
Constraints on Neutrino Natal Kicks from Black-Hole Binary VFTS 243

Alejandro Vigna-Gómez ,1,2 Reinhold Willcox ,3,4,5 Irene Tamborra ,2,6 Ilya Mandel ,4,5

Mathieu Renzo ,7,8 Tom Wagg ,9 Hans-Thomas Janka ,1 Daniel Kresse ,1,10

Julia Bodensteiner ,11 Tomer Shenar ,12 and Thomas M. Tauris 13

1Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Strasse 1, 85748 Garching, Germany
2Niels Bohr International Academy, Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen, Denmark

3Institute of Astronomy, KU Leuven, Celestijnlaan 200D, 3001 Leuven, Belgium
4School of Physics and Astronomy, Monash University, Clayton, Victoria 3800, Australia
5The ARC Centre of Excellence for Gravitational Wave Discovery—OzGrav, Australia

6DARK, Niels Bohr Institute, University of Copenhagen, Jagtvej 128, 2200 Copenhagen, Denmark
7Center for Computational Astrophysics, Flatiron Institute, 162 5th Avenue, New York, New York 10010, USA

8Steward Observatory, University of Arizona, 933 N. Cherry Avenue, Tucson, Arizona 85721, USA
9Department of Astronomy, University of Washington, Seattle, Washington, DC 98195, USA
10Technical University of Munich, TUM School of Natural Sciences, Physics Department,

James-Franck-Strasse 1, 85748 Garching, Germany
11European Southern Observatory, Karl-Schwarzschild-Strasse 2, 85748 Garching, Germany

12The School of Physics and Astronomy, Tel Aviv University, Tel Aviv 6997801, Israel
13Department of Materials and Production, Aalborg University, Aalborg, Denmark

(Received 29 September 2023; revised 20 February 2024; accepted 1 April 2024; published 9 May 2024)

The recently reported observation of VFTS 243 is the first example of a massive black-hole binary
system with negligible binary interaction following black-hole formation. The black-hole mass (≈10M⊙)
and near-circular orbit (e ≈ 0.02) of VFTS 243 suggest that the progenitor star experienced complete
collapse, with energy-momentum being lost predominantly through neutrinos. VFTS 243 enables us to
constrain the natal kick and neutrino-emission asymmetry during black-hole formation. At 68% confidence
level, the natal kick velocity (mass decrement) is ≲10 km=s (≲1.0M⊙), with a full probability distribution
that peaks when ≈0.3M⊙ were ejected, presumably in neutrinos, and the black hole experienced a natal
kick of 4 km=s. The neutrino-emission asymmetry is ≲4%, with best fit values of ∼0–0.2%. Such a small
neutrino natal kick accompanying black-hole formation is in agreement with theoretical predictions.
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Introduction.—Stars several times more massive than
the Sun end their lives with the collapse of their iron cores.
The explosion mechanism and the physics driving the
formation of the compact object are still a matter of
intense research [1–8]. In the delayed neutrino-driven
mechanism, neutrinos revive the stalled shock wave, even-
tually leading to a successful explosion. In this case, the
stellar mantle is successfully ejected and the compact-object
remnant is a neutron star (NS) in most cases. However,
if the explosion mechanism fails, continuous accretion of
matter onto the transiently stable proto-NS pushes the latter
over its mass limit and a black hole (BH) forms.
The extreme speeds of pulsars [9–11] indicate that NSs

experience a natal kick during formation [12]. This natal

kick is attributed mainly to asymmetric mass ejection, but
asymmetric neutrino emission may contribute [13–21].
Simulations of the collapse of massive stars show that
hydrodynamical instabilities leading to large-scale asym-
metries in the mass distribution—such as neutrino-
driven convection [22–24], the standing accretion shock
instability [25,26], or the lepton emission self-sustained
asymmetry instability [27,28]—could also have impor-
tant consequences on the natal kick of the compact
remnant [16–18,27]. In addition, fast rotation and the
presence of magnetic fields at the moment of collapse are
likely to affect the natal kick [16].
In the extreme scenario of complete collapse into a BH, the

ejecta mass and natal kicks are thought to be very low
(∼1–10 km=s) [29–31]. In this case, mass-energy is lost
via neutrinos and, to a lesser extent, gravitationalwaves [1,21].
This differs from the archetypical scenario in which aniso-
tropic baryonic ejecta are themain carriers ofmomentum [32].
Observations of stellar-mass BHs in high-mass x-ray

binaries (HMXBs) have been employed to constrain the
impact of natal kicks of collapsing stars on the orbital
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configuration of massive binary systems [33–35]. HMXBs
are binary systems comprising OB-type stars that transfer
matter via stellar winds [36] to their compact-object
companion [37]. To date about 150 HMXBs have been
discovered in the Milky Way, but only a handful of these
are associated with BH companions [38,39].
Recently, spectroscopy [40–43] and astrometry [44,45]

have allowed the first detection of inert (i.e., x-ray
quiescent or dormant) stellar-mass BH binaries [46] in
the field [47]. This population of BH binaries is especially
intriguing. These objects have wider orbital periods than
HMXBs and the stellar companions are well within their
Roche lobes. This configuration, which implies little
interaction following BH formation [49], makes inert
BH binaries better probes of natal kicks than HMXBs.
In this Letter, we present direct inference on neutrino natal
kicks for the most massive inert BH detected to date: VFTS
243 [41]. Our findings are summarized in Fig. 1.
For BH binaries, the plausibility of the complete collapse

scenario can be assessed because the impact on the orbital
evolution of mass ejection (dM) and a natal kick (vkick)
during compact-object formation on binary star systems are
well understood [67–69]. For example, near-instantaneous
(quasi)spherically symmetric mass ejection during the
stellar collapse results in a recoil (the Blaauw effect [70])
that leads to a systemic velocity of the binary as a whole,
widens the orbit, makes it more eccentric, and can even
disrupt the binary [71]. On the other hand, asymmetries
in the ejected mass lead to a wider variety of configu-
rations, potentially modifying the separation (increase or
decrease), eccentricity, and inclination of the orbit. Such
asymmetries could play an important role in the formation
of BH-BH mergers [72], BH HMXBs [73], and inert BH
binaries [74,75].
Properties of VFTS 243.—VFTS 243 belongs to the

family of inert BH binaries recently discovered in the
Milky Way [43] and the Large Magellanic Cloud [41] via
spectroscopy (Fig. 2). It comprises a main-sequence O star
with inferred mass of M� ¼ 25.0� 2.3M⊙ and a BH
companion with MBH ¼ 10.1� 2.0M⊙, orbital period of
P ¼ 10.4031� 0.0004 d, and eccentricity e ¼ 0.017�
0.012, where the errors are the 1σ uncertainty inte-
rvals [41]. The relatively high mass of the BH and the
nearly circular orbit suggest that the system experienced
complete collapse. With a stellar radius (R) well within
the binary Roche lobe (fRL ¼ R=RRL ≈ 0.33) [41], VFTS
243 is a relatively wide BH binary (for example, in
contrast, Cygnus-X1 is close to filling its Roche lobe
with fRL ≳ 0.99 [76,77]). Moreover, the supersynchro-
nously rotating massive star of VFTS 243 suggests that the
effects of tides in synchronizing and circularizing the orbit
are negligible [41].
Constraints on natal kicks.—In order to analyze the

formation of VFTS 243, we use a semianalytic appro-
ach [34] to calculate the probability that a circular

precollapse binary that received a natal kick during BH
formation could reproduce the orbital configuration of the
system as observed today. Models of the precollapse
binary suggest it initially had a short (∼1 d) orbital period
and experienced mass transfer [41]. For such configura-
tions, the tidal circularization timescale (∼104 yr [78]) is
significantly shorter than the time the stars spend on the
main sequence (∼106 yr [79]) prior to BH formation.
Therefore, we assume the binary was circularized prior to
collapse. Given that the current configuration is barely
eccentric, it is reasonable to assume that the orbit was
circular and the marginal eccentricity was induced during
BH formation. Alternatively, the current eccentricity
could be a small residual from incomplete circularization
via tides prior to collapse. For the precollapse orbital
configurations we assume independent, uniform wide

