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ABSTRACT

The angular momentum (AM) content of massive stellar cores helps us to determine the natal spin rates of neutron stars and black
holes. Asteroseismic measurements of low-mass stars have proven that stellar cores rotate slower than predicted by most prior
work, so revised models are necessary. In this work, we apply an updated AM transport model based on the Tayler instability
to massive helium stars in close binaries, in which tidal spin-up can greatly increase the star’s AM. Consistent with prior work,
these stars can produce highly spinning black holes upon core-collapse if the orbital period is less than Porb  1 d. For neutron
stars, we predict a strong correlation between the pre-explosion mass and the neutron star rotation rate, with millisecond periods
(PNS  5 ms) only achievable for massive (M  10 M ) helium stars in tight (Porb  1 d) binaries. Finally, we discuss our
models in relation to type Ib/c supernovae, superluminous supernove, gamma-ray bursts, and LIGO/Virgo measurements of
black hole spins. Our models are roughly consistent with the rates and energetics of these phenomena, with the exception of
broad-lined Ic supernovae, whose high rates and ejecta energies are difficult to explain.
Key words: stars: binaries: general – stars: black holes – stars: massive – stars: rotation – stars: supernovae: general – stars: WolfRayet.

1 I N T RO D U C T I O N
Rotation is a key player in the drama that unfolds upon the death
of a massive star. The angular momentum (AM) contained in the
iron core and overlying layers determines the rotation rate at corecollapse (CC), which could have a strong impact on the dynamics
of CC and the subsequent supernova (SN) (see e.g. MacFadyen &
Woosley 1999; Woosley, Heger & Weaver 2002; Yoon, Langer &
Norman 2006). Rotation may help us determine the nature of the
compact remnant, which could range from a slowly rotating neutron
star (NS) to a millisecond magnetar or a rapidly spinning black hole
(BH, see e.g. Heger, Langer & Woosley 2000; Heger, Woosley &
Spruit 2005). The former could evolve into an ordinary pulsar, while
the latter two outcomes offer exciting prospects for the engines that
power long gamma-ray bursts (GRBs), broad-lined type Ic SNe (IcBL), and type Ic superluminous SNe (Woosley 1993; Maeda et al.
2007; Kasen & Bildsten 2010; Metzger et al. 2011).
In most cases, however, compact objects are probably born slowly
rotating due to efficient AM transport within their progenitor stars.
This is demonstrated by several lines of evidence. Asteroseismic
measurements of core rotation rates of red giant stars (Beck et al.
2012; Mosser et al. 2012; Deheuvels et al. 2014, 2015; Triana et al.
2017; Gehan et al. 2018) indicate that they rotate much slower than
predicted by most AM transport models (Cantiello et al. 2014; Fuller
et al. 2014; Belkacem et al. 2015; Spada et al. 2016; Eggenberger
et al. 2017; Ouazzani et al. 2019). White dwarfs typically rotate
with periods of ∼ 1 d (Hermes et al. 2017), proving that the vast
majority of their progenitors’ core AM is extracted by the time
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they form. Pulsar studies indicate that typical NSs are born with
natal rotation periods of P0 ∼ 50 − 100 ms (Faucher-Giguère &
Kaspi 2006; Popov et al. 2010; Popov & Turolla 2012; Gullón
et al. 2014), again slower than predicted by many models (Heger
et al. 2005). Finally, most BH spins measured by LIGO/Virgo are
low (Zaldarriaga, Kushnir & Kollmeier 2018; The LIGO Scientific
Collaboration 2019; Miller, Callister & Farr 2020; Roulet et al. 2021;
Zevin et al. 2021), again indicating that strong AM transport within
their progenitors extracts AM from the core and transports it to the
envelope where it is lost by winds, binary interactions, or an SN
explosion. This appears to conflict with the high BH spins measured
for high-mass X-ray binaries (Miller & Miller 2015), an issue which
is not yet understood (see Qin et al. 2019, Fishbach & Kalogera 2021,
and Belczynski, Done & Lasota 2021 for recent discussion).
Fuller, Piro & Jermyn (2019) argued that magnetic fields generated
by the Tayler instability create magnetic torques that can extract most
of a stellar core’s AM and can approximately match asteroseismic
observation rates (but see also Eggenberger et al. 2019). That model
is a modified version of the Tayler–Spruit dynamo (Spruit 2002) used
in many stellar models, in which weak magnetic fields are amplified
by differential rotation. In the Fuller et al. (2019) version, the fields
grow to larger strengths (creating more efficient AM transport) due
to weaker non-linear dissipation via Alfvén waves in the saturated
state. Ma & Fuller (2019) applied this model to massive single
stars, predicting long NS rotation periods of tens to hundreds of
milliseconds, while Fuller & Ma (2019) predicted low BH spins (a
∼ 10−2 ) for BHs born from single stars.
While compact object spins are slow in most cases, central engine
models for energetic supernovae and GRBs suggest that rapid core
rotation is possible in a small fraction of SN progenitors. A natural
possibility to explore is stripped-envelope stars born in close binaries,
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2 A N G U L A R M O M E N T U M T R A N S P O RT F O R
L OW S H E A R
The Tayler–Spruit dynamo (Spruit 2002) produces magnetic torques
by generating radial magnetic field from azimuthal fields via the
Tayler instability. The azimuthal field Bφ is generated by winding up
the radial field Br via differential rotation. The azimuthal field grows
until it becomes unstable to the Tayler instability (Spruit 1999), such
that magnetic energy is then channeled into small-scale structures.
The Tayler instability saturates when non-linear damping processes
dissipate energy at the same rate that energy is added to the azimuthal
field by winding. When the instability operates, it may also produce a
magnetic dynamo that alters the mean radial magnetic field strength.
In prior descriptions of the Tayler instability (Spruit 2002; Fuller
et al. 2019), it is not clear what happens when the shear q =
|dln /dln r| is below the minimum value qmin needed to sustain
the saturated state, where r is radius and  is the local rotation
rate of the star. According to the model of Spruit (2002), qmin =
(Neff /)7/4 (η/r2 )1/4 , where Neff is the effective buoyancy frequency
and η is the magnetic diffusivity, while qmin ∼ (Neff /)5/2 (η/r2 )3/4
in the model of Fuller et al. (2019), and both models assume that 
 Neff . When q = qmin
, the azimuthal magnetic field has an Alfvén
frequency ωA = Bφ / 4πρr 2 that is equal to the minimum field
strength needed for Tayler instability, ωc ∼ (Neff /)1/2 (η/r2 )1/4 .
When q < qmin , energy is added to the background field at a rate
too slow to keep up with non-linear damping when the instability
operates. The radial magnetic field Br will still be wound up into
a toroidal field Bφ by differential rotation, increasing the Alfvén
frequency until it reaches ωA ∼ ωc . However, for q < qmin , the
shear is not strong enough to maintain the saturated states found by
Spruit (2002) or Fuller et al. (2019), so the instability likely occurs
intermittently.
To estimate the torque provided by the intermittent action of the
Tayler instability, we posit that the time-averaged torque is
T ∼

q
Br Bφ
qmin

(1)

when q < qmin and T ∼ Br Bφ otherwise. This corresponds to a torque
of the same magnitude as the saturated state, but acting on a duty
cycle q/qmin . Assuming that Br ∼ (ωA /N)Bφ as used by both Fuller
et al. (2019) and Spruit (2002), the time-averaged torque can be
written
T ∼ 4πρr 2

q ωA3
.
qmin N

(2)

When the instability occurs intermittently, the time-averaged value of
ωA will be very close to the threshold ωc , since field strengths above
this will initiate the instability which will decrease Bφ faster than it
can be generated due to winding. Using qmin ∼ α −3 (N/)5/2 (η/r2 )3/4
from Fuller et al. (2019), where α is a constant of the order of unity,
MNRAS 511, 3951–3964 (2022)

and the value of ωc above, we find that the torque evaluates to
T ∼ 4π α 3 ρr 2 q4 /N 2 ,

