
How To Find Newborn Black Holes

Kazumi Kashiyama (UCB)

Eliot Quataert and Rodrigo Fernandez (UCB)



Stellar-Mass Black Holes

The Astrophysical Journal, 785:28 (6pp), 2014 April 10 Kochanek

0 2 4 6 8 10

Figure 1. Observed masses of neutron stars (filled triangles) and black holes
(filled squares) from Özel et al. (2010, 2012). The thick solid line at 2.25 M⊙
roughly marks the maximum mass of a neutron star. The relative numbers of
neutron stars and black holes cannot be quantitatively compared.

structures that would literally allow a direct collapse with almost
no external signature (Woosley & Heger 2012); others might go
through a phase where accretion onto the black hole temporally,
and almost certainly unstably, supports the remaining stellar
envelope; or a weak shock might reach the surface of the
star to create a weak explosive transient (e.g., Nadezhin 1980;
Lovegrove & Woosley 2013; Piro 2013). Our point in Kochanek
et al. (2008) was that a search for black hole formation in failed
SNe could be carried out independent of the presence of an
associated, external transient, because the initial and final states
of the system were well defined. Moreover, this is the only
direct detection method that is likely to succeed in the near
term, given SN rates and the limited sensitivities of present and
future neutrino and gravitational wave detectors.

The last available probe of these physical processes is the
mass function of the resulting neutron stars and black holes.
We show the observed masses of these remnants in Figure 1,
using the summaries from Özel et al. (2010, 2012). While there
are many observational issues because we can only measure
masses in binary systems, the observed mass function has three
striking features (see, e.g., Bailyn et al. 1998; Özel et al. 2010,
2012; Farr et al. 2011; Kreidberg et al. 2012). First, neutron
star masses have a narrow distribution. Second, there is a
significant gap between the mass distribution of neutron stars
and black holes. Third, while very high mass black holes exist,
the typical black hole is far less massive than the stars believed
to have created it. Özel et al. (2010) argue that selection effects
caused by the requirements for producing accreting binaries may
bias the observed distributions against higher mass black holes
(M ! 10 M⊙), but should not produce a gap between neutron
stars and black holes.

The simplest physical possibility would have been that
successful SNe explosions lead to neutron stars with (roughly)
the mass of the iron core (less neutrino losses, etc.), and failed
explosions lead to black holes with the mass of the star at death.
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Figure 2. Remnant mass distributions for the explosion models of Zhang et al.
(2008; solid) and Fryer et al. (2012), where dotted lines show the distribution for
rapid explosions and dashed lines show the distribution for delayed explosions.
The distributions are normalized by the average number of remnants between
5 M⊙ and 10 M⊙. The models predict distributions dominated by low mass
(<5 M⊙) black holes and lack any clear gap between the masses of neutron stars
and black holes. The thick solid line at 2.25 M⊙ roughly marks the maximum
mass of a neutron star.

This would naturally cause a gap in mass, with neutron stars
having a mass ≃1.4 M⊙ and black holes having the final stellar
mass. The problem is that almost all stars at death are more
massive than the typical mass of the observed black holes. In
standard models (e.g., Zhang et al. 2008; Dessart et al. 2010;
Fryer et al. 2012) this forces black holes to be made in the course
of successful ccSNe explosions so that mass can be ejected. The
explosion is initiated in the core and the initial mass of the proto-
neutron star is similar to an explosion in which a neutron star
is formed, however this is followed by significant “fall back” of
material onto the neutron star, which leads to the formation of a
black hole. This allows for the formation of black holes that are
less massive than their progenitor stars, but it requires fine tuning
of stellar mass loss and explosion energies. In particular, it is
difficult to avoid a continuous distribution of remnant masses
without the observed gap between neutron stars and black holes.
These problems are illustrated in Figure 2, where we show the
remnant mass distributions predicted by Zhang et al. (2008) and
Fryer et al. (2012). We fully explain the construction of Figure 2
in Section 2. The Zhang et al. (2008) models have no gap,
whereas the Fryer et al. (2012) models partially create one by
changing the explosion energetics with progenitor mass (also see
Belczynski et al. 2012). One practical difference between these
models is that the Fryer et al. (2012) models were constructed
in part to explain the remnant mass distribution, while the
Zhang et al. (2008) models were not. It is possible that the
lack of similarity between the observed (Figure 1) and model
(Figure 2) distributions is purely observational, but it could also
be evidence that fall back is not a good mechanism for explaining
the masses of black holes.

Binary interactions offer an alternate route to addressing this
problem. Most massive stars are in binaries and a large fraction
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Derivation of the Binary Mass Function

Eric Addison

The binary mass function, f(m1) is a piece of information constructed from observables of a
spectroscopic binary system. Assuming we have values for the orbital period Porb and the maximum
radial velocity of one of the stars, say V2, we can compute the value for the quantitym1 sin

3 i through
the mass function:

f(m1) ≡
m1 sin

3 i

(1 + q)2
=

PorbV 2
2

2πG
(1)

Here m1 is the mass of the first component of the binary, i is the inclination angle of the orbit,
q ≡ m2/m1 is the mass ratio of the system, and G is the gravitational constant.

If the inclination angle and mass ratio can be determined by some observational method, then
the value of m1 can be determined explicitly. Otherwise, m1 and sin i cannot be separated. This
is known as the mass-inclination degeneracy.

To derive f(m1), begin with Kepler’s third law:

GM =

(

2π

Porb

)2

a3 (2)

Make the substitutions

M = m1 +m2 = m1(1 +m2/m1) = m1(1 + q) (3)

and

a3 = (a1 + a2)
3 = a32(1 + a1/a2)

3 = a2(1 +m2/m1)
3 = a32(1 + q)3, (4)

where the fact that m1a1 = m2a2 has been used.
Now

Gm1(1 + q) =

(

2π

Porb

)2

a32(1 + q)3 (5)

Now we want to eliminate a2 in exchange for something we can measure, i.e. the maximum
radial velocity of m2: V2 = v2 sin i, where v2 is the orbital velocity of m2. We can get at this
exchange by noting:

Porb =
2π

ω
=

2πa2
v2

=
2πa2 sin i

V2

(6)

or, by rearranging,

a2 =
PorbV2

2π sin i
(7)

substituting Eq. 7 into Eq. 5, we get
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Table 1. Log of the Cygnus X-1 observations analyzed in this paper.

Epoch Instrument Observation Period Exposure Observation
(date yy/mm/dd) (ks) Type

IBIS 02/11/25–02/12/15 810 staring, 5× 5a, hexb

1 IBIS/SPI/JEM-X 02/12/09–02/12/11 365/365/31 5× 5
2 IBIS/SPI/JEM-X 03/06/07–03/06/11 292/296/275 5× 5
3 IBIS/JEM-X 03/03/24–04/09/10 269/35 GPSc

4 IBIS/SPI/JEM-X 04/11/22 8/8/6 calibration
Notes:
a 5×5 dither pattern around the nominal target location.
b Hexagonal pattern around the nominal target location.
c Individual exposures separated by 6◦ along the scan path, shifted by 27.5◦ in galactic longitude.
(Observations indicated on the first line also used, together with epochs 1–4, for Figs. 2 and 3.)

Fig. 1. RXTE/ASM daily average (1.5–12 keV) light curve
of Cygnus X-1 from 2002 November to 2004 November
(MJD = JD − 2 400 000.5) with the periods of our INTEGRAL
observations (see text and Tables 1 and 2 for epoch definitions).

were active. For the IBIS/ISGRI spectral extraction however,
we implemented the most recent module (prepared for the
OSA 5.0 delivery) which is based on the least squares fit
done on background and efficiency corrected data, using coded
source zones only. This option minimizes spurious features
in the extracted spectra, which appear in particular when the
sources are weak, partially coded and the background poorly
corrected (A. Gros, private communication). For the PICsIT
spectral extraction, we took the flux and error values in the
mosaic image at the best-fit position found for the source. We
used the response matrices officially released with OSA 4.2,
rebinned to the 8 energy channels of the imaging output.

The SPI data were preprocessed with OSA 4.2 using the
standard energy calibration gain coefficients per orbit and ex-
cluding bad quality pointings which have anomalous exposure
and dead time values (or with a high final χ2 during imag-
ing). The spiros 9.2 release (Skinner & Connell 2003) was
used to extract the spectra of Cygnus X-1, Cygnus X-3 and
EXO 2030+375, with a background model proportional to the
saturating event count rates in the Ge detectors. Concerning the
instrumental response, version 15 of the IRF (Image Response
Files) and version 2 of the RMF (Redistribution Matrix Files)
were used for epoch 1 and 2, e.g., prior to detector losses, while

Fig. 2. The 20–200 keV IBIS/ISGRI light curve of Cygnus X-1 from
2002 November 25 until 2004 November 22 and corresponding HR
between the 40–100 and the 20–30 keV energy bands (see text and
Tables 1 and 2 for epoch definitions).

versions 17 and 4 respectively were taken for epoch 4, e.g.,
after the failure of two detectors.