FIG. 1. Constraints on the natal kick from VFTS 243. This
figure shows the probability distribution of matching the current
orbital period, eccentricity, and systemic velocity of VFTS 243,
given a certain mass loss (dM) and natal-kick magnitude (vkick)
following BH formation. In the heat map, darker (lighter) regions
indicate a higher (lower) probability for a certain dM-vkick pair to
reproduce the orbital configuration of VFTS 243. The blue
shaded region, delimited by the solid blue vertical lines, shows
the estimates for neutrino mass-loss decrements from stellar
models of BH progenitors [66]. The side panels display the
marginalized probability distribution functions (PDF, gray histo-
grams) and cumulative distribution functions (CDF, red curves).
With CDFðdM ¼ 1.0M⊙Þ ¼ CDFðvkick ¼ 10 km=sÞ ¼ 0.68, we
conclude that solutions with low mass loss and small natal kicks
are preferred. The marginalized distributions peak at around
dM ¼ 0.3M⊙ and vkick ¼ 4 km=s, which is consistent with a
solution where the mass decrement comes exclusively from
neutrino emission.
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prior distributions on the orbital period between
5 ≤ Pi=d ≤ 15, on the natal-kick magnitudes between 0 ≤
vkick=ðkm=sÞ ≤ 200 and on the amount of mass ejected
between 0 ≤ dM=M⊙ ≤ 5. We also assume that the direc-
tion of the imparted natal kick is isotropic. We use the
postcollapse orbital period, eccentricity, and systemic radial
velocity as independent constraints [49], which we justify
by the lack of correlation in the observationally inferred
orbital parameters [41].
Figure 1 shows the results of our analysis. The heat map

presents two distinct hot spots. In the limit where vkick → 0,
we have the solution for puremass loss (Blaauw effect [70]),
where the amount of ejected mass is linearly proportional
to the newly acquired eccentricity of the binary. The
other spot has dM → 0, i.e., a very small amount of mass
is ejected asymmetrically in the frame of reference of the
exploding star, and a natal kick makes the orbit eccentric.
The marginalized one-dimensional probability distributions
havemodes atdM ≈ 0.3M⊙ andvkick ≈ 4 km=s. Explosions
with moderate mass loss (≳1M⊙) and natal kicks
(≳10 km=s) can occur (see yellow in the heat map from
Fig. 1), but require natal kick directions and magnitudes
fine-tuned to balance the mass loss in order to form a low-
eccentricity BH binary [74], as demonstrated by the diago-
nal structure of Fig. 1. Under the assumption that the binary
was circular prior to BH formation and has a small but
nonzero eccentricity at present, there is no support for a
solution with dM ¼ vkick ¼ 0.
In Fig. 1, the vertical blue band shows the estimated mass

decrements associated with the total radiated neutrino
energies of collapsing stripped stars [66]. Numerical sim-
ulations of the collapse ofmassive starswithout concomitant

supernova explosion in 2D [31] and 3D [80] by theGarching
group yield final neutrino-induced BH kick velocities of
magnitudes similar to those favored by our analysis ofVFTS
243 (0–4 km=s), in particular also for a precollapse stellar
model with similar mass. Contesting 3D simulations by the
Princeton group found that the final neutrino-induced natal
kick velocities ofBHs formedvia failed supernovae could be
larger (7–8 km=s [81]), but still within our 1-σ credible
intervals. These quantitative differences may be connected
to different life times of the NS prior to BH formation or to
intrinsic differences of the neutrino asymmetries due to
transport.
Under the hypothesis of complete collapse, we perform

a back-of-the-envelope estimate on long-term (≫ 1 s)
neutrino asymmetries during BH formation. We follow
Refs. [14,29] and parametrize the linear momentum trans-
ferred to the BH as a result of anisotropic neutrino emission
as

MBHvν;kick ¼ ανEtot
ν =c ¼ ανdMνc; ð1Þ

where αν is the neutrino emission asymmetry factor, vν;kick
is the neutrino natal kick, dMν is the mass decrement from
neutrino emission, and c is the speed of light in vacuum. To
estimate αν and vν;kick we assume the following (see [49]
for more details). We choose MBH ¼ 10M⊙, similar to
VFTS 243. We obtain the interval Etot

ν ≈ 1–11 × 1053 erg
from the stripped-star BH progenitors from Ref. [66].
Finally, the value of vν;kick is determined by obtaining
the subset of the complete natal kick probability distribu-
tion that is consistent with complete collapse. These
assumptions result in an upper limit on the neutrino
asymmetry of ≈4%, where 0% implies spherically sym-
metric neutrino emission (in the rest frame of the NS), and
33% implies that the dipole component of the neutrino
luminosity equals the monopole amplitude [80]. However,
the asymmetries are between ∼0–0.2% for the most likely
solution of vν;kick ≈ 3 km=s [49], though a solution with no
natal kick is allowed. These values are in overall agreement
with the estimates of the anisotropy parameter of the total
neutrino emission in recent 3D core-collapse simulations
with detailed neutrino transport, namely 0.45%–0.76% for
successful supernova explosions [80] and 0.05%–0.15% in
simulations of nonexploding models [80] (see, however,
Ref. [21], which reports considerably higher values, prob-
ably because of differences in the analysis).
Discussion.—Our results provide evidence of neutrino-

induced natal kicks and add strong support to the complete
collapse formation scenario [41]. In general, the total natal
kick of a compact object has a baryonic, neutrino, and
gravitational-wave component. If matter ejection in a
successful explosion takes place, it generally dominates
the total kick for higher-mass progenitors [32,80,82,83], and
gravitational waves contribute to the natal kick negligibly,
since they carry orders ofmagnitude less energywith respect