(3)

i.e. the same value found when the instability operates continuously
when q > qmin . Hence, the associated viscosity can always be written
3
,
(4)
N2
the same as found by Fuller et al. (2019). The reason that the
torque can reach the same value even when the instability operates
intermittently is that the time-averaged value of Bφ is larger than it
would be in the saturated state from Fuller et al. (2019). In other
words, when q < qmin , ωA ∼ ωc > (q/N)1/3 , where the last value
is the saturated value of ωA from Fuller et al. (2019).
Although we recover the same viscosity law ν = α 3 r2 3 /N2 , this
now applies to the entire radiative region of the star where  < N,
not just where q > qmin . Hence, the value of α needed to match
asteroseismic observations will decrease. In prior models, Tayler
torques would often enforce q  qmin , but this is not the case in the
updated prescription, so the rotation profiles are slightly different,
but shear is still predicted to be largest where N is largest. Upon
implementing this AM transport model into the same stellar models
as Fuller et al. (2019), we find that a value of α ∼ 0.25 produces
very similar core rotation rates as the prior prescription, which had
α ∼ 1 but only operated when q > qmin . Since we expect α to be
of the order of unity, a value of 0.25 is reasonable and suggests this
model is viable. Hence we adopt α = 0.25 as an asteroseismically
calibrated saturation coefficient for the models in this paper.
As discussed in Section 4 of Ma & Fuller (2019), the evolutionary
time-scale of the star is always longer than the Tayler instability
growth time such that we can assume the instability has reached
the statistical equilibrium discussed above. In some cases, however,
the AM transport time-scale can become longer than the stellar
evolutionary time, such that Tayler torques become ineffective. In
these cases, we expect AM to be nearly conserved in radiative
regions, unless other processes such as wave-driven AM transport
(e.g. Fuller et al. 2015) are important.
νAM = α 3 r 2

3 S T E L L A R E VO L U T I O N M O D E L S
Using the AM transport prescription described above, we run
binary stellar evolution models using MESA (Paxton et al.
2011, 2013, 2015, 2018, 2019), version 10398. Our first
step is to create a grid of helium star models to use in
our binary evolution modelling. To do this, we begin with
zero-age main sequence (ZAMS) stars of masses MZAMS =
{14, 16, 18, 20, 25, 30, 40, 50, 60, 70, 80, 90} M . All models are
initialized with a rotation period of Prot = 2 d (corresponding to
rotational velocity vrot ∼ 200 km s−1 ) and have metallicity Z = 0.02,
except the 80 M and 90 M models which have Z = 0.002. As discussed in Ma & Fuller (2019), the final core AM is not very sensitive
to the initial rotational velocity, so we do not vary that parameter.
Throughout the evolution, wind mass-loss is included via MESA’s
‘Dutch’ wind prescription (de Jager, Nieuwenhuijzen & van der
Hucht 1988; Nugis & Lamers 2000; Vink, de Koter & Lamers
2000; Vink, de Koter & Lamers 2001) with efficiency η = 0.5.
Moderate exponential convective overshoot is included using overshoot f=0.02. In convective zones, we adopt MESA’s default AM
transport in which convection acts like an AM viscosity of ν ∼ Hvcon ,
where H and v con are the scale height and convective velocity, such
that rigid rotation is maintained. We also use MLT+ + (Paxton et al.
2013) and set the surface to an optical depth of 103 in order to bypass
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where tidal spin-up replenishes the AM of the helium star, potentially
spawning rapidly rotating compact objects (see e.g. Bogomazov &
Popov 2009; Kushnir et al. 2017; Qin et al. 2018; Bavera et al.
2020; Belczynski et al. 2020; Olejak & Belczynski 2021). Here we
investigate that possibility in detail by generating a suite of models in
compact binary systems, including tidal torques and an updated AM
transport prescription based on Fuller et al. (2019). We will find that
rapid NS and BH spins are indeed possible, but that they are restricted
to close binaries (orbital periods Porb  1 d) and are most likely to
originate from very massive helium stars (MHe  5 − 10 M ).

Compact object spins in binaries



where orb is the angular orbital frequency, and q = M /M is the
mass ratio of the companion. Here, k/T describes how well the tidal
forcing couples with internal gravity waves launched from the outer
boundary of the convective core, which in Zahn’s notation is
 5/2
R
k
= ωd (1 + q)5/6
E2 ,
(6)
T
a

where ωd = GM/R 3 is the star’s dynamical frequency, and E2
scales strongly with the core radius. To evaluate this factor, we follow
Kushnir et al. (2017) who show
 


k
2 ωd2  rc 5 ωf 5/3 ρc
ρc 2

,
(7)
1−
T
3 ωc R
ωc
ρ̄c
ρ̄c

with ωc = Gmc /rc3 , ωf = 2(orb − ), with mc and rc the
convective core mass and radius, while ρ c is the density at rc and ρ̄c
is the average core density.
We use the same implementation as used in Qin et al. (2018), in
which the torque is applied uniformly per unit mass to the radiative
envelope, such that the rate of change of specific AM of each fluid
element is
2 r 2 J˙tide
j˙ =
,
(8)
3κ R 2 M

1 https://zenodo.org/record/5778001#.YdSDDmjMLb1

Figure 1. The angular momentum (AM) content of the inner 1.6 M of
helium stars of various masses, as a function of time. The right axis shows
the corresponding NS rotation period. Each of these models is initialized
with an orbital period of Porb = 0.5 d. The core AM initially increases due to
tidal spin-up, but it subsequently decreases as the core contracts and AM is
transferred to the outer layers.

and κ is the gyration radius κ = I/(MR2 ), with I the star’s moment of
inertia. Technically,κ should be the gyration radius of the radiative
envelope such that dmj˙ = J˙tide , but in our models this is nearly
equal to κ so the distinction is unimportant. Another technical detail
is that equation (8) is only appropriate if  is constant within the
envelope. Since our AM transport prescription predicts nearly rigid
rotation during core He burning when the tidal torque is important,
this issue is not problematic. The tidal torque vanishes when the
convective core disappears after core He burning and resumes when
a convective C-burning core or He-burning shell appears, but this
typically occurs in the final hundreds of years at which point tidal
torques become negligible.
We then evolve these stars until the onset of CC. Some models
halt due to numerical problems after oxygen burning, but we find that
subsequent AM transport is negligible so the core AM content is very
close to its value at CC. The 3.4 M models lose a large fraction of
their helium envelopes via case BB mass transfer, and they undergo
off-centre neon burning, at which point their evolution is terminated.
It is thus possible that their final core AM are slightly overestimated
due to AM transport during Ne/O burning.
In subsequent sections, we will compute the time until merger due
to gravitational wave emission after CC, in the absence of kicks. To
compute the post-CC orbital semimajor axis, eccentricity, and orbital
decay time, we follow the procedure described in Tauris et al. (2017)
(see also Blaauw 1961). For BH formation, this entails no change
in the eccentricity or semimajor axis because we assume the entire
star collapses into the BH. For NS formation, we assume that all the
progenitor mass, apart from 1.6 M , is instantaneously lost from the
system.
3.1 Angular momentum extraction
The evolution of the star’s core AM provides useful insight into the
AM transport processes affecting the rotation rate of the compact
object born upon CC. Fig. 1 plots Jcore (the AM contained within the
inner 1.6 M ) of several different helium star models, each initialized
with Z = 0.002 at an orbital period of Porb = 0.5 d. The mass cutoff 1.6 M is a reasonable estimate for the baryonic mass of an NS
born in the case of a subsequent explosion. Assuming conservation
MNRAS 511, 3951–3964 (2022)
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structural issues related to super-Eddington luminosities in the nearsurface layers. This decreases the radius of the star by a tiny amount
and is unlikely to affect the core evolution or AM content. MESA
inlists are provided at this Zenodo repository.1
We then evolve these stars in a binary with initial orbital period of 50 d with a 1.5 M point-mass companion. This choice
allows the stars to effectively evolve as single stars until they
overflow their Roche lobes when crossing the Hertzsprung gap,
after they have exhausted hydrogen in their core but before helium
burning has begun. Upon Roche lobe overflow, we simulate mass
transfer by stripping off the hydrogen envelope using MESA’s
relax mass feature. This results in helium stars of masses MHe =
{3.4, 4.2, 5.0, 5.8, 7.5, 9.7, 14, 20, 23, 27.5, 35, 41} M , which are
the template models we use for further calculations.
For each helium star model, we then relax its metallicity to either
Z = 0.02 or Z = 0.002. While forming a Z = 0.002 model from a
Z = 0.02 progenitor model (or vice versa) is not fully self-consistent,
it allows us to explore a wider set of He star models. We shall see
that the resulting spins depend primarily on final orbital period and
final mass, with little memory of how the star got to that state (i.e.
the initial mass, metallicity, companion mass, and orbital period).
Next, we place the helium stars into an orbit with an equal-mass
companion (treated as a point mass), with an orbital period of Porb =
{0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 99} d. The period cannot be
much smaller than 0.25 d without causing Roche lobe overflow during the He-burning stage, while periods longer than 2 d are uninteresting because tidal torques become negligible according to our tidal
prescription. The 99-d models are effectively single helium stars.
For tidal torques, we use the same method as Qin et al. (2018) (see
also Yoon, Woosley & Langer 2010; Kushnir et al. 2017) based on
Zahn (1977). For a star of mass M and radius R, the tidal torque can
be written
 6
R
k
J˙tide = 3q 2 (orb − )MR 2
,
(5)
a
T
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Figure 2. Spherically averaged specific angular momentum as a function of
mass coordinate within our MHe = 14 M (MZAMS = 40 M ), Z = 0.002
helium star with orbital period Porb = 0.5 d. Lighter lines correspond to
progressively later evolutionary stages, while the red dashed line corresponds
to the specific angular momentum needed to circularize outside a black hole
formed from the interior layers.