3. Results of the analysis

As shown in Fig. 1, during the epoch 2 INTEGRAL observa-
tions, the 1.5–12 keV ASM average count rate of Cygnus X-1
(∼1.3 Crab) was larger than during epoch 1 (∼290 mCrab)
by a factor of 4.5. The derived IBIS/ISGRI 20–200 keV light
curves and Hardness Ratio (HR) of Cygnus X-1 are shown re-
spectively in Fig. 2 (general overview of part of PV-Phase and
epochs 1 to 4) and Fig. 3 (specific zooms on part of PV-Phase,
epochs 1 and 2). From epoch 1 to epoch 2, while the ASM aver-
age count rate increased, the 20–200 keV IBIS/ISGRI one de-
creased from ∼910 to ∼670 mCrab as shown in Fig. 3 (where,
in the 20–200 keV range, 1 Crab = 205 cts s−1). This proba-
bly indicates a state transition between epochs 1 and 2, as also
suggested by the decrease in the IBIS HR (Fig. 3). Similar
transition, with a change in the ASM light curves and an
evolving IBIS HR, occurred again during GPS data (epoch 3).
Figure 2 (bottom) shows the IBIS HR behaviour over the whole
2002–2004 period indicated in Table 1.
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Table 1
Cygnus X-1 Model Parameters

Parameter Model A Model B Model C Model D Adopted

i (deg) 51.45 ± 7.46 67.74 ± 2.83 28.50 ± 2.21 27.03 ± 0.41 27.06 ± 0.76
Ω 1.000 0.674 ± 0.043 1.000 1.404 ± 0.099 1.400 ± 0.084
e . . . . . . 0.025 ± 0.003 0.018 ± 0.002 0.018 ± 0.003
ω (deg) . . . . . . 303.5 ± 5.1 308.1 ± 5.5 307.6 ± 5.3
Mopt (M⊙) 20.53 ± 2.00 26.27 ± 2.41 25.17 ± 2.54 18.97 ± 2.15 19.16 ± 1.90
M (M⊙) 7.37 ± 1.19 6.98 ± 0.39 15.83 ± 1.80 14.69 ± 0.70 14.81 ± 0.98
Ropt (R⊙) 15.07 ± 1.26 16.41 ± 0.72 18.46 ± 0.77 16.09 ± 0.65 16.17 ± 0.68
Rdist (R⊙) 16.42 ± 0.84 16.42 ± 0.84 16.42 ± 0.84 16.42 ± 0.84 16.50 ± 0.84
log g (cm s−2) 3.394 ± 0.016 3.427 ± 0.008 3.306 ± 0.018 3.302 ± 0.012 3.303 ± 0.018
Vrot sin i (km s−1) 106.52 ± 6.39 92.57 ± 5.59 79.91 ± 4.79 92.99 ± 5.89 92.99 ± 4.62

χ2
U 26.11 24.74 21.14 17.76 . . .

χ2
B 46.71 43.57 24.96 19.33 . . .

χ2
V 34.81 32.49 24.58 23.99 . . .

χ2
RV 554.13 551.57 531.83 536.32 . . .

χ2
tot 668.03 652.54 614.769 597.67 . . .

d.o.f. 584 583 582 581 . . .

Notes. The assumed stellar temperature is Teff = 31,000 K. Ropt is the stellar radius derived from the models. Rdist is the stellar radius derived from the
measured parallax and assumed temperature. Vrot sin i = 95 ± 6 km s−1 is the projected rotational velocity of the O-star derived from the models. Model A
assumes a circular orbit and synchronous rotation. Model B assumes a circular orbit and nonsynchronous rotation. Model C assumes an eccentric orbit and
pseudosynchronous rotation. Model D assumes an eccentric orbit and nonsynchronous rotation. The adopted parameters are the weighted averages of the
values for Model D derived for each temperature in the range of 30,000 K ! Teff ! 32,000 K.

Figure 2. Top: the optical light curves and best-fitting models assuming an
eccentric orbit with e = 0.018 (Model D, left panels) and a circular orbit
(Model A, right panels). Note how much better the unequal maxima of the
light curves are accommodated by the model that includes eccentricity. Bottom:
the radial velocity measurements binned into 50 bins (filled circles) and the
best-fitting model for the eccentric orbit (left) and the circular orbit (right).

Figure 3. Schematic diagram of Cygnus X-1, shown as it would appear on
the sky plane. The offsets are in milliarcseconds (mas), assuming a distance
of 1.86 kpc. The orbital phase is φ = 0.5, which corresponds to the superior
conjunction of the O-star. The orbit of the black hole is indicated by the ellipse,
where the major and minor axes have been drawn in for clarity (solid line and
dashed line, respectively). The direction of the orbital motion is clockwise,
as determined by the radio observations (Reid et al. 2011). The color map
represents the local effective temperature. The star is much cooler near the
inner Lagrangian point because of the well-known effect of “gravity darkening”
(Orosz & Hauschildt 2000). The temperatures referred to in the main text,
Figure 1 and Table 1 refer to intensity-weighted average values.
(A color version of this figure is available in the online journal.)

of the recent work considers circular orbits and synchronous
rotation (e.g., Caballero-Nieves et al. 2009). While the eccen-
tricity we find is small (e = 0.018 ± 0.002 for Model D at
Teff = 31,000 K), it is highly significant. Allowing the orbit
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Which progenitors produce BHs not NSs?

O’Connor & Ott 2011; Ugliano et al. 2012; 
Horiuchi et al. 2014; Pejcha & Thompson 2015 

Supernova shock is stalled or not?
How much material fallback on protoNS? 

Red supergiant
(RSG)

Blue supergiant
(BSG)

Walf-Rayet star
(WR)

The key will be inner density structure within

r ⇠ 1000 km,Mr ⇠ 2-3 M�

2 K. Kashiyama, R. Fernandez, and E. Quataert
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Fig. 2.— Same as Fig. 1, but with a lower metalicity at the
zero-age-main-sequence phase, Z = 0.01Z�.

the stellar evolution is suppressed. Even very massive
stars keep hydrogen envelope at the pre-collapse phase,
and end their lives as red (MZAMS . 80 M�) or blue
(MZAMS & 80 M�) supergiants. Again, the binding en-
ergy of the core sensitively depends on the ZAMS mass.
For example, comparing the case with MZAMS = 12 M�
and MZAMS = 100 M�, the di↵erence of the binding en-
ergy at the edge of the helium core is ⇠ two orders of
magnitude. This is essentially because of the di↵erence
of the helium core mass; the former case has ⇠ 5 M�
and the latter has ⇠ 50 M�. Since the radius is almost
the same, Rcore ⇠ 1010cm, the binding energy of the core
roughly proportional to EB,core / M2

core.
In this paper, we focus the mass eruption by the

neutrino mass loss, and consider the cases where the
supernova shock is totally failed in the inner core re-
gion. Although the conditions for successful supernova
is still uncertain, it has been considered that the com-
pactness of the inner core at the pre-collapse phase is cru-
cial (O’Connor & Ott 2011; Ugliano et al. 2012; Sukhbold
& Woosley 2014; Horiuchi et al. 2014; Pejcha & Thomp-
son 2015). Fig. 3 shows the compactness of the progeni-
tor with respect to the ZAMS mass. Here, we follow the
convention

⇠ =
M/M�

R(Mb = M)/1000 km
, (5)

and substitute M = 2.5 M�. Based on numerical simu-
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Fig. 3.— Compactness of the progenitors. The magenta and
cyan points correspond to the cases in Figs. 1 and 2, respectively.

lations, the necessary condition for successful SN explo-
sion is ⇠2.5 . 0.2 � 0.3. In the following sections, we
only consider the cases with ⇠2.5 > 0.3. Based on this
criterion, the BH progenitors in our sample can be di-
vided into three classes; red supergiants in a mass range
MZAMS ⇠ 20 � 30 M�, massive Walf-Rayet stars from
MZAMS & 50 M� and Z ⇠ Z�, and massive blue super-
giant from MZAMS & 50 M� and Z ⌧ Z�.

2.3. Hydrodynamics

We use Flash 3.2 for calculating the spherically sym-
metric one-dimensional hydrodynamic evolution by the
piecewise parabolic method. The computational domain
covers entire star by a logarithmic grid. We assume a
constant ambient matter density of 1⇥ 10�10 g cm�3.

3. RESULTS

TABLE 1

Mass eruption from collapsars

Model Kinetic energy [erg] Mass eruption [M�]
20M2e-2z 1.3⇥ 1048 ?
25M2e-2z 2.4⇥ 1047 ?
30M2e-2z 7.1⇥ 1047 4.0⇥ 10�2

35M2e-2z 6.6⇥ 1047 2.3⇥ 10�2

50M2e-2z 3.7⇥ 1047 8.7⇥ 10�3

60M2e-2z 1.5⇥ 1047 3.2⇥ 10�3

80M2e-2z 1.7⇥ 1043 —

25M2e-4z 2.5⇥ 1047 ?
60M2e-4z 1.3⇥ 1045 —

What determines the explosion energy? What deter-
mines the shock velocity? Where and how exactly the
energy injection occurs?

4. DISCUSSION

We show that collapsars can accompany various types
of mass eruption driven by the mass loss of protoneu-
tron stars via neutrino emission. Such a mass erup-
tion is crucial for the electromagnetic counterpart (Love-
grove & Woosley 2013; Piro 2013; Dexter & Kasen 2013;
Kashiyama & Quataert 2015).
One can roughly calculate the electromagnetic emis-

sion from the mass eruption as follows. Once the shock

All types of massive star can form BHs.

BH?

RSG

BSG

WR



What is observational signature?

Stellar type (RSG, BSG, or WR)

＊
Rotation profile (disk or not)

＊
Magnetic field (jet or not)



significantly less luminous than before it died.Other known sources
(see x 4) either appear before disappearing (e.g., novae), vary
(ir)regularly (Cepheids, LBVs, and eclipsing binaries), or reap-
pear after disappearing (R Coronae Borealis [RCB] stars) on
reasonable timescales. As we demonstrate in x 4, the rate of false
positives is easily managed.

Finally, the rate of normal core-collapse SNe in the target sam-
ple sets a crucial scale for the feasibility of such a survey. The sam-
ple must produce roughly 1 normal SN yr!1 in order for a limit on
failed SNe to be significant. Since one is limited by technology to
nearby galaxies, we start with the Karachentsev et al. (2004)
catalog of neighboring galaxies, which is designed to be "80%
complete to a distance of 8 Mpc. We estimate the relative core
collapse SN rate of the galaxies using the results of Cappellaro
et al. (1999) and then normalize the total rate to match that ob-
served for these galaxies from 1970 to 2007 based on the Sternberg
Astronomical Institute SN catalogs (see Ando et al. 2005). The
resulting predicted and observed rates for the individual galaxies
agree well, although the absolute, total normalization ranges from
0.56 SNe yr!1 from 1970 to 2007 to 1.1 SNe yr!1 if we restrict
ourselves to the ‘‘modern’’ era of robotic surveys (1997Y2007).
We lose 10% of the expected rate by eliminating highly inclined

galaxies (axis ratios<0.3). Only 40 galaxies need to be observed
(30 northern with decl: > !10#)5 to cover 90% of the expected
rate.

For these galaxies, the estimated core collapse SN rates are
0.46Y0.90 per year depending onwhether we use the lower 1970Y
2007 or the higher 1997Y2007 rate normalizations. A survey re-
stricted to the northern galaxy sample would have modestly lower
rates of 0.35Y0.71 per year. We suspect, and can argue statisti-
cally at roughly 90% confidence, that the higher normalization
of the last decade is correct, where the change in efficiency is

Fig. 3.—Possible outcomes in forming a BH. The optical signatures of the ‘‘no explosion’’ scenarios are little explored.