HD130298

VFTS 243
VFTS 514

VFTS 779

Cyg X-1

M33 X-7

HD96670

LMC X-1

SS 433

Gaia BH1Gaia BH2

2MASS

FIG. 2. Observed sample of field black-hole (BH) binaries with
massive companions. For each binary, we show the BH mass
(MBH) on the abscissa, the stellar companion mass (M�) on the
ordinate, and the eccentricity (e) through the color bar. We use
circles to indicate high-mass x-ray binaries (HMXBs) and
triangles for inert BH binaries (Inert BHB). The symbol of
VFTS 243 is slightly larger for clarity.
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to baryons and neutrinos (e.g., [31,83]). Our calculations
provide constraints on the total natal kick and mass loss,
which we find to be largely in agreement with mass loss
exclusively through neutrino emission and an associated
natal kick, rather than baryonic mass ejecta. Depending on
the magnitude and direction, a natal kick from baryonic
ejecta [75] could further reduce our limit on neutrino natal
kicks. Alternatively, there could be a yet-to-be-determined
physical mechanism that results in baryonic and neutrino
kicks of a similar magnitude that are antialigned and almost
completely cancel.
Astrometric microlensing has been suggested as a method

to constrain BH natal kicks [84,85]; as long as the observed
velocity dispersion is much larger than the presumed
neutrino kicks, the latter are unconstrained. The entire BH
kick distribution cannot be completely explored with bound
binaries [71], but systems similar to or more massive than
VFTS 243 are ideal to explore and constrain low natal kicks.
The broad implications of the natal kick that VFTS 243
received during BH formation has been recently investigated
in the literature [41], showing support for small [75] and
moderate natal kicks [74]. The solution of very low natal
kicks for VFTS 243 is in agreement with neutrino kick
estimations from hydrodynamical simulations [31,86,87]. In
particular, recent hydrodynamical simulations of core-
collapse events yield a range of model-dependent neutrino
kicks between ≈0–4 km=s in 2D [31] and between
≈0–3 km=s in 3D [80,87]. However, other simulations of
BH-forming collapses produce neutrino natal kicks between
30 km=s≲ vν;kick ≲ 100 km=s [21], which would be parti-
ally compatible with the tail of our distribution in Fig. 1 but
may be difficult to reconcile with other existing theoretical
constraints, if confirmed.
For BH progenitors that have been stripped during a mass

transfer episode, the complete collapse scenario suggests
almost no baryonic ejecta and a mass decrement exclusively
from neutrinos. A very massive proto-NS can lead to a
total neutrino energy emission ofEtot

ν ≈ 1054 erg [66],which
roughly corresponds to a neutrino mass decrement of
dMmax

ν ≈ 0.6M⊙. Therefore, dM < 0.6M⊙, and more real-
istically 0.1≲ dM=M⊙ ≲ 0.4 [49], is consistent with natal
kicks induced from neutrino emission exclusively [66].
Alternatively, dM ≳ 0.6M⊙ implies at least some bar-
yonic-mass ejecta.
In addition to VFTS 243, several other inert BH binaries

have been recently reported: HD 130298 [43], Gaia
BH1 [44,88], and Gaia BH2 [45], as well as inert BH
binary candidates 2 MASS J05215658þ 4359220 [89,90],
HD 96670 [40], VFTS 514 [42], and VFTS 779 [42], all of
them presented in Fig. 2. Arguably, the most atypical
systems in the sample are the astrometric BH binaries Gaia
BH1 and Gaia BH2. With massive BHs (MBH ≈ 10M⊙),
they are at wide orbital periods (≳100–1000 d), have low-
mass (M� ≈ 1M⊙) companions and possibly formed
dynamically [91,92], which could explain their large

eccentricity (e ≈ 0.5), putting them in a different class
with respect to the other BH binaries, whose assembly is
more in line with that of stellar binaries [46].
The sample of single line spectroscopic (SB1) inert BH

binaries is diverse (Fig. 2). VFTS 243 is the most massive
and least eccentric of SB1 BH binaries. HD 130298 is
slightly less massive than VFTS 243 (withMBH ≈ 9M⊙ and
M� ≈ 24M⊙), has a similarly small Roche-lobe filling factor
(fRL ¼ 0.26) and a similar orbital period (Porb ≈ 15 d),
but it is quite eccentric (e ≈ 0.5). VFTS 514 is even less
massive (with MBH ≈ 5M⊙ and M� ≈ 19M⊙) and is also
quite eccentric (e ≈ 0.4); with a long orbital period
(Porb ≈ 185 d), it is likely far from Roche-lobe overflow.
VFTS 779 is the least massive of the SB1 BH binaries (with
MBH ≈ 4M⊙ and M� ≈ 14M⊙), has a near circular orbit
(e ≈ 0.02) and a long orbital period (≈60 d). The spectral
type of the star of VFTS 779 indicates it has evolved past the
main sequence [42]; at this stage, it is developing a
convective envelope that makes tidal circularization orders
of magnitude more efficient than for main-sequence stars
with radiative envelopes [49].
The sample of BH HMXBs [39,93] is broader in the

mass parameter space, but otherwise is more homogeneous
(Fig. 2). Most BH HMXBs have short orbital periods
(Porb < 6 d), small eccentricities (e≲ 0.1), and large
Roche-filling factors (fRL ≳ 0.9). Large Roche-filling fac-
tors in HMXBs are in agreement with the theory of wind-
accreting x-ray binaries, which predicts a threshold of
fRL ≳ 0.8–0.9 as a condition for observability [94]. Cygnus
X-1 is the archetype of BH HMXBs, with MBH ≈ 21M⊙
and M� ≈ 41M⊙, a short-day orbital period (Porb ≈ 6 d), a
large Roche-lobe filling factor (fRL > 0.99), and a near-
circular orbit (e ≈ 0.02). While the eccentricities of Cygnus
X-1, LMC X-1, and M33 X-1 are similar to that of VFTS
243, both wind accretion onto the compact object [35,78]
and tides could have played a role in circularizing these BH
HMXBs. For massive, main-sequence stars with radiative
envelopes, the dynamical tide is the dominant tidal dis-
sipation mechanism [95]. Dynamical tides are not an
efficient dissipation mechanism for VFTS 243 [42], the
most compact inert BH binary detected to date. The
circularization timescale via dynamical tides is a strong
function of the separation [τcirc ∝ ða=RÞ21=2 [96], where a
is the semimajor axis of the binary], which implies that
tides are significantly less efficient for the SB1 sample than
for the observed BH HMXBs. For example, doubling the
orbital period of Cygnus X-1 would result in a similar
period to VFTS 243 and would reduce the impact of tides
by ∼2 orders of magnitude. Moreover, HD 130298 has
rather similar properties (masses, periods, and Roche-
filling factors) to VFTS 243, but is rather eccentric; this
demonstrates that dynamical tides are not efficient at
circularizing the orbit at such large separations.
Finally, we highlight that for BH binaries with M� >