Figure 3. The natal neutron star rotation period for each of our models,
calculated from the core angular momentum, as a function of the preexplosion mass of its helium progenitor star. The colour of each symbol
indicates the binary orbital period at core-collapse. The squares and circles
denote solar metallicity and low-metallicity models, respectively. The black
outlines denote models that would merge within a Hubble time. The dashed
lines suggest the approximate boundaries between ordinary, luminous, and
superluminous supernovae, given an appropriate magnetar field strength.

inner layers. Only the outer ∼ 1 M has enough AM (j > jISCO )
to circularize outside of a BH formed from the interior layers (see
Section 5.2 for calculation of jISCO ).
4 C O M PAC T O B J E C T ROTAT I O N R AT E S
4.1 Neutron star rotation rates
Fig. 3 shows our predictions for the natal NS rotation rates of each
of our models, assuming (1) a successful explosion, (2) an NS of
baryonic mass 1.6 M and moment of inertia INS = 1.5 × 1045 g cm2 ,
and (3) conservation of AM during CC and explosion. Our models
predict a strong correlation between the pre-explosion mass and the
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of AM during CC and explosion, the corresponding NS rotation
period is PNS = 2π INS /Jcore . We use an NS moment of inertia of
INS = 1.5 × 1045 g cm2 , reasonable for this mass (Worley, Krastev &
Li 2008).
The helium star’s initial core AM is determined primarily by AM
transport within the progenitor as it expands after the main sequence.
As discussed in Ma & Fuller (2019), most of the core’s AM is lost
during this phase, before the onset of envelope stripping. The core’s
AM is nearly conserved during the stripping process, so our models
self-consistently determine the initial spin rate of the helium star
based on the progenitor’s evolution. In our models, the core’s AM is
remarkably insensitive to the rotation rate of the progenitor because
the internal torques are proportional to 4 , so that the core’s spin
reaches an ‘equilibrium’ spin rate at which spin-up via contraction
is balanced by spin-down due to AM transport to the envelope.
At the short orbital period Porb = 0.5 d in Fig. 1, tidal synchronization is fairly efficient and spins the stars up towards synchronous
rotation, increasing Jcore . The most massive models in Fig. 1 achieve
nearly synchronous rotation due to their larger core radii (and hence
stronger tidal torques), whereas the least massive models are only
partially synchronized by the end of core He-burning. Each model
remains rigidly rotating during core He-burning. Due to mass-loss
via winds during this phase, the orbits widen slightly, decreasing the
orbital/spin frequency. The core contracts slightly as He is depleted,
reducing its moment of inertia and AM because it remains coupled
with the radiative envelope. These effects combine to produce a slight
reduction of Jcore after tidal spin-up during core He-burning.
The largest extraction of core AM occurs between core Hedepletion (denoted with open circles) and core C-depletion (denoted
with grey circles). During this phase, the core contracts greatly
but AM transport remains efficient, keeping the star nearly rigidly
rotating until the beginning of C-burning. The large decrease in
the core’s moment of inertia thus greatly decreases its AM content.
During this phase, AM transport is efficient because the CO core has
nearly uniform composition, hence there is not a strong composition
gradient contributing to the compositional buoyancy frequency Nμ
that restricts AM transport (see Fuller et al. 2019 for more detailed
discussion).
During and after C-burning, large amounts of differential rotation
begin to appear within the CO core, due to the large composition
gradients that develop, and the shorter evolutionary times. However,
the short remaining lifetime of the star means that only a small
amount of AM can subsequently be extracted from the core before
it collapses. Hence, Jcore asymptotes to its final value soon after Cdepletion, in spite of the fact that the rate at which the core loses
AM generally continues to increase. We find that the AM extraction
rates after He-depletion are similar between the low and high-mass
models. However, the larger initial values of Jcore and the much
shorter evolution time-scales of the high-mass models means that
much more core AM is retained at CC. Consequently, an NS produced
from a 4.2 M model is predicted to rotate with a period PNS ∼ 50 ms,
while an NS produced from a 35 M model is predicted to rotate with
a period PNS ∼ 1 ms.
Fig. 2 shows the specific AM as a function of mass coordinate
for a MHe = 14 M model in a Porb = 0.5 d binary, plotted at a
few different evolutionary stages. This model has a ∼ 3 M helium
envelope and a radius of ∼ 1.2 R at core-collapse. It would produce
an NS with PNS ≈ 4 ms or a BH with aBH ≈ 0.5 (see Section 4). The
specific AM of the core decreases by a factor of a few between central
helium depletion and central carbon burning, and decreases only
slightly more before CC. Note that the specific AM of the outermost
layers actually increases due to the AM transported outwards from
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and orbital period, for pre-explosion masses Mexp  5 M and
Porb  1 d. We find that




Mexp −1.6 Porb 1.0
PNS = 1.4ms
(9)
30M
0.5 d
provides a good fit to most of these models, with scatter at the
level of ∼ 50 per cent. Given that uncertainties in the physics of
AM transport are larger than this scatter, this approximation is good
enough to be used in binary population synthesis calculations. For
low-mass progenitors with MHe  4 M , a good approximation is
simply PNS ≈ 50 ms.
For He stars that are in binaries with Porb  1 d, we find that


Mexp −0.25
PNS = 25ms
(10)
30M
provides a reasonable fit to our high-metallicity models, while


Mexp −0.6
PNS = 10ms
(11)
30M
provides a reasonable fit to our low metallicity models. It is possible
that the star’s initial rotation rate (which was not varied between
our models) and mass-loss prescription could affect the NS rotation
period in this case, especially for high-mass stars. The dependence
on metallicity for single He stars reflects the difference in rotation
rate due to AM loss via stellar winds: low metallicity stars lose less
mass/AM via winds and remain more rapidly rotating, as discussed in
many prior works (e.g. Georgy et al. 2013). However, the dependence
on initial rotation rate and metallicity is weaker in our models due to
the tendency for AM transport to push the core spin rate towards an
equilibrium value as discussed in Sections 3.1 and 6.
4.2 Black hole spins
To estimate the spins of BHs formed from our models, we first
compute the specific AM corresponding to the innermost stable
circular orbit (ISCO)
 Gm

2 
jISCO = 3/2 1 + 2 3rISCO − 2
,
(12)
3
c
where m is the interior mass and the ISCO radius rISCO is given by

rISCO = 3 + z2 − (3 − z1 )(3 + z1 + 2z2 ) ,
(13)
with rISCO in units of Gm/c2 . Here

z1 = 1 + (1 − a 2 )1/3 (1 + a)1/3 + (1 − a)1/3 ,
(14)

z2 = 3a 2 + z12 , and a = Jac (m)c/(Gm2 ) is the spin of the BH with
mass m and AM Jac (m). For each infalling shell in the progenitor,
we assume that all the underlying mass has fallen into the BH.
However, for any mass with specific AM j > jISCO , we assume that
the corresponding accreted specific AM is jISCO . Hence, the accreted
AM is
m

Jac (m) =

min(j , jISCO ) dm .

(15)

0

For j > jISCO , this crudely models accretion through a disc in which
the accreted mass has the specific AM corresponding to the inner
edge of the disc. The BH spin is then
aBH =

