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ABSTRACT

We perform hydrodynamic supernova (SN) simulations in spherical symmetry for over 100 single stars of
solar metallicity to explore the progenitor-explosion and progenitor-remnant connections established by the
neutrino-driven mechanism. We use an approximative treatment of neutrino transport and replace the high-density
interior of the neutron star (NS) by an inner boundary condition based on an analytic proto-NS core-cooling model,
whose free parameters are chosen such that explosion energy, nickel production, and energy release by the compact
remnant of progenitors around 20 M" are compatible with SN 1987A. Thus, we are able to simulate the accretion
phase, initiation of the explosion, subsequent neutrino-driven wind phase for 15–20 s, and the further evolution
of the blast wave for hours to days until fallback is completed. Our results challenge long-standing paradigms.
We find that remnant mass, launch time, and properties of the explosion depend strongly on the stellar structure
and exhibit large variability even in narrow intervals of the progenitors’ zero-age main-sequence mass. While all
progenitors with masses below #15 M" yield NSs, black hole (BH) as well as NS formation is possible for more
massive stars, where partial loss of the hydrogen envelope leads to weak reverse shocks and weak fallback. Our NS
baryonic masses of #1.2–2.0 M" and BH masses >6 M" are compatible with a possible lack of low-mass BHs in
the empirical distribution. Neutrino heating accounts for SN energies between some 1050 erg and #2 $ 1051 erg but
can hardly explain more energetic explosions and nickel masses higher than 0.1–0.2 M". These seem to require an
alternative SN mechanism.
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1. INTRODUCTION

One of the main goals of the long-standing quest for a better
understanding of the supernova (SN) explosion mechanism
is the establishment of a theoretical connection between the
properties of progenitor stars and those of SNe and their
remnants. Understanding the progenitor-remnant systematics
not only would mean a better definition of SNe as the end
point of massive-star evolution but could also serve as input for
continuative theoretical studies like binary population synthesis
calculations. Moreover, it would provide indispensable infor-
mation and the theoretical basis for deducing constraints from
observations on the physical processes that trigger and power
the onset of the explosion at the center of the SN. In particular,
the explosion mechanism plays a crucial role for determining the
energetic and dynamical properties of the SN blast wave. It thus
controls the conditions for explosive nucleosynthesis and is of
central importance for answering long-standing astrophysical
questions: Which progenitors give birth to neutron stars (NSs),
which ones to black holes (BHs)? How do SN properties depend
on the progenitor metallicity? Are the observed masses of com-
pact remnants compatible with modeling results? Do observed
SNe provide evidence for more than one explosion mechanism?
In particular, considering neutrino heating as the most widely
favored process to trigger the explosions (Bethe & Wilson
1985), the specific question arises, which range of SN ener-
gies and nickel masses can be explained by the neutrino-driven
mechanism?

A popular way to model the blast-wave initiation for studying
SN nucleosynthesis and determining compact remnant masses
are piston-driven explosions (e.g., Woosley & Weaver 1995;

Zhang et al. 2008, and references therein), in which a piston is
placed at a chosen position in the pre- or post-collapse stellar
core and moved with a prescribed, time-dependent velocity to
mimic the infall of the selected mass shell and the explosive
expansion of the newly formed SN shock. Besides the initial
mass cut—fallback of nonescaping material may shift the final
mass cut—also the energy deposited by the piston is prescribed
as a free parameter. Alternatively, internal energy “bombs” have
been used, in which a defined amount of thermal energy is
released by an artificial increase of the temperature in a certain
volume (Aufderheide et al. 1991).

Investigating spherically symmetric stellar core collapse by
hydrodynamic simulations with simplified neutrino treatment,
O’Connor & Ott (2011) identified a single parameter, the
“progenitor bounce compactness” !2.5 of the innermost 2.5 M"
of a star, whose value above a certain threshold they considered
to be indicative for an unlikely explosion and thus BH formation.
Progenitors with !2.5 ! 0.45 were found to reach the BH
formation limit typically within "0.8 s after bounce because of
their tremendous mass-accretion rates. Such stars also turned
out to require a particularly high time-averaged neutrino-
heating efficiency to develop an explosion against the huge
ram pressure of the infalling core material. Nevertheless, the
exact value of !2.5, where the bifurcation of the behavior occurs,
appears somewhat arbitrarily chosen and not supported by
strong theoretical arguments. In particular, the BH formation
limit could already take place at a lower value of !2.5.

