- In practice, we include each
existing sample a number of times equal to the integer part of
w(Xerr) if this weight is greater than 1 and possibly an
additional sample with probability given by the remaining
fractional part of w(x.¢r). This yields re-weighted posteriors on
the properties of interest shown in Figure 4, where we make use
of Equation (3) to transform the re-weighted x.g Samples
into x, - L.
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Figure 3. Abbott et al. (2020) prior m.yc(X.;) in dashed blue and our
astrophysically motivated prior m(x.¢) in solid red.
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Figure 4. Two-dimensional posterior probability density over the secondary
spin component in the direction of the orbital angular momentum Y, - L and
the mass ratio ¢ after re-weighting by our priors.

Thus, after re-weighting with our priors, we find that the
secondary’s spin is X, - L = 0.88%01}. If the orbit is not
significantly tilted by the natal kick during the second
supernova, as we expect, these are also the approximate
bounds on the dimensionless spin magnitude of the secondary
x2. We note that this posterior rails against the prior boundary
at 1; however, this is a physical boundary, and is not
unexpected.

The marginalized posteriors on individual parameters are
correlated, so our choice of prior also updates other posteriors
(see, e.g., Vitale et al. 2017; Huang et al. 2020). In particular,
the posterior for . shifts to slightly lower values,
Yeir = 0.207003, while the posterior on the mass ratio shifts
to slightly higher values, ¢ = 0.317033, consistent with the
usual anti-correlation between X.¢ and g. The higher mass ratio
in conjunction with the well-measured and therefore nearly
unaffected chirp mass implies that the primary mass estimate is
slightly lowered to m; = 28.573IM.,, while the secondary mass
estimate is slightly raised to my = 8.7703M,, in the source
frame; both mass estimates overlap with the 90% ranges
reported by Abbott et al. (2020).
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4. Discussion

We have argued for an alternative interpretation of the
GW190412 binary black hole merger based on astrophysically
motivated priors for the isolated binary evolution channel.
According to our model, the primary has a negligible spin,
having lost the bulk of its angular momentum when its
envelope was stripped, while the secondary is rapidly rotating
after being spun up by tidal locking, with a dimensionless spin
component of at least 0.64 (95% confidence) along the
direction of the orbital angular momentum.

As discussed in Section 2, we chose the prior based on the
assumption that GW190412 formed through the isolated binary
channel, because this is the one channel that has been shown to
be consistent with all of the events observed to date (e.g.,
Neijssel et al. 2019; Bavera et al. 2020). Of course, this does
not preclude the possibility that some of the events could have
formed through other channels. In that case, other priors may
be more appropriate. For example, this black hole binary may
have formed through dynamical interactions in a dense stellar
environment. The progenitors of massive black holes such as
the more massive black hole in GW190412 may still be
preferentially spun down by strong winds, leaving our
assumption of low primary spin intact. However, it is also
possible for the more massive black hole to itself be a product
of a binary black hole merger if the gravitational-wave recoil
kick from this merger does not eject the black hole from its
dense environment and allows it to be recycled for further
mergers (Rodriguez et al. 2018). In that case, the primary is
likely to have a significant spin of x; < 0.7, depending on the
mass ratio of the first merger, even if black holes born from
stellar collapse are slowly spinning. Moreover, spin directions
are expected to be isotropic for dynamically formed black holes
(Rodriguez et al. 2016; Farr et al. 2017, and references therein),
so at the very least our prior on ;, - L should be extended to
negative values if dynamical formation is assumed, though
there is no likelihood support there if y; is small. On the other
hand, black hole mergers in hierarchical triples induced by
Lidov—Kozai oscillations could preferentially have spins in the
orbital plane (Liu & Lai 2018; Rodriguez & Antonini 2018),
though observations rule out x, 2 0.6 for GW190412 (Abbott
et al. 2020).

It is unlikely that we will be able to test the correctness of
this interpretation on this particular event. However, popula-
tion-wide tests on the distribution of x.g from a growing data
set of gravitational-wave events against predicted distributions
will ultimately enable tests of this model. For example, in the
estimate of Bavera et al. (2020) ~20% of merging binary black
holes originating from the common-envelope channel detected
through gravitational-wave signals should have effective spins
above 0.1. Giacobbo et al. (2018) and Neijssel et al. (2019)
found that a significant fraction of merging black holes formed
via the evolution of isolated binaries could have avoided a
common-envelope phase and evolved via stable mass transfer.
These binaries tend to be wider than the ones that evolve via a
common-envelope phase and thus the second-born black hole
is less likely to be spun up. Thus the fraction of all merging
binary black holes formed via isolated binary evolution that
have effective spin above 0.1 could be less than the estimate of
Bavera et al. (2020), perhaps 10%. These estimates are
roughly consistent with observations to date.

Beyond the effective spin distribution, this model predicts an
anti-correlation between coalescence times and effective spins,
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as tidal spin-up will be most efficient in short-period, rapidly
merging binaries (Kushnir et al. 2016; Qin et al. 2018; Bavera
et al. 2020). This could be tested by using star formation
histories of host galaxies of gravitational-wave events, perhaps
probabilistically if future binary black hole mergers are
localized to a handful of potential host galaxies. Constraints
from gravitational-wave observations can be combined with
other data, including X-ray binaries and giant asteroseismol-
ogy, to inform progress in modeling angular momentum
transport.
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