Jac (M)c
,
GM 2

(16)

where M is the mass of the pre-collapse progenitor.
MNRAS 511, 3951–3964 (2022)
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NS rotation period, with higher mass stars producing NSs that rotate
up to 50 times faster than low-mass stars, down to rotation periods
of PNS ∼ 1 ms for the range of models considered here. While many
of these stars likely produce BHs rather than NSs upon CC, those
NSs that are born from massive stars in tight binaries are likely to be
much more rapidly rotating than typical young NSs.
There is also a strong correlation between pre-explosion orbital
period and the NS rotation period, with rapidly rotating NSs arising
from more compact binaries due to the more rapid rotation enforced
by tidal synchronization during core He-burning. For stars in tight
binaries, the progenitor metallicity only indirectly affects the NS
rotation period, due to its affect on stellar winds which decrease Mexp
and increase Porb due to mass-loss during the He-burning phase. This
makes rapid NS rotation more likely in low-metallicity environments,
as also found for BH spin (e.g. Qin et al. 2018; Bavera et al. 2020).
Because Porb ࣠ 1 d is required for millisecond NS periods in this
scenario, many massive (M  5 M ) main sequence companions
are too large to fit within the orbit, and tidal spin-up is more
likely to be achieved by a compact object or a low-mass companion
star.
At orbital periods Porb  1 d, tidal synchronization does not occur
and the NS rotation rate will depend on the progenitor rotation rate.
We find relatively long NS rotation periods (PNS  10 ms) for all
the wide binary models considered here. Slower NS rotation may be
possible for stars born less rapidly rotating or with higher mass loss
rates due to higher metallicity. Faster NS rotation may be possible
for stars born more rapidly rotating or with lower mass loss rates due
to lower metallicity.
For NSs originating from low-mass progenitors with MHe  4 M ,
the predicted NS rotation rate is PNS ∼ 50 ms with little dependence
on mass and orbital period. This feature is similar to that found by
Fuller et al. (2019) in which the predicted rotation rates of WDs
are only weakly dependent on the progenitor’s rotation rate. The
longer evolution time-scales in these stars allow the torques arising
from Tayler instability to achieve ‘equilibrium’ in the sense that they
reduce the core rotation rate until the AM transport time scale (which
scales as −3 ) becomes longer than the stellar evolution time-scale.
Evidently this ‘equilibrium’ state is not reached in the advanced
evolution of high-mass He stars because of their very short evolution
time-scales, leading to a spread in NS rotation rates that depend on
the progenitor rotation rate.
If NS baryonic masses from very massive stars are larger than
1.6 M , they will contain more AM and could spin faster than the
models in Fig. 3. We find that using a baryonic mass of 2.3 M and
assuming INS ∝ MNS results in spin periods that are smaller by a
factor of ∼1.5. Smaller NS masses result in only slightly larger NS
spin periods. Hence, the possible range of NS periods can only vary
by a factor of ∼2 due to differences in the NS mass.
We note that the NS rotation periods of our single He stars models
are a factor of ∼4 shorter than those born form H-rich stars in Ma &
Fuller (2019), when comparing to the same ZAMS progenitor mass.
There are two reasons. The first is that the helium core in H-rich stars
is embedded in a H envelope that continues to extract AM from the He
core, producing slightly slower core rotation rates. The second is that
the updated AM transport prescription discussed in Section 2 leads to
rotation rates faster by a factor of ∼2 compared to the prescription of
Ma & Fuller (2019). As both of these prescriptions produce similar
results for low-mass stars which approximately match asteroseismic
data, this difference reflects the uncertainty of the models when
extended to massive stars.
The NS rotation rates of our models can be reasonably approximated by a power-law relationship with the pre-explosion mass
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Only a small amount of mass is lost due to neutrino emission from
He stars (Fernández et al. 2018), but there could be additional loss
of BH AM due to material ejected during a failed explosion or via
accretion feedback (Batta & Ramirez-Ruiz 2019). Conversely, the
BH spin could be increased after accretion of fallback material that
gains AM due to interaction with the companion (Batta, RamirezRuiz & Fryer 2017; Schrøder, Batta & Ramirez-Ruiz 2018). In our
simple accretion disc modelling of Section 5.2 (see Appendix A),
most of the material that circularizes outside of ISCO is blown
away by disc winds, slightly decreasing the BH mass and typically
decreasing aBH by ∼0.2 for high-spin models. Hence, our method
above is likely to slightly overestimate BH spins.
Fig. 4 shows our predictions for BH spins as a function of
progenitor mass and orbital period. We see that the predicted BH
spin is nearly independent of progenitor mass or metallicity for
Mexp  5 M and Porb  1 d for which tidal synchronization occurs.
In this regime, the spin is determined by the orbital period, with aBH
near unity for models with final orbital periods Porb  0.5 d. This is
because the progenitor’s spin frequency is approximately equal to the
orbital frequency due to tidal synchronization at short orbital periods.
An exception occurs for the lowest values of Mexp , which have much
smaller values of aBH . These stars have much smaller moments of
inertia due to their more centrally concentrated structures, so that
their AM content J is small even if they are tidally spun up. In most
cases, however, we expect these stars to produce NSs rather than
BHs.
While there is little explicit dependence of aBH on metallicity
when expressed in terms of the final orbital period, higher metallicity
systems will lose more mass during core He-burning and hence
evolve to longer orbital periods, as discussed above and in Qin et al.
(2018) and Bavera et al. (2020). This can be seen in Fig. 4, as the
low-metallicity models have systematically larger values of Mexp and
aBH even though they are initialized at the same helium star mass
and with the same orbital periods. Hence, we expect higher spins in
low-metallicity environments where there is less orbital widening.
Because of their large masses, most of the BH systems shown in
Fig. 4 will merge within a Hubble time. Assuming equal mass BHs
in a circular binary, the maximum orbital period for which a merger
will occur within tGW = 13 Gyr is


MBH 5/8
Pmax  2.3 d
.
(17)
10M
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Similar to our results for NSs, the scatter about these approximations
is typically less than ∼ 50 per cent such that they are good enough
to be used in population synthesis calculations. See Bavera et al.
(2021b) for a more complicated (but more accurate) fitting function.
For BHs born from He stars in single or wide binaries with Porb 
1 d, we find fitting functions of


Mexp −0.6
aBH = 0.013
(19)
30M
for solar metallicity (Z = 0.02) and


Mexp −0.3
aBH = 0.042
30M

(20)

for low metallicity (Z = 0.002). As with NSs, the BH spin in this
case depends on metallicity due to AM losses via winds during Heburning, as well as the initial rotation rate of the progenitor star.
However, our results suggest that BHs born in wide binaries will
generally be slowly rotating with aBH ࣠ 0.1. A possible exception
is for BHs born via the chemically homogeneous evolution channel,
which may be rapidly rotating at very low metallicity for single stars
(e.g. Yoon et al. 2006) or stars in slightly wider binaries (de Mink &
Mandel 2016; Mandel & de Mink 2016; Marchant et al. 2017).
The BH spins here are a few times faster than those of H-rich
stars from Fuller & Ma (2019) because of the updated AM transport
prescription and the continued loss of core AM to the envelope in
H-rich stars. Our results for BH spin from He stars in tight binaries
appear similar to those of Qin et al. (2018), Bavera et al. (2020,
2021a), when tidal spin-up occurs. We agree that aBH can approach
unity for stars with final orbital periods Porb  0.4 d, and that aBH ࣠
0.1 for final orbital periods P  1 d, with moderate spins at periods
between these values. Like Bavera et al. (2021a), we find smaller
spins for low-mass BHs due to the smaller progenitor moment of
inertia during core He-burning, with a sharp falloff in spin for BH
masses below ∼ 5 M . Similar to Bavera et al. (2021a), BHs born
from our most massive models (MHe  35 M ) have smaller spin,
because those stars typically lose so much mass that their orbital
period widens and tidal spin-up becomes ineffective.
Overall, the differing AM transport prescription between our work
and models employing the TS dynamo has little effect on BH spins
from He stars in compact binaries, which are primarily determined by
tidal spin-up. The difference may be larger for stars in wider binaries
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Figure 4. The same as Fig. 3, but showing the corresponding dimension-less
black hole spin aBH , computed via equation (16).

Hence, all of the rapidly rotating BHs with Porb  1 d are expected to
merge in much less than a Hubble time, while many slowly rotating
BHs with Porb  1 d are also expected to merge within a Hubble time.
The observed spins of BHs are strongly dependent on the common
envelope efficiency that sets their orbital period (or alternatively, the
amount of orbital decay in the stable mass transfer scenario), with a
more moderate dependence on progenitor metallicity.
Similar to the NS scenario discussed above, the short orbital
periods required for high BH spins preclude many massive main
sequence stars as the companion stars to tidally spun-up helium
stars. Hence, the second BH can be more easily formed with high
spin in this binary scenario, and we expect the first BH to have a
low spin similar to the long-period systems in Fig. 4. Therefore, the
expected χ eff measured by LIGO/Virgo will likely be χ eff ࣠ 0.5 in
most cases, assuming the second formed BH has lower mass than
the first formed BH.
The values of aBH of our models with Porb  1 d and Mexp  5 M
can be fairly well approximated by a simple power-law fit,

 