Belczynski et al. (2011) and Fryer et al. (2012) made
theoretical predictions of the NS/BH mass distribution by
applying a simple analytic concept for estimating the explosion
time, explosion energy, and fallback mass on the basis of

1

The Astrophysical Journal, 730:70 (20pp), 2011 April 1 doi:10.1088/0004-637X/730/2/70
C! 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

BLACK HOLE FORMATION IN FAILING CORE-COLLAPSE SUPERNOVAE

Evan O’Connor and Christian D. Ott
TAPIR, Mailcode 350-17, California Institute of Technology, Pasadena, CA 91125, USA; evanoc@tapir.caltech.edu, cott@tapir.caltech.edu

Received 2010 October 26; accepted 2011 January 10; published 2011 March 7

ABSTRACT

We present results of a systematic study of failing core-collapse supernovae and the formation of stellar-mass black
holes (BHs). Using our open-source general-relativistic 1.5D code GR1D equipped with a three-species neutrino
leakage/heating scheme and over 100 presupernova models, we study the effects of the choice of nuclear equation
of state (EOS), zero-age main sequence (ZAMS) mass and metallicity, rotation, and mass-loss prescription on
BH formation. We find that the outcome, for a given EOS, can be estimated, to first order, by a single parameter,
the compactness of the stellar core at bounce. By comparing protoneutron star (PNS) structure at the onset
of gravitational instability with solutions of the Tolman–Oppenheimer–Volkof equations, we find that thermal
pressure support in the outer PNS core is responsible for raising the maximum PNS mass by up to 25% above the
cold NS value. By artificially increasing neutrino heating, we find the critical neutrino heating efficiency required
for exploding a given progenitor structure and connect these findings with ZAMS conditions, establishing, albeit
approximately, for the first time based on actual collapse simulations, the mapping between ZAMS parameters and
the outcome of core collapse. We also study the effect of progenitor rotation and find that the dimensionless spin of
nascent BHs may be robustly limited below a" = Jc/GM2 = 1 by the appearance of nonaxisymmetric rotational
instabilities.
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1. INTRODUCTION

Massive stars with zero-age main sequence (ZAMS) masses
MZAMS in the range of 8–10 M# ! MZAMS ! 100–150 M# end
their lives with the gravitationally induced catastrophic collapse
of their electron-degenerate iron core to nuclear densities. There,
the nuclear equation of state (EOS) stiffens and stabilizes the
inner core, which overshoots its new equilibrium and bounces
back, launching a hydrodynamic shock. The shock initially
races through the still collapsing outer core, but soon stalls
and turns into an accretion shock (at r $ 100–200 km) due to
the dissociation of heavy nuclei at the shock front and neutrino
losses from the postshock region (Bethe 1990). The shock must
be revived to drive a core-collapse supernova (CCSN) and the
precise nature of the responsible CCSN mechanism has been a
topic of intense research for decades (e.g., Arnett 1966; Colgate
& White 1966; Bethe & Wilson 1985; Janka et al. 2007; Burrows
et al. 2006, 2007b; Murphy & Burrows 2008; Marek & Janka
2009; Nordhaus et al. 2010, and references there in).

A neutron star (NS) is left behind by a CCSN that explodes
soon after bounce and successfully unbinds its stellar mantle.
However, a stellar-mass black hole (BH) may be the outcome:
(1) if in a successful, but perhaps weak, CCSN fallback accretion
pushes the nascent NS over its mass limit; (2) if nuclear phase
transitions during protoneutron star (PNS) cooling occur or if
PNS cooling reduces pressure support in a hyper-massive PNS;
or (3) if the CCSN mechanism lacks efficacy and fails to revive
the shock and continued accretion pushes the PNS over its
maximum mass. In this last channel to a stellar-mass BH, there
is no electromagnetic (EM) signal other than the disappearance
of the original star. Such “unnovae” (Kochanek et al. 2008),
failing CCSNe, are the topic of this paper.