5 In rough order of increasing observational cost per SN, they are M101,
M81, NGC 5194, (NGC 5236), NGC 2403, (NGC 4594), M82, NGC 6946,
NGC 4258, NGC 4736, NGC 4826, (NGC 1313), IC 342, NGC 2903, (NGC
7793), (NGC3621), NGC 3627, (NGC247), (NGC300), NGC 4236,NGC925,
NGC 4449, NGC 628, (NGC 5068), NGC 3368, M31, NGC 4395, NGC 3077,
NGC 4605, NGC 4214, NGC 3351, NGC3344, NGC 6503, M33, (NGC 5253),
IC 2574, NGC 672, NGC 5474, NGC 3489 and (NGC 5102). The parentheses
indicate Southern galaxies decl: < !10#ð Þ. The observational cost includes the
effects of distance and that M31 andM33 require multiple pointings for a typical
0.25 deg2 camera.We have not corrected for Galactic extinction and note that the
levels for IC 342 (AB ’ 2:4) and NGC 6946 (AB ’ 1:5) are uncomfortably high.
We also note, however, that NGC 6946 has had 9 SNe over the last century, far
more than any other galaxy on this list.

DO SUPERGIANTS VANISH? 1339No. 2, 2008
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indicate Southern galaxies decl: < !10#ð Þ. The observational cost includes the
effects of distance and that M31 andM33 require multiple pointings for a typical
0.25 deg2 camera.We have not corrected for Galactic extinction and note that the
levels for IC 342 (AB ’ 2:4) and NGC 6946 (AB ’ 1:5) are uncomfortably high.
We also note, however, that NGC 6946 has had 9 SNe over the last century, far
more than any other galaxy on this list.

DO SUPERGIANTS VANISH? 1339No. 2, 2008

Gamma-ray bursts? 
Hypernovae?
Super-luminous supernovae? 

luminous, 
but rare
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stricted to the northern galaxy sample would have modestly lower
rates of 0.35Y0.71 per year. We suspect, and can argue statisti-
cally at roughly 90% confidence, that the higher normalization
of the last decade is correct, where the change in efficiency is

Fig. 3.—Possible outcomes in forming a BH. The optical signatures of the ‘‘no explosion’’ scenarios are little explored.

5 In rough order of increasing observational cost per SN, they are M101,
M81, NGC 5194, (NGC 5236), NGC 2403, (NGC 4594), M82, NGC 6946,
NGC 4258, NGC 4736, NGC 4826, (NGC 1313), IC 342, NGC 2903, (NGC
7793), (NGC3621), NGC 3627, (NGC247), (NGC300), NGC 4236,NGC925,
NGC 4449, NGC 628, (NGC 5068), NGC 3368, M31, NGC 4395, NGC 3077,
NGC 4605, NGC 4214, NGC 3351, NGC3344, NGC 6503, M33, (NGC 5253),
IC 2574, NGC 672, NGC 5474, NGC 3489 and (NGC 5102). The parentheses
indicate Southern galaxies decl: < !10#ð Þ. The observational cost includes the
effects of distance and that M31 andM33 require multiple pointings for a typical
0.25 deg2 camera.We have not corrected for Galactic extinction and note that the
levels for IC 342 (AB ’ 2:4) and NGC 6946 (AB ’ 1:5) are uncomfortably high.
We also note, however, that NGC 6946 has had 9 SNe over the last century, far
more than any other galaxy on this list.
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Very low energy supernovae from neutrino mass loss
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Fig. 10.— Shock modeled by CASTRO in RSG15 (TOV = 2.5,
full neutrino losses) mapped into KEPLER.

then continued to evolve them. Figures 10 and 11 show
the KEPLER results for RSG15, TOV = 2.5; Figure 10
shows the imported shock, and Figure 11 shows the final
velocity of the hydrogen envelope at t = 5× 107 s.
The shock has decreased significantly in strength by

the time it reaches the base of the hydrogen envelope;
however, this envelope is very tenuously bound in both
RSG15 and RSG25. For each model we tested six choices
of TOV limit (2.0 - 2.5 M⊙, in 0.1 M⊙ increments) and
evaluated the strength of the shock that reached the hy-
drogen envelope. Using the full neutrino loss model,
we found in every case tested for RSG15 and in 3 of
6 tested for RSG25 that the shock produced was larger
than 1×1047 ergs, the approximate binding energy of the
envelope (see Table 3). We can therefore realistically ex-
pect the envelope to be ejected in these cases. However,
the highest kinetic energy achieved was only of the or-
der of 6×1047 ergs, and most models fell well below that
number. The envelope is therefore ejected with a very
low velocity (50 - 100 km/s). It emits most of its energy
via hydrogen recombination. Optically this transient has
a low luminosity ∼ 1039−1040 ergs/s, but maintains this
luminosity for of order a year. The color temperature of
the transient is very red, of order 3000 K. An example
light curve can be seen in Figure 12 for RSG15, TOV =
2.5.
The transients calculated here are obviously much

fainter and less energetic than standard core-collapse su-
pernova, but they do bear some similarity to a class of
recently-observed transients: the “luminous red novae,”
such as V838 Mon (Munari 2002). Luminous red novae
are too bright to be ordinary classical novae, but too faint
and red to be supernovae. Although V838 Mon is now
suspected to be a stellar merger event (Tylenda 2011),
these two mechanisms have similar end results: a massive
hydrogen envelope ejected at low energies. Spectroscopic
observations show however that these phenomena have
dispersion velocities significantly higher than calculated
here. The observation of further transients may decide
this question, or a search for remnants. The shedding
of a common envelope by a binary merger would leave
behind a degenerate remnant, but a failed core-collapse

Fig. 11.— Velocity of the hydrogen envelope at 5×107 s after core
collapse in RSG15, TOV = 2.5, full neutrino loss model, evolved
further in KEPLER.

Fig. 12.— KEPLER light curve for a transient from RSG15,
TOV = 2.5. The transient is low luminosity but lasts for around
a year.

explosion would leave a black hole. A survey such as that
proposed by Kochanek et al. (2008), monitoring red su-
pergiants for anomalous transients that might signal the
birth of a black hole, should catch these events. They
would be visible as a sudden brightening of the “star”
for of order a year, followed by a gradual but complete
disappearance.
In RSG25 a TOV limit of 2.2 M⊙ or lower resulted

in such weak outgoing shocks that they could not be
accurately followed using KEPLER, and would probably
be unable to eject the envelope. In situations where the
envelope is not ejected, there is still the possibility of a
transient at late times if the envelope is rotating. As it
falls back into the black hole, the massive envelope may
create a disk and potentially a long-duration gamma-
ray transient as described by Woosley & Heger (2011).
Since the most massive stars are the ones more likely
to produce black holes quickly, it remains possible to
produce these long gamma-ray transients. This type of
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Even if the SN shock is stalled, 
a weak shock can be driven by 
neutrino mass loss of the PNS. 
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Fig. 6.— Collapse of the RSG15 model in the maximum neutrino
mass loss case, showing a shock forming due to the effective core
mass decrement. Positive velocities are outwards, negative are in-
wards. Curves are purple for early times, shading to red for late.
This model has the TOV limit set to 2.5, resulting in a mass decre-
ment of 0.525 M⊙. The shock propagates out of the helium core
(r = 3.568×1010 cm). Time shock reaches 1010 cm: 38 s. Time to
end of helium core: 196 s. Time to 1011 cm: 577 s.

corresponds to MGh as given by Eq. 4. This model takes
into account the thermal mass loss and ties the cessation
of neutrino losses to the amount of material that has been
accreted by the core, rather than switching it off after a
predetermined timescale as in the upper bound model.
As can be seen in Figure 5, this model (red) loses mass
over a longer timescale than the maximum loss model
(blue), continuing until the point mass reaches the TOV
limit, in this case 2.5 M⊙, after which the total mass
becomes constant. We expect equal or less mass loss in
this case as compared to the maximum loss model. In
the case where the TOV limit is high enough that the
neutron star lives for longer than the cooling timescale,
the core loses close to the maximum possible amount of
mass; in the case where it does not, however, mass loss
is suppressed as neutrinos that would have been emitted
instead end up inside the black hole. The amount of mass
lost in each case is listed in Table 3.
Though the overall mass decrement in the full model

cases is lower than in the maximum loss case, it is still
sufficient to produce an outgoing shock. Figure 7 shows
the shock evolution for RSG15, TOV = 2.5 M⊙. The
approximate shock strengths at 1011 cm for our six dif-
ferent choices of TOV limit are listed in Table 3. The six
shocks created in RSG15 are shown in Figure 8.
We also tested variations in the parameter ϵ, which

controls the fraction of binding energy trapped as ther-
mal mass. Changes in ϵ have a small but real effect on
the total mass loss, depending on the amount of accreted
mass. The more mass accreted, the more important ϵ will
be. As higher TOV limit models tend to accrete longer,
ϵ has a higher impact here. A lower epsilon leads to a
higher mass loss as less of the binding energy is tem-
porarily trapped as thermal mass. We tested the range
ϵ < 0.5, identified as the physically reasonable range of
this parameter. For the case where the TOV limit is 2.5
M⊙, the most sensitive, a change of 0.05 in ϵ in RSG25
resulted in approximately a 0.011 M⊙ change in the over-
all mass loss. In the extreme case ϵ = 0.5, this will make

Fig. 7.— Collapse of the RSG15 model in the fully-modeled neu-
trino mass loss case, showing a shock forming due to the effective
core mass decrement. Positive velocities are outwards, negative
are inwards. Curves are purple for early times, shading to red for
late. This model has the TOV limit set to 2.5, resulting in a mass
decrement of 0.523 M⊙. The shock is smaller in strength than the
maximum-loss case and reaches the edge of the simulation with a
lower velocity. Time shock reaches 1010 cm: 40 s. Time to end of
helium core: 207 s. Time to 1011 cm: 620 s.

Fig. 8.— RSG15 shocks at the limit of the CASTRO simulated
domain for six different choices of TOV limit, full neutrino loss
model.

a TOV = 2.5 M⊙ model look like a TOV ∼ 2.35 M⊙

model. For lower TOV limits, the effect of varying ϵ
was smaller. Thus, although a change in ϵ will affect the
mass decrement and by extension the shock strength, the
results are robust.