Mexp 0.5
Porb −2.5
aBH = 1
.
(18)
30M
0.43 d

Compact object spins in binaries

where the He star’s spin is primarily determined by AM transport
within the hydrogen-rich progenitor, or when the He star is formed
via chemically homogeneous evolution (see Section 6.2.2).
5 E N E R G E T I C S U P E R N OVA E A N D
TRANSIENTS
Central engines are suspected to power energetic transients such as
GRBs, type Ic-BL SNe, and superluminous type Ic SNe. Here, we
examine the ability of our models to power these events through
either accretion on to a BH after CC, or via the spin-down energy
of a rapidly rotating magnetar. We also compare to observational
inferences of magnetar rotation periods obtained by modelling type
Ibc SNe.
5.1 Comparison with observed supernovae
Fig. 5 compares our predicted NS rotation periods (the same as shown
in Fig. 3) to observationally inferred magnetar rotation periods, as a
function of ejecta mass. Yu et al. (2017) and Blanchard et al. (2020)
estimated ejecta masses, magnetar rotation periods, and magnetar
field strengths by modelling SLSNe Ic light curves assuming they are
powered by dipole spin-down of a rapidly rotating magnetar. Their
inferred rotation periods and ejecta masses (teal/green stars in Fig. 5)
show a similar trend to our predictions, with higher ejecta masses
corresponding to more rapidly rotating magnetars. However, their
inferred ejecta masses are several times lower than our predictions,
for a given NS rotation period. Alternatively, their inferred spin
periods are several times shorter than our predictions for a given
ejecta mass, especially at low ejecta masses. One possibility for this
discrepancy is that our model predicts too much AM extraction from
massive stellar cores, and that NSs are born rotating several times
faster than our predictions.
Another possibility is that the inferred ejecta masses of Yu et al.
(2017) and Blanchard et al. (2020) are systematically too small.
They used semi-analytic light-curve models with a constant opacity,
assuming a magnetar central engine. Könyves-Tóth & Vinkó (2021)

analysed many of the same events and estimated ejecta masses
using Arnett’s rule (Arnett 1980, see also Khatami & Kasen 2019),
remaining agnostic to the source of centralized heating. Their models
also assumed a constant opacity and were coupled with spectroscopic
ejecta velocity estimates. As shown in Fig. 5, their ejecta mass
estimates are typically several times larger and are usually closer
to the predictions of our models, though Könyves-Tóth & Vinkó
(2021) did not estimate magnetar spin periods. In both cases, the
use of a constant and grey opacity could lead to systematic errors
when inferring the ejecta mass. Furthermore, the true ejecta masses
could be larger than the measured ejecta masses in non-spherically
symmetric SNe in which a massive but dim component of the ejecta
is masked by a bright, low-mass, higher velocity component of the
ejecta. It is safe to say that the ejecta masses are very uncertain,
and we encourage more detailed photometric and spectroscopic
modelling of these events to refine ejecta mass measurements.
Fig. 5 also shows a few magnetar rotation period estimates
obtained by modelling ‘normal’ type Ib SNe, which likely arise from
He stars formed in binaries (e.g. Zapartas et al. 2021). Afsariardchi
et al. (2021) provided estimates for many events by assuming a
typical ejecta mass of either 2 M or 5 M . They found magnetar
rotation periods very similar to those predicted by our models were
consistent with helping to power the events they analysed. Ertl et al.
(2020) came to a similar conclusion, showing that magnetars with
periods of Pns ∼ 20 ms may help power the luminous end of type
Ibc SNe. Hence, the faint end of the type Ibc distribution may arise
from helium star progenitors in wide binaries that produce slower
rotating NSs/magnetars, while the bright end could be powered by
moderately rotating magnetars in tight binaries.
The inferred ejecta masses and magnetar rotation periods for a few
detailed models of individual type Ib/c SNe are also shown in Fig. 5.
Maeda et al. (2007) modelled the unusual type Ib SN 2005bf and
concluded it could be powered by a magnetar with PNS ∼ 10 ms and
came from a progenitor with MZAMS ∼ 20 − 25 M , so we inferred
an ejecta mass of Mej ∼ 5 M based on our models for that mass
range. Pandey et al. (2021) modelled the luminous type Ib SN 2012au
and found that an ejecta mass of ≈ 5 M and magnetar with PNS ≈
20 ms could reproduce the data. Gutiérrez et al. (2021) modelled the
double-peaked type Ic SN 2019cad and estimated a pre-explosion
mass of 11 M (Mej ∼ 9.4 M ) and a magnetar rotation period of
PNS ∼ 11 ms. Each of these events are consistent with our models
for a final orbital period of Porb ∼ 0.5 − 1 d.
5.2 Predictions for central engine models
5.2.1 Magnetar central engines
Our models also have implications for the progenitors of GRBs
and type Ic-BL SNe. Many recent works (e.g. Metzger et al. 2011;
Mazzali et al. 2014; Metzger et al. 2015; Beniamini, Giannios &
Metzger 2017; Barnes et al. 2018; Margalit et al. 2018; Fryer
et al. 2019; Aloy & Obergaulinger 2021; Shankar et al. 2021) have
suggested rapidly rotating magnetars as the engines driving both of
these events. To investigate this possibility, we compute the rotational
energy Erot = 0.5INS (2π /PNS )2 of a putative magnetar formed from
the inner 1.6 M of each of our models. We compare this to the
typical energy EIc−BL ≈ 0.5Mej vej2 ∼ 1052 erg (Mej /5M )(vej /1.5 ×
104 km s−1 )2 associated with observed Ic-BL SNe. The bottom panel
of Fig. 6 shows that the magnetar rotational energy of our models
is less than 1052 erg for all but our most rapidly rotating models
arising from the most massive progenitors. The discrepancy is even
worse when one considers that the ejecta mass of our massive models
MNRAS 511, 3951–3964 (2022)
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Figure 5. The same as Fig. 3, but now in comparison with inferred magnetar
rotation periods and ejecta masses for superluminous type Ic SNe taken
from Yu et al. (2017) and Blanchard et al. (2020). When available, dashed
lines connect different estimates for the same events, or with ejecta masses
from Könyves-Tóth & Vinkó (2021). We also indicate possible magnetar
spin periods from Afsariardchi et al. (2021), where the ejecta mass has
been assumed to be 2 M or 5 M . The black crosses correspond to a few
individually modelled type Ib/c SNe discussed in the text.
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5.2.2 Accreting black hole central engines

Figure 6. Energetics of our models as a function of pre-explosion mass, with
the same symbols as Fig. 3. Bottom: Isotropic GRB energy Eiso associated
with accretion on to a newly formed BH for each of our models, as described
in the text. Models with Eiso  3 × 1051 erg are good candidates to produce
detectable GRBs. Middle: Energy released from an accretion disc wind in
the case of BH formation. Top: Rotational energy Erot upon formation of a
1.6 M NS. Rotational or disc wind energies larger than the dashed line may
be capable of powering a Ic-BL SN via magnetar spin-down or BH accretion,
respectively. Our models struggle to power Ic-BL SNe via magnetar spindown, unless there is significant magnetar spin-up due to fallback accretion
(see the text).

would be far larger than 5 M , meaning that the ejecta velocity would
be smaller than 15 000 km s−1 and those SNe would not appear
broad-lined. Another problem with this scenario is that such massive
He stars may be less likely to form via a common envelope event
(Klencki et al. 2020; Marchant et al. 2021; van Son et al. 2021), and
less likely to explode (O’Connor & Ott 2011; Zapartas et al. 2021).
This may disfavour magnetars as the power source of most Ic-BL
SNe.
There are two possibilities that may reconcile our models with the
magnetar hypothesis. The first is that Ic-BL explosions are highly
aspherical (e.g. bipolar jet-driven explosions, Maeda et al. 2002) such
that a small fraction of mass absorbs most of the spin-down energy.
This would drive larger ejecta velocities even for rotational energies
less than ∼ 1052 erg. The second possibility is that the magnetar is
driven to large rotation rates by fallback accretion from outer layers
of the star which lave larger specific AM. Piro & Ott (2011) (see
also Metzger, Beniamini & Giannios 2018) showed that this can
temporarily drive magnetars to ∼ 1 ms rotation periods (rotational
energies Erot  1052 erg), even if the magnetar initially rotates much
more slowly. After fallback accretion has slowed, the magnetar would
subsequently spin-down via the propeller mechanism and/or dipole
MNRAS 511, 3951–3964 (2022)