In ordinary massive stars that hydrostatically form degenerate
iron cores, BH formation, in any scenario, is never prompt (e.g.,

Burrows 1988; Ott & O’Connor 2010). It is always preceded by
an extended PNS phase giving rise to copious emission of both
neutrinos (Burrows 1988; Beacom et al. 2001) and gravitational
waves (Ott 2009) until the PNS is engulfed by the BH horizon.
The EM silence expected in a failed CCSN may be broken after
all, if sufficient and appropriately distributed angular momentum
is present to allow for a Keplerian accretion disk to form
near the BH, permitting a collapsar (Woosley 1993) gamma-
ray burst (GRB) central engine to operate and drive relativistic
outflows.

It is currently unclear what fraction of massive stars form
BHs and through which channel. Pre-explosion observations
of progenitors of successful CCSNe suggest progenitor masses
!17–20 M# (Smartt et al. 2009) for standard Type II-P super-
novae. Assuming, as suggested by Smartt et al. (2009), that most
other CCSNe fail or make BHs after a successful explosion, this
would correspond to a BH fraction of !30%–35% of massive
stars above 8 M#. However, alternative interpretations exist and
have been summarized by Smith et al. (2010). Theoretical work
by Timmes et al. (1996), Fryer (1999), Heger et al. (2003), and
Eldridge & Tout (2004) provided rough estimates on the out-
comes of stellar collapse as a function of progenitor ZAMS mass
and metallicity. Leaving effects due to binary evolution aside,
Zhang et al. (2008) performed an extensive study of fallback in
artificially driven spherically symmetric CCSN explosions and
estimated that zero-metallicity stars form BHs in 20%–50% of
all core-collapse events with an average BH mass of 6–10 M#.
For solar-metallicity stars, due to increased mass loss during
evolution, Zhang et al. (2008) found BHs to form at a signifi-
cantly lower rate and initial mass. They predict BH fractions in
the range of 10%–25% with typical initial BH masses of 3 M#.
This is in rough agreement with previous population synthesis
calculations of Fryer & Kalogera (2001) and Belczynski et al.
(2002).
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ABSTRACT
We present an overview of axisymmetric core-collapse supernova simulations employing neutrino

transport scheme by the isotropic di!usion source approximation. Studying 101 solar-metallicity pro-
genitors covering zero-age main sequence mass from 10.8 M! to 75.0 M!, we systematically investigate
how the di!erences in the structures of these multiple progenitors impact the hydrodynamics evolu-
tion. By following a long-term evolution over 1.0 s after bounce, most of the computed models exhibit
neutrino-driven revival of the stalled bounce shock at ! 200 - 800 ms postbounce, leading to the
possibility of explosion. Pushing the boundaries of expectations in previous one-dimensional studies,
our results show that the time of shock revival, evolution of shock radii, and diagnostic explosion
energies are tightly correlated with the compactness parameter ! which characterizes the structure
of the progenitors. Compared to models with low !, models with high ! undergo high ram pressure
from the accreting matter onto the stalled shock and it takes longer time before the shock expansion
is initiated under the influence of neutrino-driven convection and the standing accretion-shock insta-
bility. We find that the accretion luminosity becomes higher for models with high !, which makes the
diagnostic energy higher and the synthesized nickel mass bigger. We point out that these explosion
characteristics tend to show a monotonic increase as a function of the compactness parameter !.
Subject headings: hydrodynamics — neutrinos — supernovae: general

1. INTRODUCTION

Core-collapse supernova (CCSN) mechanism is essen-
tially an initial value problem. This has been widely
agreed among CCSN theorists recently (e.g., O’Connor
& Ott 2011; Ugliano et al. 2012; Couch & Ott 2013).
For low-mass progenitors with O-Ne-Mg core, the neu-
trino mechanism works successfully to explode in one-
dimensional (1D) simulations because of the tenuous en-
velope (Kitaura et al. 2006). For more massive progeni-
tors with iron core, multidimensional (multi-D) e!ects
such as neutrino-driven convection and the standing-
accretion-shock-instability (SASI) are crucially impor-
tant (e.g., Fernández et al. 2014; Dolence et al. 2013;
Foglizzo et al. 2006 and references therein). Recently
this has been confirmed by a number of self-consistent
two-(2D) and three-dimensional (3D) simulations (e.g.,
Buras et al. 2006; Ott et al. 2008; Marek & Janka 2009;
Bruenn et al. 2013; Suwa et al. 2010, 2013; Müller et al.
2012, 2013; Takiwaki et al. 2012, 2014; Hanke et al. 2013).
Up to now, the number of these state-of-the-art models
amounts to ! 40 covering the zero-age main sequence
(ZAMS) mass from 8.1M! (Müller et al. 2012) to 27M!
(Hanke et al. 2013).