3.4. Effects of Stellar Structure

The kinetic energy of the shock that reaches the hy-
drogen envelope is strongly influenced by the size of
the presupernova core and the overlying stellar struc-
ture through which it must travel, as can be seen by the
differences in kinetic energy between RSG25 and RSG15
in the maximum mass loss model. This model loses the
same amount of mass in the same time regardless of stel-
lar structure, but the final shock in RSG25 models is
significantly weaker than in RSG15, having propagated
through a much heavier carbon-oxygen and helium core

“Luminous red novae”

Esh ⇠ 1047-48 erg

& Bind. E of H envelope of RSG
T ⇠ 3000 K

A significant part of the energy
comes from H recombination.



Searching for vanishing supergiants

• Monitoring ~106 RSGs in ~25 Gal. 
within ~10 Mpc with ~0.5 yr
cadence for ~5 yrs using the 
Large Binocular Telescope

• Examine sources with   

• 3 core collapse supernovae

• 1 candidate of vanishing RSG

• Continuous obs. will give 
meaningful constraints on        
failed SN rate.

Kochanek+08, Gerke+15

�(⌫L⌫) � 104L�

14 J. R. Gerke et al.

V band

REF

No Data

No Data No Data

 

RMS

No Data

No Data No Data

 

First

No Data

No Data No Data

20080503

No Data

No Data No Data

4589

20080705

No Data

No Data No Data

4652

20081125

No Data

No Data No Data

4795

20090325

No Data

No Data No Data

4915

20100318

No Data

No Data No Data

5273

20110923

No Data

No Data No Data

5827

20120612

No Data

No Data No Data

6090

20130610

No Data

No Data No Data

6453

20141120

No Data

No Data No Data

6981

Last

No Data

No Data No Data R band

Figure 14. Select V and Rc band observations for Candidate 1 in NGC 6946. We have 19 epochs for this galaxy and do not show them
all. The selected observations give a clear picture of the source’s variability. The “First” observation in the V band (Rc band) is on 5
July 2008 (3 May 2008) and the “Last” observation is on 20 November 2014. The format is the same as in Figure 2.

Figure 13. The B, V and Rc band differential light curves for
Candidate 1 in NGC 6946. The open circle in the V band light
curve was an observation that fell just outside our quality criteria
that was later added as a check on the measurements. The ver-
tical axis is in units of 104L⊙(νLν) and has been normalized to
the first observation so that the luminosity difference between the
first and last observations can be easily seen. A change in lumi-
nosity by 104L⊙ in either direction, as indicated by the horizontal
lines, would lead to the source being selected as a candidate. The
bottom two panels are the 3.6µm and 4.5µm SST archival light
curves normalized to the first epoch and on a different y-axis
scale.

curve and used this for our measurement of initial luminos-
ity so that it could be compared to the R band on that same
date. We measured the differential flux with simple aperture
photometry as a comparison to the ISIS estimates and found
good agreement.
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Figure 15. Archival observations of Candidate 1. The F606W
HST observation and the first, brightest and last 3.6µm SST ob-
servations. The archival images are labeled with the date of the
observation. The circle marks the Candidate location and has a
1 arcsecond radius. The images are 5 arcseconds on a side.

The peak brightness we observe is on 25 March 2009
for both the V and Rc bands. We measure V ≃ 18.17
mag (νLν = 1.15 × 106L⊙) and Rc ≃ 17.58 mag (νLν =
14.34×106L⊙). After this peak, the source was not detected
in any band for the remainder of our survey, with the last
observation for this galaxy on 20 November 2014. Figure 14
shows select observations for both the V and Rc bands. The
candidate is clearly detected in the first epoch, experiences
an outburst and is not visible on or after 20 October 2009.

We found no other references to this outburst. There is
a cataloged GALEX UV source close to its position, however
there is also a 21.71 mag U band source within 4 arcseconds
from our candidate that is likely the GALEX source. The
detection of the candidate two nights in a row at a relatively
unchanged luminosity in May 2008 shows that the source
was present and relatively stable at the start of the survey.
If this outburst was a nova or some other type of stellar
variability, we expect that the star would not have been seen
earlier, never fully disappeared, or should have returned.
Based on the LBT data, this is a promising candidate.

There are archival observations of this source from both
HST and the SST and Candidate 1 is easily identified in
the observations from both telescopes. There is a single
epoch of HST data from 8 July 2007 in the F606W and
F814W WFPC2 filters (Program: 11229, PI:Meixner). Us-
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Figure 14. Select V and Rc band observations for Candidate 1 in NGC 6946. We have 19 epochs for this galaxy and do not show them
all. The selected observations give a clear picture of the source’s variability. The “First” observation in the V band (Rc band) is on 5
July 2008 (3 May 2008) and the “Last” observation is on 20 November 2014. The format is the same as in Figure 2.

Figure 13. The B, V and Rc band differential light curves for
Candidate 1 in NGC 6946. The open circle in the V band light
curve was an observation that fell just outside our quality criteria
that was later added as a check on the measurements. The ver-
tical axis is in units of 104L⊙(νLν) and has been normalized to
the first observation so that the luminosity difference between the
first and last observations can be easily seen. A change in lumi-
nosity by 104L⊙ in either direction, as indicated by the horizontal
lines, would lead to the source being selected as a candidate. The
bottom two panels are the 3.6µm and 4.5µm SST archival light
curves normalized to the first epoch and on a different y-axis
scale.

curve and used this for our measurement of initial luminos-
ity so that it could be compared to the R band on that same
date. We measured the differential flux with simple aperture
photometry as a comparison to the ISIS estimates and found
good agreement.
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Figure 15. Archival observations of Candidate 1. The F606W
HST observation and the first, brightest and last 3.6µm SST ob-
servations. The archival images are labeled with the date of the
observation. The circle marks the Candidate location and has a
1 arcsecond radius. The images are 5 arcseconds on a side.

The peak brightness we observe is on 25 March 2009
for both the V and Rc bands. We measure V ≃ 18.17
mag (νLν = 1.15 × 106L⊙) and Rc ≃ 17.58 mag (νLν =
14.34×106L⊙). After this peak, the source was not detected
in any band for the remainder of our survey, with the last
observation for this galaxy on 20 November 2014. Figure 14
shows select observations for both the V and Rc bands. The
candidate is clearly detected in the first epoch, experiences
an outburst and is not visible on or after 20 October 2009.

We found no other references to this outburst. There is
a cataloged GALEX UV source close to its position, however
there is also a 21.71 mag U band source within 4 arcseconds
from our candidate that is likely the GALEX source. The
detection of the candidate two nights in a row at a relatively
unchanged luminosity in May 2008 shows that the source
was present and relatively stable at the start of the survey.
If this outburst was a nova or some other type of stellar
variability, we expect that the star would not have been seen
earlier, never fully disappeared, or should have returned.
Based on the LBT data, this is a promising candidate.

There are archival observations of this source from both
HST and the SST and Candidate 1 is easily identified in
the observations from both telescopes. There is a single
epoch of HST data from 8 July 2007 in the F606W and
F814W WFPC2 filters (Program: 11229, PI:Meixner). Us-
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Possible Outcomes in a BH Formation

significantly less luminous than before it died.Other known sources
(see x 4) either appear before disappearing (e.g., novae), vary
(ir)regularly (Cepheids, LBVs, and eclipsing binaries), or reap-
pear after disappearing (R Coronae Borealis [RCB] stars) on
reasonable timescales. As we demonstrate in x 4, the rate of false
positives is easily managed.

Finally, the rate of normal core-collapse SNe in the target sam-
ple sets a crucial scale for the feasibility of such a survey. The sam-
ple must produce roughly 1 normal SN yr!1 in order for a limit on
failed SNe to be significant. Since one is limited by technology to
nearby galaxies, we start with the Karachentsev et al. (2004)
catalog of neighboring galaxies, which is designed to be "80%
complete to a distance of 8 Mpc. We estimate the relative core
collapse SN rate of the galaxies using the results of Cappellaro
et al. (1999) and then normalize the total rate to match that ob-
served for these galaxies from 1970 to 2007 based on the Sternberg
Astronomical Institute SN catalogs (see Ando et al. 2005). The
resulting predicted and observed rates for the individual galaxies
agree well, although the absolute, total normalization ranges from
0.56 SNe yr!1 from 1970 to 2007 to 1.1 SNe yr!1 if we restrict
ourselves to the ‘‘modern’’ era of robotic surveys (1997Y2007).
We lose 10% of the expected rate by eliminating highly inclined

galaxies (axis ratios<0.3). Only 40 galaxies need to be observed
(30 northern with decl: > !10#)5 to cover 90% of the expected
rate.

For these galaxies, the estimated core collapse SN rates are
0.46Y0.90 per year depending onwhether we use the lower 1970Y
2007 or the higher 1997Y2007 rate normalizations. A survey re-
stricted to the northern galaxy sample would have modestly lower
rates of 0.35Y0.71 per year. We suspect, and can argue statisti-
cally at roughly 90% confidence, that the higher normalization
of the last decade is correct, where the change in efficiency is

Fig. 3.—Possible outcomes in forming a BH. The optical signatures of the ‘‘no explosion’’ scenarios are little explored.

5 In rough order of increasing observational cost per SN, they are M101,
M81, NGC 5194, (NGC 5236), NGC 2403, (NGC 4594), M82, NGC 6946,
NGC 4258, NGC 4736, NGC 4826, (NGC 1313), IC 342, NGC 2903, (NGC
7793), (NGC3621), NGC 3627, (NGC247), (NGC300), NGC 4236,NGC925,
NGC 4449, NGC 628, (NGC 5068), NGC 3368, M31, NGC 4395, NGC 3077,
NGC 4605, NGC 4214, NGC 3351, NGC3344, NGC 6503, M33, (NGC 5253),
IC 2574, NGC 672, NGC 5474, NGC 3489 and (NGC 5102). The parentheses
indicate Southern galaxies decl: < !10#ð Þ. The observational cost includes the
effects of distance and that M31 andM33 require multiple pointings for a typical
0.25 deg2 camera.We have not corrected for Galactic extinction and note that the
levels for IC 342 (AB ’ 2:4) and NGC 6946 (AB ’ 1:5) are uncomfortably high.
We also note, however, that NGC 6946 has had 9 SNe over the last century, far
more than any other galaxy on this list.
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Fall back disk may be ubiquitous
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Figure 6. Final angular momentum for 8 M⊙ and 16 M⊙ helium cores in tidally locked binary systems compared to that required to form a disk around a black hole.
Models 8B (upper right) clearly could make a disk and a rapidly rotating black hole. Model 16A (lower left) would not. Disk formation in Models 8A and 16B depends
on the retention and collapse of a small bit of mass at the surface.

collapsed. Four curves are given. Three are for the minimum
angular momentum required to form a disk at the last stable
orbit of (1) a non-rotating (Schwarzschild) black hole, (2) a
Kerr black hole, and (3) a black hole with rotation given by
the actual angular momentum distribution of the pre-supernova
star. The fourth curve is the angular momentum distribution in
the pre-supernova star. Because the inner parts of the star are
not rotating very rapidly, curves (1) and (3) are similar except
near the surface. Only where the actual angular momentum lies
above curve (3) can a disk form. Material with less angular
momentum plunges directly into the hole.