MBH there seems to be a sharp drop in eccentricity for
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systems with MBH ≳ 10M⊙. We speculate that this drop
could denote the transition between luminous, mass-
shedding explosions and complete collapse [97–100]. The
early theory of stellar collapse suggested that less massive
cores eject somemass during BH formation, while complete
collapse could only occur for cores of mass ≳11M⊙ [101].
However, a growing body of theoretical work shows
evidence that the compact-object remnant mass function
is a nonmonotonic function of mass [1,6,102–111] that
could even be stochastic [112], dependent on initial rotation
and composition [113], and that might be affected by binary
interactions [114–116]. This means that more massive stars
do not always result in more massive compact objects; some
stellar cores above a certain threshold can result in mass-
shedding explosions and formNSs [117]. Based on the sharp
eccentricity transition between HD 130298 and VFTS 243
(both SB1 BH binaries with similar masses and orbital
periods) and the results presented in this Letter, we consider
that helium cores with a mass of ≈10M⊙ could undergo
complete collapse. However, this does not rule out the
possibility that complete collapse occurs for less massive
stars, or that incomplete collapse returns at higher masses.
Future observations should provide more precise values on
the actual mass threshold for complete collapse.
Conclusions.—We explore the effect of mass loss and

natal kicks during BH formation in VFTS 243, the heaviest
inert stellar-mass BH binary detected to date. Our results
show that the marginalized distributions peak around
dM ¼ 0.3M⊙ and vkick ¼ 4 km=s, respectively; these val-
ues are consistent with recent simulations of the stellar
collapse predicting mass loss via neutrino emission exclu-
sively [66], fully in agreement with the complete collapse
scenario [102]. Under the hypothesis of complete collapse,
we estimate the asymmetry in the neutrino emission to be
∼0%–0.2% and provide an upper limit of ≈4%. We find
that mass loss ≲1.0M⊙ and vkick ≲ 10 km=s are preferred
at a 68% confidence level, in agreement with other studies
in the literature [41,75]. Moreover, our results also accom-
modate solutions with no natal kick and no asymmetries in
neutrino emission. The progenitor of the BH component of
VFTS 243 is likely a massive stripped star [42] that
experiences negligible mass loss during BH formation.
Following recent observations of inert BH binaries in the
Local Group (Fig. 2), we suggest that complete collapse
can occur for stars that end their lives with cores
of ≳10M⊙.

We thank David Aguilera-Dena, Sharan Banagiri,
Sebastian Gomez, Laurent Mahy, Thomas Maccarone,
Bernhard Mueller, Rachel Patton, and Ruggero Valli for
useful discussions. In Garching, this work was supported
by the German Research Foundation (DFG) through the
Collaborative Research Centre “Neutrinos and Dark Matter
in Astro- and Particle Physics (NDM),” Grant No. SFB-
1258–283604770, and under Germany’s Excellence

Strategy through the Cluster of Excellence ORIGINS
EXC-2094-390783311. R.W. acknowledges support from
the KU Leuven Research Council through Grant No. iBOF/
21/084. I. T. acknowledges support from the Villum
Foundation (Project No. 37358), the Carlsberg
Foundation (No. CF18-0183), and the Danmarks Frie
Forskningsfonds (Project No. 8049-00038B).

[1] H.-T. Janka, Explosion mechanisms of core-collapse
supernovae, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012).

[2] H.-T. Janka, T. Melson, and A. Summa, Physics of core-
collapse supernovae in three dimensions: A sneak preview,
Annu. Rev. Nucl. Part. Sci. 66, 341 (2016).

[3] B. Müller, The status of multi-dimensional core-collapse
supernova models, Publ. Astron. Soc. Pac. 33, e048
(2016).

[4] B. Müller, Hydrodynamics of core-collapse supernovae
and their progenitors, Living Rev. Comput. Astrophys. 6, 3
(2020).

[5] A. Mezzacappa, E. Endeve, O. E. B. Messer, and S. W.
Bruenn, Physical, numerical, and computational chal-
lenges of modeling neutrino transport in core-collapse
supernovae, Living Rev. Comput. Astrophys. 6, 4 (2020).

[6] A. Burrows and D. Vartanyan, Core-collapse supernova
explosion theory, Nature (London) 589, 29 (2021).

[7] T. Wang, D. Vartanyan, A. Burrows, and M. S. B.
Coleman, The essential character of the neutrino mecha-
nism of core-collapse supernova explosions, Mon. Not. R.
Astron. Soc. 517, 543 (2022).

[8] A. Mezzacappa, Toward realistic models of core collapse
supernovae: A brief review, in The Predictive Power of
Computational Astrophysics as a Discover Tool, edited by
D. Bisikalo, D. Wiebe, and C. Boily (Cambridge Univer-
sity Press, Cambridge, 2023), Vol. 362, pp. 215–227.

[9] M. Yang, S. Dai, D. Li, C.-W. Tsai, W.-W. Zhu, and J.
Zhang, Revisiting pulsar velocities using Gaia Data Re-
lease 2, Res. Astron. Astrophys. 21, 141 (2021).

[10] S. Chatterjee, W. F. Brisken, W. H. T. Vlemmings, W. M.
Goss, T. J. W. Lazio, J. M. Cordes, S. E. Thorsett, E. B.
Fomalont, A. G. Lyne, and M. Kramer, Precision astrom-
etry with the very long baseline array: Parallaxes and
proper motions for 14 pulsars, Astrophys. J. 698, 250
(2009).

[11] F. Verbunt, A. Igoshev, and E. Cator, The observed
velocity distribution of young pulsars, Astron. Astrophys.
608, A57 (2017).

[12] D. Lai, Physics of neutron star kicks, in Astrophysics and
Space Science Library, Astrophysics and Space Science
Library Vol. 254, edited by K. S. Cheng, H. F. Chau, K. L.
Chan, and K. C. Leung (Springer, Dordrecht, 2000),
p. 127.

[13] S. E. Woosley, The birth of neutron stars, in The Origin
and Evolution of Neutron Stars, edited by D. J. Helfand
and J. H. Huang (Springer, Dordrecht, 1987), Vol. 125,
p. 255.

[14] H. T. Janka and E. Müller, Neutron star recoils from
anisotropic supernovae,Astron.Astrophys.290, 496 (1994).

PHYSICAL REVIEW LETTERS 132, 191403 (2024)

191403-5

https://doi.org/10.1146/annurev-nucl-102711-094901
https://doi.org/10.1146/annurev-nucl-102115-044747
https://doi.org/10.1017/pasa.2016.40
https://doi.org/10.1017/pasa.2016.40
https://doi.org/10.1007/s41115-020-0008-5
https://doi.org/10.1007/s41115-020-0008-5
https://doi.org/10.1007/s41115-020-00010-8
https://doi.org/10.1038/s41586-020-03059-w
https://doi.org/10.1093/mnras/stac2691
https://doi.org/10.1093/mnras/stac2691
https://doi.org/10.1088/1674-4527/21/6/141
https://doi.org/10.1088/0004-637X/698/1/250
https://doi.org/10.1088/0004-637X/698/1/250
https://doi.org/10.1051/0004-6361/201731518
https://doi.org/10.1051/0004-6361/201731518
https://doi.org/10.1051/0004-6361/201731518


[15] A. Burrows and J. Hayes, Pulsar recoil and gravitational
radiation due to asymmetrical stellar collapse and explo-
sion, Phys. Rev. Lett. 76, 352 (1996).

[16] L. Scheck, K. Kifonidis, H. T. Janka, and E. Müller,
Multidimensional supernova simulations with approxima-
tive neutrino transport. I. Neutron star kicks and the
anisotropy of neutrino-driven explosions in two spatial
dimensions, Astron. Astrophys. 457, 963 (2006).

[17] J. Nordhaus, T. D. Brandt, A. Burrows, and A. Almgren,
The hydrodynamic origin of neutron star kicks, Mon. Not.
R. Astron. Soc. 423, 1805 (2012).