Perhaps a more appealing scenario for Ic-BL SNe is that they are
powered by accretion on to a BH, i.e. the collapsar mechanism
(MacFadyen & Woosley 1999; Kohri, Narayan & Piran 2005; Kumar,
Narayan & Johnson 2008). In this model, the inner part of the star
where the specific AM j < jISCO directly collapses to form a Kerr BH.
Then, the outer layers with j > iISCO would circularize and form an
accretion disc outside the ISCO. At high accretion rate, the disc may
be sufficiently dense and hot to trigger URCA reactions and undergo
neutrino cooling (Popham, Woosley & Fryer 1999; Narayan, Piran &
Kumar 2001; Di Matteo, Perna & Narayan 2002; Kohri et al. 2005;
Chen & Beloborodov 2007). In the case where the disc is strongly
cooled due to neutrino emission, we expect that most of the mass will
be viscously accreted to smaller radii (Shakura & Sunyaev 1973);
whereas when the disc is not neutrino-cooled (in the advectiondominated accretion flow, or ADAF regime, Narayan & Yi 1994),
then we expect most of the mass to be driven away from the system as
disc wind (Blandford & Begelman 1999). The mechanical energy carried by the disc wind can drive a strong stellar explosion, and if this is
the case, the supernova emission will be powered by the 56 Ni synthesized in the wind which mixes with the material in the outer envelope
of the star during the explosion (MacFadyen & Woosley 1999).
To estimate the energy released through accretion on to the BH,
Eac , and the energy carried away by a disc wind, Ewind , we use a
simple one-zone disc model as described in Appendix A. This model
evolves the mass/AM of the disc by accounting for material accreting
from the envelope of the stellar model, material lost through disc
winds, and material falling through the ISCO on to the BH. The
middle panel of Fig. 6 shows an estimate of the energy of the disc
wind ejecta of our models. In slowly rotating (long orbital period)
models, most of the stellar envelope plunges directly into the BH,
so only a small amount of mass circularizes outside the ISCO, and
the disc wind energy is small. However, many of our rapidly rotating
models with short orbital periods Porb  0.6 d have energetic disc
winds with energies exceeding 1052 erg and are capable of driving
Ic-BL SNe. There is little progenitor mass dependence as long as
the pre-explosion mass exceeds ∼ 6 M . The amount of mass that
circularizes outside rISCO for models with energetic disc winds is
typically Mej ∼ 1 − 5 M , most of which is ejected into the wind to
form the SN ejecta rather than accreting on to the BH. This ejecta
is hydrogen-free and helium-poor, as required to generate a Ic SN.
Hence we consider our short-period models to be good candidates
for the progenitors of Ic-BL SNe through the collapsar mechanism,
but probably not through the millisecond magnetar mechanism.
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radiation, driving a type Ic-BL SN. In this scenario, Ic-BL can be
produced by events with large magnetic fields of B ∼ 1015 G and
short fallback times of tfb ∼ 100 s, while SLSNe Ic can be produced
by events with lower magnetic fields of B ∼ 1014 G and long fallback
times of tfb ∼ 104 s (Lin et al. 2020, 2021).
Inspection of our models indicate that they do contain enough
AM in their outer cores to spin-up a magnetar to PNS ∼ 1 ms. For
instance, this is easily achievable in many of our models if 1 M of
the inner ∼ 5 M falls back on to an NS made from the iron core.
Still, it is not clear how often that amount of fallback can occur,
whether that mass can accrete on to the magnetar before being blown
away by a disc wind, nor how often it can drive the magnetar to rapid
rotation without making it collapse to a BH. Further investigation of
this possibility for our models is deferred to future work.

Compact object spins in binaries
Our models may also be good candidates to drive long GRBs
via jets generated by the collapsar. To investigate this possibility,
we compute the isotropic-equivalent GRB energy Eiso of material
accreting on to the BH (e.g. Bavera et al. 2022)
η
Eiso =
Eac ,
(21)
fB

5.3 Rates
We have not performed binary population synthesis so detailed event
rate estimates are beyond the scope of this work. Nevertheless, we
can crudely extrapolate from observations and existing population
synthesis calculations, if we assume that He stars in close binaries
are the dominant channel for different types of events. Failure of our
models to reach the observed rates may indicate that other channels
(e.g. homogeneous evolution of stars spun up by accretion, Cantiello
et al. 2007) are more important. The most recent BH merger rate from
14.9
−3
LIGO/Virgo is RBBH = 23.9+
yr−1 and the NS merger rate
−8.6 Gpc
+490
−3
−1
is RBNS = 320−240 Gpc yr (Abbott et al. 2021).
As can be seen from Fig. 3 and equation (17), the majority of
merging NSs likely originate from binaries with pre-explosion orbital
period Porb  0.5 d that are efficiently tidally spun-up. Hence, the
NS merger rate provides a lower limit on the number of tidally
spun-up He stars. Including NS-BH mergers will slightly increase
this number. If we assume a Salpeter IMF, then helium stars with
MHe  10 M that originate from stars with MZAMS  30 M are
roughly 30 per cent as common as helium stars with MHe  4 M
that originate from MZAMS  12 M . If these massive He stars
(MHe  10 M ) all form highly magnetized NSs, the event rate of
rotating magnetar-powered SNe would be ∼ 100 Gpc−3 yr−1 .
The estimate above can be compared with the observed rate of
25
−3
superluminous Ic SNe of RSLSNe = 35+
yr−1 (Frohmaier
−13 Gpc
et al. 2021) or RSLSNe ∼ 40 Gpc−3 yr−1 (Zhao, Xue & Cao 2021).
We thus conclude it is possible for our models to account for the
rates of superluminous type Ic SNe. In reality, many of the massive
He stars required for rapidly rotating magnetars likely collapse into
BHs or produce NSs with too weak/strong fields and would therefore
not generate a superluminous Ic SNe. Then again, the rate will be
slightly increased by contributions from binaries with Porb ∼ 0.75 d
that are tidally spun up but do not usually merge in a Hubble time.
Future work will need to quantify these branching ratios in order to
generate better rate estimates.
Our models struggle to match the observed rate of Ic-BL SNe
if they are powered by magnetar rotation. While the volumetric
rate is uncertain, Shivvers et al. (2017) (see also Modjaz et al.
2020) estimate that roughly 4 per cent of stripped SNe are type Ic0.8
−3
4
BL. Given a stripped SNe rate of RIbc = 2.4+
yr−1
−0.6 × 10 Gpc
(Frohmaier et al. 2021), this entails RIc−BL ∼ 103 Gpc−3 yr−1 , roughly

1 per cent of the total core-collapse SN rate. If only AM in the iron
core contributes to the magnetar rotation period, then almost none
of our models can reach the ∼ 1052 erg energy level inferred for type
Ic-BL SNe, and we expect RIc−BL < 102 Gpc−3 yr−1 , far smaller than
observationally inferred. One possibility to reconcile this difference
is that fallback accretion very commonly spins up magnetars to
millisecond periods, such that some of our less massive and longer
orbital period models contribute to the Ic-BL SN population.
If Ic-BL SNe are instead powered by BH accretion via the collapsar
mechanism, the same models in Fig. 6 that produce GRBs are those
with Eac  1052 erg that can produce Ic-BL SNe, and we might guess
the rates of GRBs (after beaming corrections) and Ic-BL SNe to be
similar. This is problematic because the uncorrected rate of long
GRBs at low redshift is RGRB ∼ 1 Gpc−3 yr−1 (Wanderman & Piran
2010), and using 1/fB ∼ 100 implies a beaming-corrected volumetric
rate of RGRB ∼ 100 Gpc−3 yr−1 . Hence, the observed GRB rate is a
factor of ∼10 times smaller than that of Ic-BL SNe. It is possible that
many GRB jets are choked or that the beaming fraction is smaller
than fB = 0.01, which could account for the lower observed rate of
long GRBs compared to Ic-BL SNe. However, it is difficult for our
models to simultaneously reproduce the long GRB rate and the much
higher rate of Ic-BL SNe, as explained below.
Bavera et al. (2021a) performed population synthesis on their
stellar models to predict BH merger rates in the range RBBH ∼
25 − 113 Gpc−3 yr−1 , approximately consistent with the measured
rate from LIGO/Virgo. Bavera et al. (2020) estimate that roughly
20 per centof these events will have moderate rotation with χ eff >
0.1, which is also similar to the observed fraction of moderately
spinning BH mergers (The LIGO Scientific Collaboration 2019).
Since our models predict very similar BH spins as Bavera et al.
(2020), we conclude that they can roughly account for the observed
rate of of BH mergers, with both low and moderate χ eff . The latter
likely have one highly spinning BH like those in Fig. 6 capable of
powering a GRB, corresponding to a crude local GRB rate estimate
of RGRB ∼ 10 − 40 Gpc−3 yr−1 if GRB jets are never choked. This is
within a factor of a few of the observed GRB rate above, indicating
that this binary channel may be able to account for most long GRBs,
the same conclusion reached by Bavera et al. (2022).
However, this scenario cannot simultaneously explain the observed
rate of Ic-BL SNe, given they are predicted to occur from the same
models as those that generate long GRBs and moderate-χ eff BH
mergers. Scaling up the binary collapsar formation rate would help
match the Ic-BL SN rate, but it would likely increase the BH merger
rate above that observed. One possibility is that Ic-BL SNe are
produced by collapsars formed through homogeneous evolution,
which may not merge with a companion BH and could therefore
increase the Ic-BL rate without increasing the BH merger rate.
Another possibility is that most Ic-BL SNe (and perhaps most GRBs)
are produced by the first-formed tidally spun-up He star in a shortperiod (P  1 d) binary with a main sequence secondary. The mass
transfer at the end of the secondary’s life would likely be stable,
widening the orbit so that the compact remnant (WD, NS, or BH)
would not merge with the first-formed BH within a Hubble time,
allowing these systems to enhance the rates of Ic-BL/GRBs without
increasing the BH merger rate.