None of the models has enough angular momentum to form
a disk in its inner core. Thus a Type 1 collapsar will not occur.
The angular momentum in the inner 1.7 M⊙ of the stars is
still appreciable, however. Models 8A and 16A would form
1.4 M⊙ (gravitational mass) pulsars with periods of 7.4 ms and
2.6 ms, respectively. Models 8B and 16B would form pulsars of
3.2 ms and 1.5 ms. Model 16B thus qualifies as a “millisecond
magnetar” candidate and might power a common GRB if a
pulsar is able to form before accretion turns it into a black hole.
Models 8B, 16A, and 16B could also make powerful pulsar-
powered supernovae. Model 8A and other more slowly rotating
systems probably would not.

Of greater interest for the present paper, however, is the
large angular momentum in the outer layers of three of the
models. These would be relevant if the center of the star
collapsed to a black hole rather than a millisecond pulsar.
Model 8A has angular momentum sufficient to form a disk
in its outer 0.074 M⊙. Two other models (Table 1) have similar
large rotation in their surface layers. These results are consistent
with those of van den Heuvel & Yoon (2007) who found that
their most rapidly rotating 8 M⊙ and 16 M⊙ helium cores ended

their lives with j in outer layers of 3.7 × 1017 cm2 s−1 and
6.0 × 1017 cm2 s−1. The radius and gravitational potential of
the high angular momentum surface layers allows an order of
magnitude estimate of the free-fall timescale (Table 1), about
100 s.

The tidal interaction actually acts to brake the rotation of
the surface layers compared to what they would have had in
a star without mass loss and no companion star. To illustrate
this, Model 8C was calculated, starting from the rigidly rotating
helium burning stage of Model 8B (total angular momentum
3.6 × 1051 erg s), but with no surface boundary condition and
no mass loss. That is, the rotation rate of the surface layers
was allowed to adjust to be consistent with whatever angular
momentum was transported to them. Without mass loss, the
star was forced to conserve angular momentum overall and the
very outer layers ended up rotating very rapidly (Figure 6).
The angular speed, rather than being ω = 7.5 × 10−4 rad s−1

was 3.7 × 10−3 rad s−1. In fact, the outer tenth of a solar mass
rotated so rapidly that it would be centrifugally ejected. In a
realistic calculation, this matter and more underlying matter
would probably have been ejected as a disk or a centrifugally
boosted wind. The deep interior still lacked sufficient angular
momentum to form a disk around a black hole, but the amount
of surface material that could form a disk (if mass loss did
not remove it) was significant, about 2 M⊙, comparable to that
in Model 8B. Two other models like 8C were calculated that
included mass loss appropriate for a Wolf–Rayet star at solar
metallicity and one-tenth that value. The first ended up with
a final mass of 3.95 M⊙ and no surface layers with sufficient
angular momentum to form a disk. The second ended up with a
mass of 7.09 M⊙ and still had enough angular momentum in its
outer solar mass to make a disk.
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Figure 1. Distribution of angular momentum with respect to mass in the pre-supernova models for V24 and V36. The smooth curves show the angular momentum
required to form a stable disk at the last stable orbit of a Schwarzschild black hole (lower curve) or Kerr black hole (upper curve) including the given mass. The
intermediate curve that follows the Schwarzschild curve until far out in the star uses the integrated angular momentum in the model to determine the last stable orbit.
Where the irregular dark line showing the actual angular momentum on the star intersects this line a disk can form. The outer 9 M⊙ of Model V24 and the outer 10 M⊙
of Model V36 will form a disk. The edge of the helium cores of the two models is apparent in the sharp inflection in the angular momentum at 8.3 M⊙ and 15.0 M⊙.
Mass loss was included in the calculation, but due to the low metallicity, only 0.05 M⊙ and 0.15 M⊙ was lost in V24 and V36, respectively. Note that, if all the surface
material accreted here, the black hole would rotate at nearly its maximum allowed value (i.e., the red line intersects the green one at the end).

for massive main-sequence stars depends upon some fractional
power of the metallicity (Kudritzki 2002). More important and
less certain is the dependence of mass lost as a red or blue
supergiant on metallicity. It is thought that mass loss from cool
giants is more dependent upon pulsations and grain formation
(Reimers 1977; Smith et al. 2011). One might expect therefore
a rapid falloff in mass loss below some value necessary for
significant grain production. It has been estimated that red giant
mass loss will be significantly less below 0.1 Z⊙ (Bowen &
Willson 1991; Zijlstra 2004).

If stars do not lose mass then they conserve angular momen-
tum. Since the natural course of evolution leads to the con-
traction and spin up of the inner star, shear instabilities and
magnetic torques will concentrate an increasing amount of an-
gular momentum in the outer regions of the star. While the
inner part does spin faster due to contraction, it actually loses
most of its initial angular momentum by the time it reaches
central carbon burning. Heger & Woosley (2010) surveyed the
evolution of non-rotating zero-metal massive stars from 10 M⊙
to 100 M⊙. In a parallel study currently underway (A. Heger
& S. E. Woosley 2012, in preparation), we are surveying the
evolution of rotating stars in the same mass range with metal-
licity 0, 10−3, and 10−1 that of the Sun. The two stars discussed
here have been extracted from that survey and are typical in the
way that they accumulate large amounts of angular momentum
in their outer layers before dying as supergiants. All calcula-
tions of stellar evolution presented here used the KEPLER code
(Weaver et al. 1978; Woosley et al. 2002; Heger et al. 2000)
and included angular momentum transport by magnetic torques
(Spruit 2002). Models V24 and V36 are 24 M⊙ and 36 M⊙
main-sequence stars with metallicity 0.1% solar. Both stars ro-
tated rigidly on the main sequence with a moderate surface
equatorial speed of about 200 km s−1 which is about 20% of
the Keplerian value. Both pre-supernova stars had hydrogenic
envelopes that were, throughout most of their mass, radiative.
Model V36, however, had a low-mass surface convection zone
that included 0.11 M⊙. Model V36 was consequently a yellow
supergiant at death (L = 2.2×1039 erg s−1; R = 5.4×1013 cm;
Teff = 5700 K). Model V24 was a rather large blue supergiant
(L = 1.1 × 1039 erg s−1, R = 1.0 × 1013 cm; Teff = 11, 300 K).

These two stars ended their lives with cores of helium
and heavy elements of 8.3 M⊙ and 15.0 M⊙, respectively, and

angular momentum distributions as shown in Figure 1. While
the lack of sufficient angular momentum within the helium core
precludes making a disk around a black hole within that mass,
there is ample rotation in the outer part of the hydrogen envelope
to do so. This could be a very common occurrence. From the
survey of A. Heger & S. E. Woosley (2012, in preparation), the
total angular momentum of a massive star at birth that has an
equatorial rotation speed of about 20% Keplerian on the main
sequence is

Jtot = Iω ≈ 2 × 1052
(

M

M⊙

)1.8

erg s. (1)

If the star does not lose mass, most of this angular momentum be-
comes concentrated, in the pre-supernova star, in a nearly rigidly
rotating hydrogenic envelope with radius either !1013 cm (blue
supergiant) or ∼1014 cm (red supergiant). Though the density
declines with radius in the actual envelope, one can obtain some
interesting scaling relations by assuming constant density. For
a moment of inertia, I ≈ 0.4MR2, the angular velocity at the
surface, R = 1014 R14 cm, is

ω ≈ 1.2 × 10−10 R−2
14

(
M

20 M⊙

)0.8

rad s−1. (2)

The specific angular momentum of this rigidly rotating envelope
is j = (2/3)ωr2, or about 1018 cm2 s−1 at the surface of a red
supergiant and 1020 cm2 s−1 for a blue supergiant, if no mass is
lost.

These can be compared with the angular momentum re-
quired to make a disk around a non-rotating black hole,
j = 2

√
3GM/c = 3.1 × 1017(MBH/20 M⊙) cm2 s−1 or j =

2/
√

3GM/c = 1.0 × 1017(MBH/20 M⊙) cm2 s−1 for a maxi-
mally rotating hole (Kerr parameter a = 1). All massive stars
that do not lose mass have sufficient angular momentum in their
outermost layers to make a disk around any black hole formed
in their collapse.

Of course, stars do lose mass and the fact that, for constant ω,
j ∝ r2 means that the first mass to be lost contains most of the
angular momentum. In practice, we find that a red supergiant
that loses more than a few percent of its total mass before dying
will probably not make a black-hole–disk system.
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,

Ṁout ∼ 3× 10−6 M⊙ s−1

(

fṀ
0.1

)

(4)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)

−2, where ρ0 ≈ Ṁout/4πr
2
0v̄out, or

ρ0 ∼ 60 g cm−3

(

fr
10

)−3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)−3/2

, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
where T0 ≈ (Ṁoutvout/8πar

2
0)

1/4, or

T0 ∼ 8× 108 K

(

fr
10

)−5/8 (fṀ
0.1

)1/4

×

(

Md

1 M⊙

)1/4 ( R∗

1012 cm

)−3/8 ( MBH

10 M⊙

)−3/8

.(7)

We note that the gas temperature in the disk is Td ≈

f−1/4

Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0

(

t
tacc

)−3 (
v

vout,min

)−ξ

. (8)

We determine the normalization of the density by mass con-
servation,

∫ rmax

rmin
4πr2ρdr ≈ fṀMd, which yields

ρ′0 ∼ 4× 10−12 g cm−3

(

fr
10

)3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−9/2 ( MBH

10 M⊙

)3/2

. (9)

Here, rmax ≈ vout,maxtacc, rmin ≈ vout,mintacc, vout,max =
fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
0

(

t
tacc

)−1 (
v

vout,min

)−ξ/3

. (10)
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Figure 3. Snapshot of disk structures for density (left) and radiation energy
density (right) at time 1.13 × 104ts . Units for ρ and Er are ρ0 and arT

4
0

respectively.
(A color version of this figure is available in the online journal.)