Based on stellar evolutionary calculations, on the other
hand, hundreds of CCSN progenitors are available now,
depending on a wide variety of the ZAMS mass, metal-
licity, rotation, and magnetic fields (e.g., Nomoto &
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Hashimoto 1988; Woosley & Weaver 1995; Woosley et al.
2002; Woosley & Heger 2007; Heger et al. 2000, 2005;
Limongi & Chie" 2006). These huge sets of CCSN
progenitors, aided as well as by development of high-
performance computers and numerical schemes, make
systematic numerical study of CCSNe possible.

By performing general-relativistic (GR) 1.5D simula-
tions for over 100 presupernova models using a leakage
scheme, O’Connor & Ott (2011) were the first to point
out that the postbounce dynamics and the progenitor-
remnant connections are predictable basically by a sin-
gle parameter, the compactness of the stellar core at
bounce (see also O’Connor & Ott 2013). Along this line,
Ugliano et al. (2012) performed 1D hydrodynamic simu-
lations for 101 progenitors of Woosley et al. (2002). By
replacing the proto-neutron star (PNS) interior with an
inner boundary condition, they followed an unprecedent-
edly long-term evolution over hours to days after bounce
in 1D. Their results also lent support to the finding by
O’Connor & Ott (2011) that the compactness parameter
is a good measure to diagnose the progenitor-explosion
and the progenitor-remnant correlation.

Joining in these e!orts but going beyond the previ-
ous 1D approach, we perform neutrino-radiation hydro-
dynamics simulations in 2D using the whole presuper-
nova series (101 models) with solar metallicity of Woosley
et al. (2002). Without the excision inside the PNS, we
can self-consistently follow a long-term evolution starting
from the onset of core-collapse, bounce, neutrino-driven
shock-revival, until the revived shock comes out of the
iron core. The goal of our 2D models is not to determine
the very final fate of a massive star (which requires 3D-
GR models with detailed transport scheme), but to study
the systematic dependence of the progenitors’ structure
on the shock revival time, diagnostic explosion energy,
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non-isoenergetic scattering on ..

- gravity

- advection

The shock revival and its expansion are, if re-
alized, followed for 1.5 s or until the time when the
shock has reached at the outer boundary at 5,000 km.
During the long-time simulations of the SN dynamics,
we follow approximately the explosive nucleosynthe-
sis and the energy feedback into hydrodynamics as
described in Nakamura+’13 (XXREFXX) by soling
a 13 !-nuclei network including 4He,..,56Ni.

We adopt 100 progenitor stars (Woosley+)
(XXREFXX). The models are given in 0.2 M! steps
between 10.8 M! and 28.2 M! and further up to
40 M! in 1.0 M! steps. We also include a very mas-
sive progenitor with 75.0 M!. The structure of these
stars, such as density profiles and the pre-collapse
masses are described in Ugliano+’12 (XXREFXX). It
should be noted that mass loss during main-sequence
and red-giant phases make the M ! 33 M! progeni-
tors compact Wolf-Rayet stars with the radius ! 1011

cm.

3. RESULTS

We introduce a compactness parameter " which
is define as in Equation (10) of O’Connor & Ott

(XXREFXX) by the ration of mass M = 1.5 M!
and radius R(M) that encloses this mass:

" " M/ M!
R(M)/1000km

, (1)

where we take M = 1.5 M! (" = "1.5) and estimate
"1.5 at the moment of core bounce (XXCHECKXX)
because it is the maximum mass all the models in-
volve within our simulation range. The compactness
parameter "1.5 is displayed in Figure 1 as a function
of the zero-age main-sequence masses.

Figure 2 displays a snapshot of entropy distribu-
tion at tpb = 400 ms for selected 48 models. Some
less massive models, for example s11.2 and s11.4 on
the top line, have already carried their shock fronts
close to the outer boundary. On the contrary, a shock
of s24.0 still stalls around 200 km and ...

Figure 3 presents time evolution of average shock
radii for 6 models with ZAMS masses between 19.2
and 24.0 M!. The shock radii of two models, s20.0
and s22.0, evolve quickly compared to the other mod-
els, which clearly reflects the fact that these two pro-
genitors are less compact in this mass range (Figure
1).
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