6 M O D E L L I N G U N C E RTA I N T I E S
Several physical uncertainties affect our compact object spin predictions. Numerical convergence is only a minor source of uncertainty
for these models, as shown in Section B.
MNRAS 511, 3951–3964 (2022)
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where η is the fraction of accretion energy channeled into the jet and
fB is the beaming fraction. We take η = 0.01 and fB = 0.01 such
that η/fB = 1, but we emphasize there is great uncertainty in these
parameters. The top panel of Fig. 6 shows our calculations of Eiso for
each of our models, along with an approximate detection threshold
of Eiso ∼ 3 × 1051 erg that lies near the low end of detected GRBs
(Perley et al. 2016). Our models with Porb  0.75 d and Mexp  5 M
(i.e. the same models that could generate Ic-BL SNe) are capable of
driving long GRBs. More energetic GRBs are predicted to occur
from more massive progenitors, with Eiso extending up to ∼ 1054 erg
as observed. Since the progenitor models that can produce Ic-BL
SNe are the same that produce long GRBs, our models naturally
predict the association between long GRBs and Ic-BL SNe.
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6.1 AM transport uncertainties
Despite asteroseismically measured rotation rates of low-mass red
giants, the physical mechanisms behind AM transport are not well
understood, translating to substantial uncertainties for predictions of
core rotation rates in high-mass stars. Our updated AM transport
prescription based on the Tayler instability described in Section 2
yields similar predictions for low-mass red giants as the original
prescription of Fuller et al. (2019), and it is therefore asteroseimically
calibrated. However, this underpredicts the core rotation rates of lowmass sub-giant stars (Eggenberger et al. 2019), and it overpredicts
the core rotation rates of secondary clump stars (Tayar et al. 2019).
While our models match the data much better than models including
the TS dynamo (Cantiello et al. 2014), they are clearly not perfect.
Moreover, the observed scatter (Gehan et al. 2018) in core rotation
rates by a factor of ∼3 above and below the predictions of Fuller
et al. (2019) for low-mass red giants likely entails diversity in the
effective AM transport efficiency factor α. A similar scatter might be
expected for high-mass stars. We find that the predicted NS rotation
period scales roughly linearly with α for the models of this paper,
with larger values of α creating more efficient AM transport and
slower NS spin. Hence, real stars may exhibit a scatter in NS rotation
MNRAS 511, 3951–3964 (2022)

periods by a factor of a few above or below our predictions. This
may allow slightly lower mass stars to contribute substantially to
rotation-powered energetic transients.
Our updated prescription predicts NS rotation periods roughly half
that of Fuller et al. (2019) when applied to the H-poor stellar models
of this paper. The difference is smaller for high-mass models but is
slightly larger for our lowest mass models. For comparison, we ran
several of our models with the original TS dynamo prescription of
Spruit (2002). This predicts NS rotation rates ∼4 times faster than our
low-mass models, with PNS ∼ 10 ms for Mexp  5 M . Interestingly,
however, both models predict similar NS rotation rates from highmass stars. Hence, multiple proposed AM transport prescriptions
coincidentally predict PNS ∼ 1 ms for short-period binaries with
Mexp  15 M . For BH spin, both this work and models employing
the TS dynamo now predict typical spins of aBH ∼ 0.03 from
BHs born from He stars in wide binaries (Qin et al. 2018; Bavera
et al. 2020). This statement is dependent on the progenitor mass,
rotation rate, metallicity, and mass-loss prescription, so it is largely
coincidental.
In contrast to our models, Kissin & Thompson (2015) proposed
that magnetic torques enforce nearly rigid rotation in radiative
regions, while convective AM pumping causes differential rotation
in thick convective layers (see also Takahashi & Langer 2021).
Kissin & Thompson (2018) examined the core AM of massive
stars in this scenario, predicting slowly rotating NSs in single
stars, but finding that tidal spin-up of a red supergiant progenitor
can lead to a rapidly rotating NS or BH. In their model, rapid
rotation is possible for hydrogen-rich progenitors, in contrast to our
models. They did not examine tidal spin-up of helium stars, nor
did they investigate mass/metallicity dependence in detail. Future
work should examine the convective AM pumping scenario to make
distinguishing predictions from other models.
6.2 Helium stars from other evolutionary channels
6.2.1 Stable mass transfer
Several recent works (e.g. Pavlovskii et al. 2017; Klencki et al. 2020;
Marchant et al. 2021; van Son et al. 2021) have argued that many
merging BHs may form via orbital decay during stable mass transfer
rather than common envelope evolution. Our models are agnostic to
the progenitor channel as long as it produces a nearly hydrogen-free
progenitor star in a short-period orbit, and as long as the envelope
stripping occurs on a very short time-scale. The stable mass transfer
scenario may leave a thicker hydrogen shell than used in our models,
and it may proceed over a slightly longer (thermal) time-scale than
the envelope stripping prescription that we use, so the resultant NS
and BH spins may be somewhat different.
To explore the potential effect of a thin hydrogen envelope, we
ran a few models identical to those above, but leaving a couple
tenths of a solar mass of hydrogen after the stripping process. The
results for high-mass stars (MZAMS  40 M ) are nearly unaffected
because the residual hydrogen is quickly lost by winds. For lower
mass stars, however, the hydrogen envelopes can be retained through
helium core burning, causing the star to greatly inflate during helium
shell burning (e.g. Laplace et al. 2020). The expanding hydrogen
envelope extracts AM from the core, most of which is lost because
this hydrogen envelope overflows the Roche lobe and is lost via case
BB mass transfer (e.g. Tauris, Langer & Podsiadlowski 2015). In
our models, this can cause the BH spin to be more than 50 per cent
smaller, and in certain cases could also cause the NS spin period to be
longer. Future work should investigate this scenario more thoroughly.
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One might expect that the predicted NS and BH spins are sensitive
to the initial rotation rate of the progenitor star. However, that is
not the case for these models. We ran a set of models in which the
main sequence progenitor’s rotation rate was boosted to 80 per cent
of its breakup rate at the end of the main sequence (e.g. to simulate
accretion from a companion). We then constructed a He star model
following the onset of Roche lobe overflow using the same technique
described in Section 3. However, due to the very strong dependence
of the AM viscosity with rotation rate (ν AM ∝ 3 ), the core rotation
rate reaches nearly the same value, regardless of the main sequence
star’s total AM (see also Fuller et al. 2019; Ma & Fuller 2019). This
evidently occurs even for massive stars which evolve very quickly
across the HR gap, because we find the He star’s initial rotation rate
(and subsequent NS and BH spin) is nearly the same, regardless of
the spin rate of the main sequence progenitor.
Our models do not include rotational mixing via Eddington–Sweet
circulation. To test its importance, we ran a set of models with a generous amount of rotational mixing (am D mix factor = 1d-1
and D ES factor = 1) switched on for our helium star models.
The resulting NS and BH spin rates are very similar, but slightly
smaller for our highest mass models because of slightly increased
wind mass-loss rates in these models.
A major assumption of our predictions for NS rotation rates
is that of AM conservation during the core-collapse explosion.
Multidimensional simulations (Müller et al. 2018; Chan, Müller &
Heger 2020; Stockinger et al. 2020; Janka, Wongwathanarat &
Kramer 2022) instead show that asymmetric explosions and fallback
accretion can significantly alter the spin rate of the NS, spinning it up
to spin periods as short as milliseconds. However, those simulations
may also overestimate the spin-up via fallback because of numerical
gridding effects or if fallback material is inefficiently accreted (Janka
et al. 2022). Given the long NS spin periods predicted for our lowmass progenitor models, it is likely that the true spin periods for those
NSs are set by fallback and are shorter than our predictions. However,
given the rarity of engine-powered SNe, we are skeptical that a
common process like asymmetric fallback accretion can explain the
millisecond periods needed to power engine-driven transients, nor
why those transients are associated with hydrogen-free progenitor
stars.