[18] A. Wongwathanarat, H. T. Janka, and E. Müller, Three-
dimensional neutrino-driven supernovae: Neutron star
kicks, spins, and asymmetric ejection of nucleosynthesis
products, Astron. Astrophys. 552, A126 (2013).

[19] T. Holland-Ashford, L. A. Lopez, K. Auchettl, T. Temim,
and E. Ramirez-Ruiz, Comparing neutron star kicks to
supernova remnant asymmetries, Astrophys. J. 844, 84
(2017).

[20] S. Katsuda, M. Morii, H.-T. Janka, A. Wongwathanarat, K.
Nakamura, K. Kotake, K. Mori, E. Müller, T. Takiwaki, M.
Tanaka, N. Tominaga, and H. Tsunemi, Intermediate-mass
elements in young supernova remnants reveal neutron star
kicks by asymmetric explosions, Astrophys. J. 856, 18
(2018).

[21] M. S. B. Coleman and A. Burrows, Kicks and induced
spins of neutron stars at birth, Mon. Not. R. Astron. Soc.
517, 3938 (2022).

[22] M. Herant, W. Benz, W. R. Hix, C. L. Fryer, and S. A.
Colgate, Inside the supernova: A powerful convective
engine, Astrophys. J. 435, 339 (1994).

[23] A. Burrows, J. Hayes, and B. A. Fryxell, On the nature of
core-collapse supernova explosions, Astrophys. J. 450,
830 (1995).

[24] H. T. Janka and E. Mueller, Neutrino heating, convection,
and the mechanism of Type-II supernova explosions.,
Astron. Astrophys. 306, 167 (1996).

[25] J. M. Blondin, A. Mezzacappa, and C. DeMarino, Stability
of standing accretion shocks, with an eye toward core-
collapse supernovae, Astrophys. J. 584, 971 (2003).

[26] J. M. Blondin and A. Mezzacappa, The spherical accretion
shock instability in the linear regime, Astrophys. J. 642,
401 (2006).

[27] I. Tamborra, F. Hanke, H.-T. Janka, B. Müller, G. G.
Raffelt, and A. Marek, Self-sustained asymmetry of
lepton-number emission: A new phenomenon during the
supernova shock-accretion phase in three dimensions,
Astrophys. J. 792, 96 (2014).

[28] R. Kazeroni, J. Guilet, and T. Foglizzo, Are pulsars spun
up or down by SASI spiral modes?, Mon. Not. R. Astron.
Soc. 471, 914 (2017).

[29] H.-T. Janka, Natal kicks of stellar mass black holes by
asymmetric mass ejection in fallback supernovae, Mon.
Not. R. Astron. Soc. 434, 1355 (2013).

[30] C. Chan, B. Müller, and A. Heger, The impact of fallback
on the compact remnants and chemical yields of core-
collapse supernovae, Mon. Not. R. Astron. Soc. 495, 3751
(2020).

[31] N. Rahman, H. T. Janka, G. Stockinger, and S. E. Woosley,
Pulsational pair-instability supernovae: Gravitational

collapse, black hole formation, and beyond, Mon. Not.
R. Astron. Soc. 512, 4503 (2022).

[32] G. Stockinger, H. T. Janka, D. Kresse, T. Melson, T. Ertl,
M. Gabler, A. Gessner, A. Wongwathanarat, A. Tolstov,
S. C. Leung, K. Nomoto, and A. Heger, Three-dimensional
models of core-collapse supernovae from low-mass
progenitors with implications for Crab, Mon. Not. R.
Astron. Soc. 496, 2039 (2020).

[33] T. M. Tauris, R. P. Fender, E. P. J. van den Heuvel, H. M.
Johnston, and K. Wu, Circinus X-1: Survivor of a highly
asymmetric supernova, Mon. Not. R. Astron. Soc. 310,
1165 (1999).

[34] E. Pfahl, S. Rappaport, P. Podsiadlowski, and H. Spruit, A
new class of high-mass x-ray binaries: Implications for
core collapse and neutron star recoil, Astrophys. J. 574,
364 (2002).

[35] T.-W. Wong, F. Valsecchi, T. Fragos, and V. Kalogera,
Understanding compact object formation and natal kicks.
III. The case of Cygnus X-1, Astrophys. J. 747, 111
(2012).

[36] In this Letter, we do not consider the Be/x-ray binary class.
[37] T. M. Tauris and E. P. J. van den Heuvel, Formation and

evolution of compact stellar x-ray sources, in Compact
Stellar X-Ray Sources (Cambridge University Press, Cam-
bridge, England, 2006), Vol. 39, pp. 623–665.

[38] J. M. Corral-Santana, J. Casares, T. Muñoz-Darias, F. E.
Bauer, I. G. Martínez-Pais, and D. M. Russell, BlackCAT:
A catalogue of stellar-mass black holes in x-ray transients,
Astron. Astrophys. 587, A61 (2016).

[39] F. Fortin, F. García, A. Simaz Bunzel, and S. Chaty, A
catalogue of high-mass x-ray binaries in the Galaxy: From
the INTEGRAL to the Gaia era, Astron. Astrophys. 671,
A149 (2023).

[40] S. Gomez and J. E. Grindlay, Optical analysis and model-
ing of HD96670, a new black hole x-ray binary candidate,
Astrophys. J. 913, 48 (2021).

[41] T. Shenar et al., An x-ray-quiet black hole born with a
negligible kick in a massive binary within the Large
Magellanic Cloud, Nat. Astron. 6, 1085 (2022).

[42] T. Shenar et al., The tarantula massive binary monitoring.
VI. Characterisation of hidden companions in 51 single-
lined O-type binaries: A flat mass-ratio distribution and
black-hole binary candidates, Astron. Astrophys. 665,
A148 (2022).

[43] L. Mahy et al., Identifying quiescent compact objects in
massive Galactic single-lined spectroscopic binaries, As-
tron. Astrophys. 664, A159 (2022).

[44] K. El-Badry et al., A sun-like star orbiting a black hole,
Mon. Not. R. Astron. Soc. 518, 1057 (2023).

[45] K. El-Badry et al., A red giant orbiting a black hole, Mon.
Not. R. Astron. Soc. 521, 4323 (2023).

[46] N. Langer et al., Properties of OB star-black hole systems
derived from detailed binary evolution models, Astron.
Astrophys. 638, A39 (2020).

[47] In this Letter, we will not consider observations of BH
binaries from globular clusters [48], which are likely
assembled dynamically.

[48] B. Giesers et al., A detached stellar-mass black hole
candidate in the globular cluster NGC 3201, Mon. Not.
R. Astron. Soc. 475, L15 (2018).