Detailed structures of the disk will be studied quantitatively in
the following sections.

4.3. Inflow and Outflow

To see which part of the disk has reached inflow equilib-
rium, Figure 4 shows various mass fluxes through each radius
defined as

Ṁsum =
∮

ρv · dS,

Ṁin =
∫ Lz/2

−Lz/2
2πmin(vr, 0)rρdz,

Ṁout =
∫ Lz/2

−Lz/2
2πmax(vr, 0)rρdz,

Ṁz =
∫ r

0
2πvz(z = ±Lz/2)rρdr. (8)

Here, Ṁsum is the total mass flux through the cylinder with radius
r, Ṁin, and Ṁout are the inward and outward mass flux along the
radial direction, respectively, Ṁz is the mass flux through the
vertical direction. As the time-averaged value of Ṁsum is almost
a constant for different radii between time 10570ts and 12080ts
up to ∼20rs , this part of disk has reached inflow equilibrium
and will be the focus of our analysis. Figure 4 also shows that
starting from ∼4rs , there is a significant outward mass flux along
the radial and vertical directions. At 20rs, Ṁin = 3.01Ṁsum,
Ṁout = −1.72Ṁsum while Ṁz = −0.29Ṁsum.

Figure 5 shows the time and azimuthally averaged distribution
of ρ, v, Er, Fr in the r−z plane. Consistent with the snapshot
shown in Figure 3, the disk clearly has two distinct components,
namely the turbulent body of the disk and a strong outflow
region within ∼45◦ from the rotation axis. Most of the mass
is concentrated near the mid-plane of the disk, where accretion
happens. The outflow starts from a place well inside the electron
scattering photosphere and carries the lowest density gas in
the disk. However, a significant amount of radiation energy
is carried along with the outflow. The streamlines pointing
toward the inner boundary are probably an artifact of the

Figure 4. Averaged radial profiles of mass flux between time 10,570ts and
12,080ts. The red line is the net mass flux (Ṁsum). The solid and dashed black
lines are the inward and outward mass flux along radial directions (Ṁin and
Ṁout), while the blue line is the total mass flux along the vertical direction
within each radius (Ṁz). The dotted vertical line indicates the location of rISCO.
(A color version of this figure is available in the online journal.)

cylindrical coordinate we are using. The emerging flux from the
photosphere at each radius is a composition of photons generated
at different radii, which completely changes the radial profiles of
the radiation flux compared with the classical one zone models
where the radiation flux from photosphere at each radius is only
determined by the photons generated locally.

In order for the outward moving gas seen in the simulation to
be truly astrophysical outflow, the gas has to be unbound from
the gravitational potential. However, with radiative diffusion,
the classical Bernoulli number is no longer a constant. One
lower bound estimate is to treat the radiation acceleration as
an effective reduction of the gravitational acceleration and we
use the following quantity to determine whether the gas is
bound or not:

Et = 1
2
ρv2 +

γP

γ − 1
− Egrav +

Er

3
, (9)

where Egrav = −ρφ. The first three terms in this equation are
the classical Bernoulli constant, while the last term is to account
for the balance of gravity due to radiation force. We azimuthally
average Et between 10,570ts and 12,080ts, which is shown in
Figure 6. The outflow region seen in Figure 5 does have positive
Et while the turbulent part of the disk has negative Et. Although
Figure 5 shows that the gas with negative Et beyond 30rs can
also move outward, this is just the dynamic motion of the torus
and they cannot reach infinity. They will fall back at a larger
radius, which is not captured by the simulation domain. We
have done another simulation with similar setup but without
radiation field. The gas can have similar large-scale outward
motion but the Bernoulli constant is always negative.

4.4. Rotation Profile and Force Balance

When both gas and radiation pressure gradients along the
radial direction are negligible, gravitational force is balanced by
the centrifugal force and the disk is in Keplerian rotation. This is
what usually assumed in standard thin disk model. To check this,
Figure 7 shows the radial profile of density-weighted rotation
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,

Ṁout ∼ 3× 10−6 M⊙ s−1

(

fṀ
0.1

)

(4)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)

−2, where ρ0 ≈ Ṁout/4πr
2
0v̄out, or

ρ0 ∼ 60 g cm−3

(

fr
10

)−3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)−3/2

, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
where T0 ≈ (Ṁoutvout/8πar

2
0)

1/4, or

T0 ∼ 8× 108 K

(

fr
10

)−5/8 (fṀ
0.1

)1/4

×

(

Md

1 M⊙

)1/4 ( R∗

1012 cm

)−3/8 ( MBH

10 M⊙

)−3/8

.(7)

We note that the gas temperature in the disk is Td ≈

f−1/4

Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0

(

t
tacc

)−3 (
v

vout,min

)−ξ

. (8)

We determine the normalization of the density by mass con-
servation,

∫ rmax

rmin
4πr2ρdr ≈ fṀMd, which yields

ρ′0 ∼ 4× 10−12 g cm−3

(

fr
10

)3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−9/2 ( MBH

10 M⊙

)3/2

. (9)

Here, rmax ≈ vout,maxtacc, rmin ≈ vout,mintacc, vout,max =
fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
0

(

t
tacc

)−1 (
v

vout,min

)−ξ/3

. (10)
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,

Ṁout ∼ 3× 10−6 M⊙ s−1

(

fṀ
0.1

)

(4)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)

−2, where ρ0 ≈ Ṁout/4πr
2
0v̄out, or

ρ0 ∼ 60 g cm−3

(
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10

)−3/2 (fṀ
0.1

)

×
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)(
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1012 cm

)−3/2 ( MBH
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, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
where T0 ≈ (Ṁoutvout/8πar

2
0)

1/4, or

T0 ∼ 8× 108 K

(
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10

)−5/8 (fṀ
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×
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1012 cm
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)−3/8

.(7)

We note that the gas temperature in the disk is Td ≈

f−1/4

Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0

(

t
tacc

)−3 (
v

vout,min

)−ξ

. (8)

We determine the normalization of the density by mass con-
servation,

∫ rmax

rmin
4πr2ρdr ≈ fṀMd, which yields

ρ′0 ∼ 4× 10−12 g cm−3

(
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10

)3/2 (fṀ
0.1

)

×
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)(

R∗
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Here, rmax ≈ vout,maxtacc, rmin ≈ vout,mintacc, vout,max =
fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
0

(

t
tacc

)−1 (
v

vout,min

)−ξ/3

. (10)
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,

Ṁout ∼ 3× 10−6 M⊙ s−1

(

fṀ
0.1

)

(4)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)

−2, where ρ0 ≈ Ṁout/4πr
2
0v̄out, or

ρ0 ∼ 60 g cm−3

(

fr
10

)−3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)−3/2

, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
where T0 ≈ (Ṁoutvout/8πar

2
0)

1/4, or

T0 ∼ 8× 108 K

(

fr
10

)−5/8 (fṀ
0.1

)1/4

×

(

Md

1 M⊙

)1/4 ( R∗

1012 cm

)−3/8 ( MBH

10 M⊙

)−3/8

.(7)

We note that the gas temperature in the disk is Td ≈

f−1/4

Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0

(

t
tacc

)−3 (
v

vout,min

)−ξ

. (8)

We determine the normalization of the density by mass con-
servation,

∫ rmax

rmin
4πr2ρdr ≈ fṀMd, which yields

ρ′0 ∼ 4× 10−12 g cm−3

(

fr
10

)3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−9/2 ( MBH

10 M⊙

)3/2

. (9)

Here, rmax ≈ vout,maxtacc, rmin ≈ vout,mintacc, vout,max =
fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
0

(

t
tacc

)−1 (
v

vout,min

)−ξ/3

. (10)
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,

Ṁout ∼ 3× 10−6 M⊙ s−1

(

fṀ
0.1

)

(4)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)

−2, where ρ0 ≈ Ṁout/4πr
2
0v̄out, or

ρ0 ∼ 60 g cm−3

(

fr
10

)−3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)−3/2

, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
where T0 ≈ (Ṁoutvout/8πar

2
0)

1/4, or

T0 ∼ 8× 108 K

(

fr
10

)−5/8 (fṀ
0.1

)1/4

×

(

Md

1 M⊙

)1/4 ( R∗

1012 cm

)−3/8 ( MBH

10 M⊙

)−3/8

.(7)

We note that the gas temperature in the disk is Td ≈

f−1/4

Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0

(

t
tacc

)−3 (
v

vout,min

)−ξ

. (8)

We determine the normalization of the density by mass con-
servation,

∫ rmax

rmin
4πr2ρdr ≈ fṀMd, which yields

ρ′0 ∼ 4× 10−12 g cm−3

(

fr
10

)3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−9/2 ( MBH

10 M⊙

)3/2

. (9)

Here, rmax ≈ vout,maxtacc, rmin ≈ vout,mintacc, vout,max =
fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
0

(

t
tacc

)−1 (
v

vout,min

)−ξ/3

. (10)
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,

Ṁout ∼ 3× 10−6 M⊙ s−1

(

fṀ
0.1

)

(4)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)

−2, where ρ0 ≈ Ṁout/4πr
2
0v̄out, or

ρ0 ∼ 60 g cm−3

(

fr
10

)−3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)−3/2

, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
where T0 ≈ (Ṁoutvout/8πar

2
0)

1/4, or

T0 ∼ 8× 108 K

(

fr
10

)−5/8 (fṀ
0.1

)1/4

×

(

Md

1 M⊙

)1/4 ( R∗

1012 cm

)−3/8 ( MBH

10 M⊙

)−3/8

.(7)

We note that the gas temperature in the disk is Td ≈

f−1/4

Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0

(

t
tacc

)−3 (
v

vout,min

)−ξ

. (8)