Compact object spins in binaries
6.2.2 Helium stars from chemically homogeneous evolution

7 CONCLUSION
We have generated a suite of detailed binary stellar evolution models,
examining angular momentum (AM) transport and core rotation
rates of massive helium stars in close binary systems. Such binaries
could possibly be formed via common envelope evolution (e.g.
Belczynski, Kalogera & Bulik 2002), or via stable mass transfer (e.g.
Marchant et al. 2021), which may be more likely for massive helium
stars (Klencki et al. 2020). Our models improve upon prior efforts
by implementing an updated AM transport prescription based on
magnetic torques associated with the Tayler instability (Fuller et al.
2019), which has been calibrated with asteroseismic core rotation
rates of low-mass red giant stars. The models also include tidal
torques from the companion star which greatly increase the AM
content for binaries with orbital periods Porb  1 d, allowing for rapid
core rotation that could power various types of SNe and energetic
transients. The efficient AM transport of our models allows most of
the iron core’s AM to be extracted before core-collapse, predicting
slower core rotation than most prior models.
Based on the core AM content just before core-collapse, we predict
the rotation rates of neutron stars (NSs) born from binary helium stars
(Fig. 3), assuming AM is conserved during collapse. We find that NSs
born from low-mass progenitors (Mexp  5 M ) and wide binaries
(Porb  1 d) are generally slowly rotating, with initial rotation rates
PNS  10 ms. The rotation periods of these NSs may instead be
determined by asymmetric fallback accretion (e.g. Chan et al. 2020;
Stockinger et al. 2020). NSs born from massive progenitors in
close binaries can be rapidly rotating, with PNS ∼ 1 ms for the most

massive progenitors in very tight binaries. Core contraction of very
massive stars occurs so quickly that there is not enough time to
remove the core AM before core-collapse, so our models predict a
strong correlation between the NS rotation rate and progenitor/ejecta
−1.4 0.8
mass, with approximate scaling PNS ∝ Mexp
Porb for stars in tight
binaries. A similar correlation has been observationally inferred from
magnetar models for superluminous type Ic SNe (Blanchard et al.
2020), though our predicted ejecta masses are several times larger
than many current estimates for observed events.
When a black hole (BH) is formed upon core-collapse, our models
predict low spin (a ࣠ 0.1) for BHs in wide binaries with Porb  1 d
(Fig. 4). However, tidal spin-up of the progenitor at shorter periods
allows for rapid rotation, with a ∼ 1 possible at very short orbital
0.5 −2.5
periods, and an approximate scaling a ∝ MBH
Porb . Unlike NSs, the
BH spin is nearly independent of AM transport and our models yield
results similar to other recent work (e.g. Qin et al. 2018; Bavera
et al. 2020). These models predict low values of χ eff for most BH
mergers observed by LIGO/Virgo, but with a significant fraction of
moderate χ eff events arising from BHs in close binaries. This appears
consistent with the low/moderate measured values of χ eff for most
LIGO/Virgo events thus far.
Finally, we investigate the possibility of generating energetic
transients (superluminous type Ic SNe, type Ic-BL SNe, and GRBs)
via rotational or accretion power in our models. The AM content
of the envelopes of our short-period binaries are likely sufficient
to power GRBs via the collapsar model (Fig. 6). Using only the
AM in the iron core, our massive models can create rapidly rotating
magnetars capable of powering superluminous SNe, but only for
very massive stars in very tight binaries with an appropriately tuned
magnetar field strength, so it is unclear if they can account for the
observed rates. This is more problematic for magnetar powering of IcBL SNe, which are more common and have larger explosion energies
of ∼ 1052 erg. These events require significant fallback accretion and
spin-up of the magnetar to achieve the required rotational energy,
or they must be powered by BH accretion rather than magnetar
spin-down. While our models capable of powering GRBs are also
predicted to power ∼ 1052 erg SNe Ic-BL via outflows from accretion
disc winds, it is difficult to account for the much higher observed
rate of SNe Ic-BL.
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A P P E N D I X A : AC C R E T I O N E N E R G E T I C S
A crude one-zone model for the BH accretion disc and its time
evolution is provided by Kumar et al. (2008), who included the
combined actions of mass infall, viscous accretion, and disc wind.
We adopt their model and briefly describe the procedure here.2 At a
given moment, the disc has mass Md and AM Jd , so the characteristic
radius is given by rd = Jd2 /(GMBH Md2 ) assuming Keplerian rotation.
The time evolution of these two quantities are given by
Md
,
tvis

(A1)

Jd
J˙d = J˙fb − ṀBH jISCO − fAM ,
tvis

(A2)

Ṁd = Ṁfb −

where Ṁfb
and J˙fb are the mass and AM fallback rates of the envelope,
tvis = αs−1 rd3 /GMBH is the viscous time-scale, α s ∈ (0.01, 0.1) is
the dimension-less viscous parameter (Shakura & Sunyaev 1973),
and ṀBH is the BH accretion rate at the inner edge of the disc. The
parameter fAM relates the specific AM of the mass lost through the
disc wind to that of the disc, as described below.
To compute the mass/AM fallback rates from our progenitor
model, we first calculate
 the free-fall time for each shell at radius r
as tff (r) = (π/21/5 ) r 3 /GM(r), where M(r) is the enclosed mass.
Then, the mass fallback rate is given by
dM
,
(A3)
dtff
2
J˙fb = (r )r 2 Ṁfb .
(A4)
3
These are the rates at which mass and AM are added to either the
BH or the accretion disc at a given time t = tff (r). For the discforming radial shells with j > jISCO , we assume that only the regions
>30◦ from the rotational axis manage to fallback to the disc whereas
the regions with polar angles <30◦ is removed from the star by
the mechanical feedback of the accretion disc wind/jet. This means

Ṁfb =

2 Our code that models the BH accretion history can be downloaded from this

URL: https://github.com/wenbinlu/collapsar.git

that the mass and AM fallback rate are slightly reduced by a factor
of cos 30◦ = 0.866 and (3/2)[cos 30◦ − (1/3)(cos 30◦ )3 ] = 0.974,
respectively.
The key ingredient of the disc model is that at a given moment,
the disc has a power-law radial mass accretion rate profile Ṁacc (r) =
(Md /tvis )(r/rd )s (Blandford & Begelman 1999), where s ∈ (0, 1) is a
free parameter (likely between 0.3 and 0.8; Yuan & Narayan 2014).
The power-law flattens below a transition radius rt , where the disc
starts to be neutrino-cooled, and there is no disc wind from radii
r < rt , i.e. Ṁacc (r < rt ) = Ṁacc (rt ). The transition radius is given
by Ṁacc (rt ) = Ṁign rt /rs (rs = 2GMBH /c2 being the Schwarzschild
radius), where Ṁign is the critical accretion for URCA ignition that
depends on the viscous parameter α s , BH mass, and spin (see Chen &
Beloborodov 2007; Siegel, Barnes & Metzger 2019). We adopt α s =
0.03 and keep Ṁign  10−2.5 M yr−1 fixed in this paper. If rt is
in between rISCO and rd , then the transition from ADAF to the
neutrino-cooled regime indeed occurs, otherwise the radial profile
of the accretion rate is either a single power law (if rt < rISCO ) or
constant function (rt > rd ). We further assume that the
√ specific AM of
the disc wind is equal to the local Keplerian value of GMBH r at each
radius r, which gives fAM = (1 + 0.5/s)−1 [1 − (rt /rd )s + 0.5 ]. Then,
the mass and AM accretion rates of the BH are ṀBH = Ṁacc (risco )
and J˙BH = jISCO ṀBH . The total accretion luminosity of the disc is
given by
Lac  ηNT ṀBH c2 ,

(A5)
√

where the Novikov-Thorne efficiency ηNT = 1 − 1 − rs /3risco is
given by the energy difference between a particle at infinity and
at the ISCO. Under the assumption that each wind fluid element
lifted from radius r carries positive specific energy of GMBH /2r, we
estimate the total mechanical power of the disc wind to be
Lwind 

s
GMBH Md
(rd /rt )1−s − 1 .
2(1 − s) rd tvis

(A6)

Finally, we integrate over the entire evolution history
 and obtain the
total energy generated by the accretion disc Eac = Lac dt as
 well as
the mechanical energy carried by the disc wind Ewind = Lwind dt.
Our nominal result in Fig. 6 uses s = 0.5, and for other choices of s
∈ (0.3, 0.8), Ewind differs by a factor of a few.
APPENDIX B: MODEL TESTING
B1 Resolution testing
It is important to check that our results are not spurious due to
unstable or non-converged stellar models. To do this, we performed a few tests. First, we increased each model’s spatial resolution by a factor of ∼2 by decreasing mesh delta coeff
and mesh delta coeff for highT. Fig. B1 shows that the
predicted NS and BH rotation rates for all the models were very
similar, within 10 per cent in most cases and never varying by more
than 40 per cent. The differences appeared to be stochastic, with no
systematic shift to higher or lower spins.
Secondly, we increased each model’s time resolution by requiring
smaller changes in grid cell temperatures and chemical abundances
by a factor of two. The corresponding differences in NS and BH
spins are shown in Fig. B2. Again, no large or systematic changes
were observed. Since the uncertainties in physical prescriptions (see
below) are much larger than differences arising from numerical
resolution, we consider the models to be sufficiently converged for
our purposes.
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Figure B2. Same as Fig. B1 but for models with different time resolution.
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Figure B1. Fractional difference in the predicted NS rotation period (top)
and BH spin (bottom) between models with our highest spatial resolution and
slightly lower resolution.