PHYSICAL REVIEW LETTERS 132, 191403 (2024)

191403-6

https://doi.org/10.1103/PhysRevLett.76.352
https://doi.org/10.1051/0004-6361:20064855
https://doi.org/10.1111/j.1365-2966.2012.21002.x
https://doi.org/10.1111/j.1365-2966.2012.21002.x
https://doi.org/10.1051/0004-6361/201220636
https://doi.org/10.3847/1538-4357/aa7a5c
https://doi.org/10.3847/1538-4357/aa7a5c
https://doi.org/10.3847/1538-4357/aab092
https://doi.org/10.3847/1538-4357/aab092
https://doi.org/10.1093/mnras/stac2573
https://doi.org/10.1093/mnras/stac2573
https://doi.org/10.1086/174817
https://doi.org/10.1086/176188
https://doi.org/10.1086/176188
https://doi.org/10.1086/345812
https://doi.org/10.1086/500817
https://doi.org/10.1086/500817
https://doi.org/10.1088/0004-637X/792/2/96
https://doi.org/10.1093/mnras/stx1566
https://doi.org/10.1093/mnras/stx1566
https://doi.org/10.1093/mnras/stt1106
https://doi.org/10.1093/mnras/stt1106
https://doi.org/10.1093/mnras/staa1431
https://doi.org/10.1093/mnras/staa1431
https://doi.org/10.1093/mnras/stac758
https://doi.org/10.1093/mnras/stac758
https://doi.org/10.1093/mnras/staa1691
https://doi.org/10.1093/mnras/staa1691
https://doi.org/10.1046/j.1365-8711.1999.03068.x
https://doi.org/10.1046/j.1365-8711.1999.03068.x
https://doi.org/10.1086/340794
https://doi.org/10.1086/340794
https://doi.org/10.1088/0004-637X/747/2/111
https://doi.org/10.1088/0004-637X/747/2/111
https://doi.org/10.1051/0004-6361/201527130
https://doi.org/10.1051/0004-6361/202245236
https://doi.org/10.1051/0004-6361/202245236
https://doi.org/10.3847/1538-4357/abf24c
https://doi.org/10.1038/s41550-022-01730-y
https://doi.org/10.1051/0004-6361/202244245
https://doi.org/10.1051/0004-6361/202244245
https://doi.org/10.1051/0004-6361/202243147
https://doi.org/10.1051/0004-6361/202243147
https://doi.org/10.1093/mnras/stac3140
https://doi.org/10.1093/mnras/stad799
https://doi.org/10.1093/mnras/stad799
https://doi.org/10.1051/0004-6361/201937375
https://doi.org/10.1051/0004-6361/201937375
https://doi.org/10.1093/mnrasl/slx203
https://doi.org/10.1093/mnrasl/slx203


[49] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.191403, which
includes Refs. [50–65], for additional information about
the details on modeling of natal kicks, estimating neutrino
asymmetries, and binary evolution leading to VFTS 243.

[50] G. Hobbs, D. R. Lorimer, A. G. Lyne, and M. Kramer, A
statistical study of 233 pulsar proper motions, Mon. Not.
R. Astron. Soc. 360, 974 (2005).

[51] R. Willcox, I. Mandel, E. Thrane, A. Deller, S. Stevenson,
and A. Vigna-Gómez, Constraints on weak supernova
kicks from observed pulsar velocities, Astrophys. J. Lett.
920, L37 (2021).

[52] P. Atri et al., Potential kick velocity distribution of black
hole x-ray binaries and implications for natal kicks, Mon.
Not. R. Astron. Soc. 489, 3116 (2019).

[53] A. M. Holgado and P. M. Ricker, Gravitational waves from
supernova mass loss and natal kicks in close binaries, Mon.
Not. R. Astron. Soc. 490, 5560 (2019).

[54] M. Moe and R. Di Stefano, Mind your Ps and Qs: The
interrelation between period (P) and mass-ratio (Q) dis-
tributions of binary stars, Astrophys. J. Suppl. Ser. 230, 15
(2017).

[55] V. Kapil, I. Mandel, E. Berti, and B. Müller, Calibration of
neutron star natal kick velocities to isolated pulsar obser-
vations, Mon. Not. R. Astron. Soc. 519, 5893 (2023).

[56] B. Margalit and B. D. Metzger, Constraining the maximum
mass of neutron stars from multi-messenger observations
of GW170817, Astrophys. J. Lett. 850, L19 (2017).

[57] N. Sarin, P. D. Lasky, and G. Ashton, Gravitational waves
or deconfined quarks: What causes the premature collapse
of neutron stars born in short gamma-ray bursts?, Phys.
Rev. D 101, 063021 (2020).

[58] H. Sana, S. E. de Mink, A. de Koter, N. Langer, C. J.
Evans, M. Gieles, E. Gosset, R. G. Izzard, J. B. Le
Bouquin, and F. R. N. Schneider, Binary interaction domi-
nates the evolution of massive stars, Science 337, 444
(2012).

[59] M. Renzo and Y. Götberg, Evolution of accretor stars in
massive binaries: Broader implications from modeling ζ
ophiuchi, Astrophys. J. 923, 277 (2021).

[60] R. Willcox, M. MacLeod, I. Mandel, and R. Hirai, The
impact of angular momentum loss on the outcomes of
binary mass transfer, Astrophys. J. 958, 138 (2023).

[61] P. C. Peters, Gravitational radiation and the motion of two
point masses, Phys. Rev. 136, 1224 (1964).

[62] S. L. Schrøder et al., The evolution of binaries under the
influence of radiation-driven winds from a stellar
companion, arXiv:2107.09675.

[63] M. G. Bowler, Interpretation of observations of the circum-
binary disk of SS 433, Astron. Astrophys. 521, A81
(2010).

[64] I. Waisberg, J. Dexter, P.-O. Petrucci, G. Dubus, and K.
Perraut, Super-Keplerian equatorial outflows in SS 433.
Centrifugal ejection of the circumbinary disk, Astron.
Astrophys. 623, A47 (2019).

[65] These results are available upon request in the Garching
Core-Collapse Supernova Archive https://wwwmpa.mpa-
garching.mpg.de/ccsnarchive/.

[66] D. Kresse, T. Ertl, and H.-T. Janka, Stellar collapse
diversity and the diffuse supernova neutrino background,
Astrophys. J. 909, 169 (2021).

[67] N. Brandt and P. Podsiadlowski, The effects of high-
velocity supernova kicks on the orbital properties and sky
distributions of neutron-star binaries, Mon. Not. R. Astron.
Soc. 274, 461 (1995).

[68] V. Kalogera, Orbital characteristics of binary systems after
asymmetric supernova explosions, Astrophys. J. 471, 352
(1996).

[69] T. M. Tauris and R. J. Takens, Runaway velocities of stellar
components originating from disrupted binaries via asym-
metric supernova explosions, Astron. Astrophys. 330,
1047 (1998).

[70] A. Blaauw, On the origin of the O- and B-type stars with
high velocities (the “run-away” stars), and some related
problems, Bull. Astron. Inst. Neth. 15, 265 (1961).

[71] M. Renzo et al., Massive runaway and walkaway stars. A
study of the kinematical imprints of the physical processes
governing the evolution and explosion of their binary
progenitors, Astron. Astrophys. 624, A66 (2019).

[72] T. M. Tauris, Tossing black hole spin axes, Astrophys. J.
938, 66 (2022).

[73] G. Nelemans, T. M. Tauris, and E. P. J. van den Heuvel,
Constraints on mass ejection in black hole formation
derived from black hole x-ray binaries, Astron. Astrophys.
352, L87 (1999).