We determine the normalization of the density by mass con-
servation,

∫ rmax

rmin
4πr2ρdr ≈ fṀMd, which yields

ρ′0 ∼ 4× 10−12 g cm−3

(

fr
10

)3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−9/2 ( MBH

10 M⊙

)3/2

. (9)

Here, rmax ≈ vout,maxtacc, rmin ≈ vout,mintacc, vout,max =
fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
0

(

t
tacc

)−1 (
v

vout,min

)−ξ/3

. (10)
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,

Ṁout ∼ 3× 10−6 M⊙ s−1

(

fṀ
0.1

)

(4)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)

−2, where ρ0 ≈ Ṁout/4πr
2
0v̄out, or

ρ0 ∼ 60 g cm−3

(

fr
10

)−3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)−3/2

, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
where T0 ≈ (Ṁoutvout/8πar

2
0)

1/4, or

T0 ∼ 8× 108 K

(

fr
10

)−5/8 (fṀ
0.1

)1/4

×

(

Md

1 M⊙

)1/4 ( R∗

1012 cm

)−3/8 ( MBH

10 M⊙

)−3/8

.(7)

We note that the gas temperature in the disk is Td ≈

f−1/4

Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0

(

t
tacc

)−3 (
v

vout,min

)−ξ

. (8)

We determine the normalization of the density by mass con-
servation,

∫ rmax

rmin
4πr2ρdr ≈ fṀMd, which yields

ρ′0 ∼ 4× 10−12 g cm−3

(

fr
10

)3/2 (fṀ
0.1

)

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−9/2 ( MBH

10 M⊙

)3/2

. (9)

Here, rmax ≈ vout,maxtacc, rmin ≈ vout,mintacc, vout,max =
fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
0

(

t
tacc

)−1 (
v

vout,min

)−ξ/3

. (10)
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malized via interaction with this ejecta (Dexter & Kasen
2013).

Once the SN shock stalls, the outer layers of the pro-
genitor fall back to the central BH. If the outer layers have
sufficient angular momentum, they form an equatorial torus
at the circularization radius,

r0 ≈ fr ×
2GMBH

c2
∼ 3× 107 cm

(

fr
10

)(

MBH

10 M⊙

)

. (1)

We focus on marginal cases in which the circularization ra-
dius is not much larger than the innermost circular orbit
of the BH (fr ∼ 10 − 100); we show below (Fig. 4) that
larger circularization radii likely lead to fainter more slowly
evolving transients. The fallback rate can be estimated as
Ṁd ≈ Md/tacc, or

Ṁd ∼ 3× 10−5 M⊙ s−1

×

(

Md

1 M⊙

)(

R∗

1012 cm

)−3/2 ( MBH

10 M⊙

)1/2

, (2)

where tacc ≈ π(R∗
3/8GMBH)

1/2, or

tacc ∼ 3× 104 s

(

R∗

1012 cm

)3/2 (
MBH

10 M⊙

)−1/2

(3)

is the free fall timescale, R∗ is the radius of the outermost
layer, and Md is the total mass of the disk. The torus is op-
tically and geometrically thick, trapping the heat generated
by the fallback material.

The disk accretes once the angular momentum is ef-
fectively transported by e.g., magnetorotational instabil-
ity (MRI). Proga & Begelman (2003a,b) simulated accre-
tion of low angular momentum gas in a scenario quali-
tatively analogous to that considered here. They showed
that the MRI redistributes angular momentum during the
circularization, leading to dissipation which powers both
accretion and an outflow. In our scenario, the viscous
time of the disk is much shorter than the fallback time
scale. Thus, the accretion rate is essentially given by the
fallback rate (Eq. 2), which is typically larger than the
Eddington accretion rate, ṀEdd = 4πGMBH/cκ ∼ 1 ×

10−15 M⊙ s−1 (κ/0.2 cm2 g−1)−1(MBH/10M⊙). Note that
the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g−1 corresponds to
electron scattering for singly ionized helium, fully ionized
helium and hydrogen, respectively. The accretion rate is
also below the accretion rate at which there is significant
neutrino cooling (Chen & Beloborodov 2007). In this case,
one can expect a strong radiation-driven outflow from the
disk. Such outflows have been also confirmed by numeri-
cal simulations (Ohsuga et al. 2005; Sa̧dowski et al. 2014;
Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First,
a fraction fṀ < 1 of the accreting mass is loaded on the
outflow, Ṁout = fṀ × Ṁd or,
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(
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(4)
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1012 cm

)−3/2 ( MBH

10 M⊙
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.

Second, the outflow velocity is approximately the escape ve-
locity, v̄out ≈ (2GMBH/r0)

1/2, or

v̄out ∼ 1× 1010 cm s−1

(

fr
10

)−1/2

. (5)

Finally, we assume that the outflow is isotropic, although in
reality it will be moderately bipolar.

Next, let us describe the density and temperature profile
in the outflow, which are crucial for quantifying the electro-
magnetic emission. After the launch, the outflow expands
into the surrounding medium. For t ! tacc, the accretion
rate is almost constant, and the outflow is approximately
a steady wind. The density structure can be described as
ρ ≈ ρ0(r/r0)
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, (6)

is the density of the outflow at r = r0. Since the outflow
is initially highly optically thick, the temperature evolves
adiabatically, T ∝ ρ1/3 ∝ r−2/3, thus T ≈ T0(r/r0)

−2/3,
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We note that the gas temperature in the disk is Td ≈
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Ṁ
T0 ! a few 109 K. In this case, heavy nuclei up to

at most O, Ne, and Mg can be synthesized inside the disk,
but not Fe group elements. Hence, there is no radioactivity
in the outflow. The above nuclear burning only occurs in the
inner most disk, where the enthalpy is likely larger than the
nuclear energy released, so that the nuclear reactions are not
dynamically important (Fernández & Metzger 2013).

At t " tacc, the accretion rate decreases significantly,
and the outflow essentially decouples from the disk. Then,
the outflow ejecta will expand in a homologous manner,
r/t ≈ v. The density profile of the homologous ejecta can be
described as

ρ ≈ ρ′0
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. (8)

We determine the normalization of the density by mass con-
servation,
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4πr2ρdr ≈ fṀMd, which yields
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fv,maxv̄out, and vout,min = fv,minv̄out. In this paper, we
choose fv,max " 1, fv,min ! 1, and ξ > 2 so as to sat-
isfy the energy conservation i.e.,

∫ rmax

rmin
(4πr2 × ρv2/2)dr ≈

fṀMdv̄out
2/2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabatic cooling. To
obtain fout,max, fout,min, and ξ consistently, one has to per-
form numerical simulations, but the basic characteristics of
the optical emission are not so sensitive to these parame-
ters. We take fv,min = 0.7, fv,max = 1.4, and ξ = 3.75 as
fiducial choices. As long as the ejecta is almost adiabatic,
the temperature profile can be described as

T ≈ T ′
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The Inner core is directly swallowed 

  by the central black hole.  !

Fallback Disk Outflow


Fast Luminous Blue Transient


The outermost layers have 

sufficient angular momentum 

to form a disk.  !

Figure 1. Schematic picture of failed supernova model for fast luminous blue transients.

2 DIVERSITY OF BLACK HOLE FORMATION

Stellar-mass BHs are predominately formed in the core
collapse of massive stars. For stars with zero-age-main-
sequence (ZAMS) masses of ! 10M⊙, the iron core col-
lapses once its mass exceeds the Chandrasekhar limit, form-
ing a proto-NS. The proto-NS cools via intense neutrino
emission of ∼ 1053 erg, which is believed to ultimately
power the SN explosion, at least in some progenitors (e.g.,
O’Connor & Ott 2011; Ugliano et al. 2012; Horiuchi et al.
2014; Pejcha & Thompson 2015). If, however, the accretion
shock onto the proto-NS stalls and never reverses to un-
bind the stellar envelope, the continued accretion eventually
leads the proto-NS to collapse into a BH. We are interested
in the latter case in this paper. Even in this case, however,
if the progenitor is a RSG, the change in core mass asso-
ciated with neutrino radiation leads to a weak shock prop-
agating out through the stellar envelope that unbinds ∼ a
few M⊙ of the envelope with a relatively small velocity of
∼ 100 km s−1 (Nadezhin 1980; Lovegrove & Woosley 2013).
The weak shock also heats up the ejecta, leading to a slow
red transient lasting for ∼ 100 days with a bolometric lumi-
nosity of ∼ 1040 erg s−1.

WR or BSG progenitors have steeper density gradients
and more tightly bound envelopes than RSGs. As a result, it
is likely that there is much less mass lost in quasi-spherical
ejecta as a response to the neutrino radiation of the proto-
NS binding energy (though this remains to be demonstrated
by detailed calculations). If there is BH formation associated
with the failed explosion of WR or BSG progenitors, such
events may thus have little electromagnetic signature in the
absence of significant rotation. In the presence of signifi-
cant angular momentum, however, the accretion disk that
forms during collapse can power electromagnetic emission
that would accompany BH formation in nominally failed
explosions.

WR or BSG progenitors with significant angular mo-
mentum are also the leading progenitors for long-duration
(and ultra-long duration) gamma-ray bursts (GRBs) (e.g.,
MacFadyen & Woosley 1999; Kashiyama et al. 2013). These
are observationally associated with robust, energetic ex-

plosions (e.g., Woosley & Bloom 2006). It is not guar-
anteed, however, that every, or even the majority of,
WR or BSG progenitors with significant angular momen-
tum produce successful GRBs. For example, the power-
ful jets that produce GRBs may require large-scale mag-
netic flux in the stellar progenitor as well as rapid ro-
tation (Tchekhovskoy & Giannios 2014). Since large-scale
magnetic flux tends to slow down the rotation of the core
during stellar evolution, it could be that the combination of
conditions required to produce luminous GRBs is somewhat
rare. In this paper, we argue that an alternative electro-
magnetic counterpart associated with BH formation during
the collapse of rapidly rotating WR or BSG progenitors is a
fast luminous UV-optical transient broadly similar to some
events discovered by Pan-STARRs and PTF in the last ∼ 5
years (Drout et al. 2014).