[74] S. Banagiri, Z. Doctor, V. Kalogera, C. Kimball, and J. J.
Andrews, Direct statistical constraints on the natal kick
velocity of a black hole in an x-ray quiet binary, Astrophys.
J. 959, 106 (2023).

[75] H. F. Stevance, S. Ghodla, S. Richards, J. J. Eldridge,
M. M. Briel, and P. Tang, VFTS 243 as predicted by the
BPASS fiducial models, Mon. Not. R. Astron. Soc. 520,
4740 (2023).

[76] J. C. A. Miller-Jones et al., Cygnus X-1 contains a 21-solar
mass black hole—Implications for massive star winds,
Science 371, 1046 (2021).

[77] C. J. Neijssel, S. Vinciguerra, A. Vigna-Gómez, R. Hirai,
J. C. A. Miller-Jones, A. Bahramian, T. J. Maccarone, and
I. Mandel, Wind mass-loss rates of stripped stars inferred
from Cygnus X-1, Astrophys. J. 908, 118 (2021).

[78] J. R. Hurley, C. A. Tout, and O. R. Pols, Evolution of
binary stars and the effect of tides on binary populations,
Mon. Not. R. Astron. Soc. 329, 897 (2002).

[79] W.M. Farr and I. Mandel, Comment on “An excess of
massive stars in the local 30 Doradus starburst”, Science
361, aat6506 (2018).

[80] H. T. Janka and D. Kresse, Interplay between neutrino
kicks and hydrodynamic kicks of neutron stars and black
holes, arXiv:2401.13817.

[81] A. Burrows, T. Wang, D. Vartanyan, and M. S. B.
Coleman, A theory for neutron star and black hole kicks
and induced spins, Astrophys. J. 963, 63 (2024).

[82] R. Bollig, N. Yadav, D. Kresse, H.-T. Janka, B. Müller, and
A. Heger, Self-consistent 3D supernova models from −7
minutes to þ7 s: A 1-bethe explosion of a 19M⊙ progen-
itor, Astrophys. J. 915, 28 (2021).

PHYSICAL REVIEW LETTERS 132, 191403 (2024)

191403-7

http://link.aps.org/supplemental/10.1103/PhysRevLett.132.191403
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.191403
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.191403
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.191403
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.191403
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.191403
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.191403
https://doi.org/10.1111/j.1365-2966.2005.09087.x
https://doi.org/10.1111/j.1365-2966.2005.09087.x
https://doi.org/10.3847/2041-8213/ac2cc8
https://doi.org/10.3847/2041-8213/ac2cc8
https://doi.org/10.1093/mnras/stz2335
https://doi.org/10.1093/mnras/stz2335
https://doi.org/10.1093/mnras/stz2925
https://doi.org/10.1093/mnras/stz2925
https://doi.org/10.3847/1538-4365/aa6fb6
https://doi.org/10.3847/1538-4365/aa6fb6
https://doi.org/10.1093/mnras/stad019
https://doi.org/10.3847/2041-8213/aa991c
https://doi.org/10.1103/PhysRevD.101.063021
https://doi.org/10.1103/PhysRevD.101.063021
https://doi.org/10.1126/science.1223344
https://doi.org/10.1126/science.1223344
https://doi.org/10.3847/1538-4357/ac29c5
https://doi.org/10.3847/1538-4357/acffb1
https://doi.org/10.1103/PhysRev.136.B1224
https://arXiv.org/abs/2107.09675
https://doi.org/10.1051/0004-6361/201014711
https://doi.org/10.1051/0004-6361/201014711
https://doi.org/10.1051/0004-6361/201834746
https://doi.org/10.1051/0004-6361/201834746
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://doi.org/10.3847/1538-4357/abd54e
https://doi.org/10.1093/mnras/274.2.461
https://doi.org/10.1093/mnras/274.2.461
https://doi.org/10.1086/177974
https://doi.org/10.1086/177974
https://doi.org/10.1051/0004-6361/201833297
https://doi.org/10.3847/1538-4357/ac86c8
https://doi.org/10.3847/1538-4357/ac86c8
https://doi.org/10.3847/1538-4357/ad0557
https://doi.org/10.3847/1538-4357/ad0557
https://doi.org/10.1093/mnras/stad362
https://doi.org/10.1093/mnras/stad362
https://doi.org/10.1126/science.abb3363
https://doi.org/10.3847/1538-4357/abde4a
https://doi.org/10.1046/j.1365-8711.2002.05038.x
https://doi.org/10.1126/science.aat6506
https://doi.org/10.1126/science.aat6506
https://arXiv.org/abs/2401.13817
https://doi.org/10.3847/1538-4357/ad2353
https://doi.org/10.3847/1538-4357/abf82e


[83] D. Vartanyan and A. Burrows, Gravitational waves from
neutrino emission asymmetries in core-collapse super-
novae, Astrophys. J. 901, 108 (2020).

[84] Ł. Wyrzykowski and I. Mandel, Constraining the masses of
microlensing black holes and the mass gap with Gaia DR2,
Astron. Astrophys. 636, A20 (2020).

[85] J. J. Andrews and V. Kalogera, Constraining black hole
natal kicks with astrometric microlensing, Astrophys. J.
930, 159 (2022).

[86] L. Walk, I. Tamborra, H.-T. Janka, A. Summa, and D.
Kresse, Neutrino emission characteristics of black hole
formation in three-dimensional simulations of stellar col-
lapse, Phys. Rev. D 101, 123013 (2020).

[87] D. Kresse, Towards energy saturation in three-dimensional
simulations of core-collapse supernova explosions, Ph.D.
thesis, Technical University of Munich, 2023.

[88] S. Chakrabarti et al., A noninteracting Galactic black hole
candidate in a binary system with a main-sequence star,
Astron. J. 166, 6 (2023).

[89] T. A. Thompson et al., A noninteracting low-mass black
hole-giant star binary system, Science 366, 637 (2019).

[90] E. P. J. van den Heuvel and T. M. Tauris, Comment on “A
noninteracting low-mass black hole-giant star binary
system”, Science 368, eaba3282 (2020).

[91] A. Tanikawa, S. Cary, M. Shikauchi, L. Wang, and M. S.
Fujii, Compact binary formation in open star clusters—I.
High formation efficiency of Gaia BHs and their multi-
plicities, Mon. Not. R. Astron. Soc. 527, 4031 (2024).

[92] U. N. Di Carlo, P. Agrawal, C. L. Rodriguez, and K.
Breivik, Young star clusters dominate the production of
detached black hole-star binaries, arXiv:2306.13121.

[93] M. Neumann, A. Avakyan, V. Doroshenko, and A.
Santangelo, XRBcats: Galactic high mass x-ray binary
catalogue, Astron. Astrophys. 677, A134 (2023).

[94] R. Hirai and I. Mandel, Conditions for accretion disc
formation and observability of wind-accreting x-ray bina-
ries, Publ. Astron. Soc. Pac. 38, e056 (2021).

[95] J. P. Zahn, The dynamical tide in close binaries, Astron.
Astrophys. 41, 329 (1975).

[96] J. P. Zahn, Tidal friction in close binary systems, Astron.
Astrophys. 57, 383 (1977).

[97] C. L. Fryer and V. Kalogera, Theoretical black hole mass
distributions, Astrophys. J. 554, 548 (2001).

[98] E. Lovegrove and S. E. Woosley, Very low energy super-
novae from neutrino mass loss, Astrophys. J. 769, 109
(2013).

[99] J. R. Gerke, C. S. Kochanek, and K. Z. Stanek, The search
for failed supernovae with the Large Binocular Telescope:
First candidates, Mon. Not. R. Astron. Soc. 450, 3289
(2015).

[100] S. M. Adams, C. S. Kochanek, J. R. Gerke, K. Z. Stanek,
and X. Dai, The search for failed supernovae with the
Large Binocular Telescope: Confirmation of a disappear-
ing star, Mon. Not. R. Astron. Soc. 468, 4968 (2017).

[101] C. L. Fryer, K. Belczynski, G. Wiktorowicz, M. Dominik,
V. Kalogera, and D. E. Holz, Compact remnant mass
function: Dependence on the explosion mechanism and
metallicity, Astrophys. J. 749, 91 (2012).

[102] E. O’Connor and C. D. Ott, Black hole formation in failing
core-collapse supernovae, Astrophys. J. 730, 70 (2011).

[103] M. Ugliano, H.-T. Janka, A. Marek, and A. Arcones,
Progenitor-explosion connection and remnant birth masses
for neutrino-driven supernovae of iron-core progenitors,
Astrophys. J. 757, 69 (2012).

[104] O. Pejcha and T. A. Thompson, The landscape of the
neutrino mechanism of core-collapse supernovae: Neutron
star and black hole mass functions, explosion energies, and
nickel yields, Astrophys. J. 801, 90 (2015).

[105] T. Sukhbold, T. Ertl, S. E. Woosley, J. M. Brown, and H. T.
Janka, Core-collapse supernovae from 9 to 120 solar
masses based on neutrino-powered explosions, Astrophys.
J. 821, 38 (2016).

[106] T. Ertl, H. T. Janka, S. E. Woosley, T. Sukhbold, and M.
Ugliano, A two-parameter criterion for classifying the
explodability of massive stars by the neutrino-driven
mechanism, Astrophys. J. 818, 124 (2016).

[107] T. Ertl, M. Ugliano, H.-T. Janka, A. Marek, and A.
Arcones, Erratum: Progenitor-explosion connection and
remnant birth masses for neutrino-driven supernovae of
iron-core progenitors, Astrophys. J. 821, 69(E) (2016).

[108] B. Müller, A. Heger, D. Liptai, and J. B. Cameron, A
simple approach to the supernova progenitor-explosion
connection, Mon. Not. R. Astron. Soc. 460, 742 (2016).

[109] K. Ebinger, S. Curtis, C. Fröhlich, M. Hempel, A. Perego,
M. Liebendörfer, and F.-K. Thielemann, PUSHing core-
collapse supernovae to explosions in spherical symmetry.
II. Explodability and remnant properties, Astrophys. J.
870, 1 (2019).

[110] S. M.Couch,M. L.Warren, andE. P.O’Connor, Simulating
turbulence-aided neutrino-driven core-collapse supernova
explosions in one dimension,Astrophys. J. 890, 127 (2020).

[111] D. Vartanyan and A. Burrows, Neutrino signatures of 100
2D axisymmetric core-collapse supernova simulations,
Mon. Not. R. Astron. Soc. 526, 5900 (2023).

[112] I. Mandel and B. Müller, Simple recipes for compact
remnant masses and natal kicks, Mon. Not. R. Astron. Soc.
499, 3214 (2020).

[113] M. Limongi and A. Chieffi, Presupernova evolution and
explosive nucleosynthesis of rotating massive stars in the
metallicity range −3 ≤ ½Fe=H� ≤ 0, Astrophys. J. Suppl.
Ser. 237, 13 (2018).

[114] F. R. N. Schneider, P. Podsiadlowski, and B. Müller, Pre-
supernova evolution, compact-object masses, and explo-
sion properties of stripped binary stars, Astron. Astrophys.
645, A5 (2021).

[115] D. Vartanyan, E. Laplace, M. Renzo, Y. Götberg, A.
Burrows, and S. E. de Mink, Binary-stripped stars as
core-collapse supernovae progenitors, Astrophys. J. Lett.
916, L5 (2021).

[116] E. Laplace, S. Justham, M. Renzo, Y. Götberg, R. Farmer,
D. Vartanyan, and S. E. de Mink, Different to the core: The
pre-supernova structures of massive single and binary-
stripped stars, Astron. Astrophys. 656, A58 (2021).

[117] T. Ertl, S. E. Woosley, T. Sukhbold, and H. T. Janka, The
explosionof helium stars evolvedwithmass loss,Astrophys.
J. 890, 51 (2020).

PHYSICAL REVIEW LETTERS 132, 191403 (2024)

191403-8

https://doi.org/10.3847/1538-4357/abafac
https://doi.org/10.1051/0004-6361/201935842
https://doi.org/10.3847/1538-4357/ac66d6
https://doi.org/10.3847/1538-4357/ac66d6
https://doi.org/10.1103/PhysRevD.101.123013
https://doi.org/10.3847/1538-3881/accf21
https://doi.org/10.1126/science.aau4005
https://doi.org/10.1126/science.aba3282
https://doi.org/10.1093/mnras/stad3294
https://arXiv.org/abs/2306.13121
https://doi.org/10.1051/0004-6361/202245728
https://doi.org/10.1017/pasa.2021.53
https://doi.org/10.1086/321359
https://doi.org/10.1088/0004-637X/769/2/109
https://doi.org/10.1088/0004-637X/769/2/109
https://doi.org/10.1093/mnras/stv776
https://doi.org/10.1093/mnras/stv776
https://doi.org/10.1093/mnras/stx816
https://doi.org/10.1088/0004-637X/749/1/91
https://doi.org/10.1088/0004-637X/730/2/70
https://doi.org/10.1088/0004-637X/757/1/69
https://doi.org/10.1088/0004-637X/801/2/90
https://doi.org/10.3847/0004-637X/821/1/38
https://doi.org/10.3847/0004-637X/821/1/38
https://doi.org/10.3847/0004-637X/818/2/124
https://doi.org/10.3847/0004-637X/821/1/69
https://doi.org/10.1093/mnras/stw1083
https://doi.org/10.3847/1538-4357/aae7c9
https://doi.org/10.3847/1538-4357/aae7c9
https://doi.org/10.3847/1538-4357/ab609e
https://doi.org/10.1093/mnras/stad2887
https://doi.org/10.1093/mnras/staa3043
https://doi.org/10.1093/mnras/staa3043
https://doi.org/10.3847/1538-4365/aacb24
https://doi.org/10.3847/1538-4365/aacb24
https://doi.org/10.1051/0004-6361/202039219
https://doi.org/10.1051/0004-6361/202039219
https://doi.org/10.3847/2041-8213/ac0b42
https://doi.org/10.3847/2041-8213/ac0b42
https://doi.org/10.1051/0004-6361/202140506
https://doi.org/10.3847/1538-4357/ab6458
https://doi.org/10.3847/1538-4357/ab6458