3 FAST LUMINOUS BLUE TRANSIENTS

Hereafter, we consider the electromagnetic counterpart of
collapse in which the bulk of the progenitor directly accretes
onto the BH, and the outer most layers can form a fallback
disk (see Fig. 1). We focus on the fallback disk outflow and
the cooling emission in the course of its expansion, which
can be seen directly by observers.1 This situation can be
realized e.g., for WRs in close binaries or BSGs with little
mass loss during stellar evolution (Woosley & Heger 2012).
Note that some RSGs may also lead to“failed” explosions.
However, in this case, spherical mass ejection of ∼ a few M⊙

driven by the neutrino mass loss is more probable, and the
disk outflows predicted here are likely hidden by this ejecta.
Any electromagnetic source associated with the fallback disk
would be powered by the kinetic energy of the outflow ther-

1 Similar emission has been discussed in the context of fall-
back accretion disk in tidal disruption of stars by super-massive
BHs (Strubbe & Quataert 2009, 2011) and of NSs in NS-BH bi-
naries (Rossi & Begelman 2009).
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Figure 3. Absolute AB magnitude of fallback disk outflow emis-
sion. The thick and thin curves show the NUV and R band magni-
tude, and the solid red and dotted-dash blue curves represents our
fiducial model of Wolf-Rayet (WR) and blue supergiants (BSG)
(Table 1), respectively. Note that t = 0 corresponds to the initial
launching of the outflow.
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Figure 4. Absolute R-band magnitude of fallback disk out-
flow emission from blue supergiants (BSG). Each curve corre-
sponds to different outflow launching radius, fr = 10, 30, and
100, which corresponds to a different outflow speed in our model,
v̄out ∼ 0.32, 0.18, 0.10c, respectively (Eqs. 1 and 5). Other model
parameters are the same as in Table 1.

their lives. The interaction with matter ejected prior to core
collapse can alter the dynamics of the outflow and the result-
ing emission characteristics. In particular, if the progenitor
experiences an intense mass loss of Ṁw ! 0.01 M⊙ yr−1 a
few years before the collapse, a comparable mass to that of
the disk outflow (! 0.1 M⊙) is distributed within the emis-
sion radius (" 1015−16 cm) given the typical wind velocity
of WRs and BSGs, vw ∼ 103 km s−1 (e.g., Crowther 2001),
and the fallback disk outflow will be hidden by the previ-
ously ejected matter. On the other hand, for an observed
typical mass loss rate of WRs and BSGs, Ṁw ∼ 10−5 yr−1,
the effects of the previously ejected matter will not be sig-
nificant.

4 DISCUSSION

Using a simple analytic model, we have calculated the fall-
back disk outflow emission from the formation of BHs in oth-
erwise failed supernova explosions. Fallback disks power out-
flows whose emission can be observed as a rapidly-evolving
(∼ a few days) luminous (∼ 1042−43 erg s−1) blue (T ∼

104 K) transient. This outflow can be observed only when it
is not enshrouded by a quasi-spherical explosion. This likely
requires compact progenitors, like WRs and BSGs, which
have tightly bound envelopes so that the neutrino radiation
of the proto-NS binding energy would not lead to significant
mass ejection. Our simplified treatments of e.g., the fallback
disk formation, the (thermo-)dynamics of the outflow, and
the transfer of the cooling radiation, need to be followed up
by more detailed numerical studies.

In the last decade, a growing number of fast
transients have been detected by high-cadence
surveys e.g., Pan-STARRS (Hodapp et al. 2004),
PTF (Law et al. 2009), ASAS-SN (Shappee et al. 2014),
and LOSS (Filippenko et al. 2001). For example, the
Pan-STARRS1 Medium Deep Survey (PS1-MDS) recently
reported a new class of optical transient, which have peak
bolometric luminosities of ∼ 1042−44 erg s−1 and shorter
decline timescales (< 15 days) than any type of conventional
SNe (Drout et al. 2014). The spectra can be fitted by blue
continua with a temperature of ∼ (1-3) × 104 K, and the
lack of UV line blanketing in the spectra imply that the
main energy source is not the radioactive decay of 56Ni.
These emission characteristics are broadly consistent with
the fallback disk outflow emission from compact progenitors
with R∗ ∼ 1012 cm and Md ∼ a few M⊙ (see Eqs. 24,
26, and 27). The host galaxies of the PS1-MDS transients
are star-forming galaxies, which is also consistent with our
scenario. The observed rate of the PS1-MDS transients is
4-7 % of core-collapse SN rate at z = 0.2 (cf., the rate of
type Ibc SN is 26 % of core-collapse SN rate: Smith et al.
2011). In our scenario, this would indicate that fallback disk
formation is relatively common in the collapse of WRs and
BSGs, as theoretically expected (Woosley & Heger 2012;
Perna et al. 2014). We caution, however, that there are
likely multiple classes of fast blue transients. For example,
similar fast transients also have been detected by PTF (PTF
09uj; Ofek et al. 2010). Narrow line features observed in
PTF 09uj suggest a dense circumstellar envelope surround-
ing the photon-emitting shell, which is inconsistent with
our scenario. Shock breakout from an extended envelope
and/or wind is a more plausible explanation.

In our model, the optical-UV emission is powered by
thermal energy generated in the accretion disk close to the
central black hole. The composition of the outflow in turn
depends on the temperature reached as the disk circular-
izes at small radii (Eq. 7). For typical parameters, this is
T0 ∼ 108−9 K indicating that much of the ejecta will be
processed to C, O, Ne, and Mg, but not heavier elements.
Hydrogen and helium may be present depending on the ini-
tial composition of the star and the efficiency with which
the disk-powered outflow entrains infalling material. Our
default calculations (Figs. 2 and 3) are for fallback disks
that circularize at r ∼ 10 × GMBH/c

2 and produce out-
flow velocities of ∼ 100, 000 km/s, which would lead to very
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ü temi~ Days to 10 days  

üLbol ~ 1041-43 erg s-1

üblue continua with T ~104 K
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The PS1-MDS Transients 
Drout+14Pan-STARRS1 Medium Deep Survey (PS1-MDS) for Rapidly Evolving and Luminous Transients

The Astrophysical Journal, 794:23 (23pp), 2014 October 10 Drout et al.

Figure 1. PS1 absolute magnitude, rest-frame, light curves for gold sample transients. Circles represent grizP1 detections and triangles represent 3σ upper limits.
Vertical dashed lines indicate epochs when spectroscopic observations were acquired. The gray shaded region is the R-band Type Ibc template from Drout et al. (2011),
normalized to the peak magnitude of the PS1-MDS transient.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1 for silver sample objects.
(A color version of this figure is available in the online journal.)

Figure 3. PS1 apparent magnitude, observer-frame, light curves for our bronze (non-spectroscopic) sample. Symbols have the same meaning as Figure 1.
(A color version of this figure is available in the online journal.)

epoch of r-band imaging for PS1-13ess with Magellan IMACS.
This additional photometry was obtained at +2, +45 and +12
rest-frame days for the three objects, respectively. The images
were processed using standard tasks in IRAF19 and calibrated
using PS1 magnitudes of field stars. We subtracted contributions
from the host galaxies using PS1 template images and the ISIS
software package as described in Chornock et al. (2013). These

19 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association for Research in Astronomy, Inc. under
cooperative agreement with the National Science Foundation.

points are also shown (squares) in Figures 1 and 2, and listed in
Table 2.

2.5. Galaxy Photometry

For our entire sample we compile griz-band photometry for
any underlying galaxy/source. When possible, we utilize the
SDSS DR9 Petrosian magnitudes, which account for galaxy
morphology. For cases where the underlying galaxy/source was
too faint for a high signal-to-noise SDSS detection, we perform
aperture photometry on the PS1 deep template images, choosing

4

ü t1/2  < 12 day --- rapidly evolving than any SN type
ü Lpeak ~ 1042-43 erg s-1 --- luminous as bright SNe
ü Tpeak ~ a few 104 K --- blue
ü No line blanketing --- not powered by the radioactive decay
ü Host Gal. = star forming Gal. --- related to massive stars 
ü Event rate ~ 4-7 % of core-collapse SN --- not rare



Summary and Discussion
How to find newborn black holes
• Vanishing supergiants
• Luminous red novae
• Fast blue transients

üa day to 10 day depending on progenitor structure
üLbol ~ 1041-43 erg s-1

üBlue continua with T ~ 104 K
üThe PS1-MDS transients are from WRs and BSGs?  
ümay not be rare (~5% of CCSNe). 

• Multi-Messenger Approach
üRadio
üGravitational wave



Back up



Now is the good timing



ANRV284-AA44-03 ARI 28 July 2006 13:50

Figure 1
Scale drawings of 16 black-hole binaries in the Milky Way (courtesy of J. Orosz). The
Sun–Mercury distance (0.4 AU) is shown at the top. The estimated binary inclination is
indicated by the tilt of the accretion disk. The color of the companion star roughly indicates
its surface temperature.
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Optical Transients
Transients in the local Universe 383

100 101 102

−24

−22

−20

−18

−16

−14

−12

−10

−8

−6

Characteristic Timescale [day]

Pe
ak

 L
um

in
os

ity
 [M

V]

V838 Mon
M85 OT

M31 RV

SCP06F6

SN2006gy
SN2005ap SN2008es

SN2007bi

SN2008S

NGC300OT

SN2008ha

SN2005E

SN2002bj

PTF10iuv
PTF09dav

PTF11bij
PTF10bhp

PTF10fqs

PTF10acbp

PTF09atu
PTF09cnd

PTF09cwlPTF10cwr

 Thermonuclear
 Supernovae

 Classical Novae

 Luminous
 Red

 Novae

 Core−Collapse
 Supernovae

 Luminous Supernovae

 .Ia Explosions

 Ca−rich
 Transients

P60−M81OT−071213

P60−M82OT−081119

1038

1039

1040

1041

1042

1043

1044

1045

Pe
ak

 L
um

in
os

ity
 [e

rg
 s−

1 ]

Figure 4. Framework of Cosmic Explosions in the Year 2011 (Kasliwal 2011). Note that until 2005 (Fig. 1),
we only knew about three classes (denoted by gray bands). In the past six years, systematic searches,
serendipitous discoveries and archival searches have uncovered a plethora of novel, rare transients. Discov-
eries by the Palomar Transient Factory and P60-FasTING (Kasliwal et al. 2011a) are denoted by ?. Several
new classes are emerging and the governing physics is being widely debated: luminous red novae (electron
capture induced collapse of rapidly rotating O–Ne–Mg white dwarfs?), luminous supernovae (magnetars
or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
Calcium-rich halo transients (helium deflagrations?).

(advanced LIGO, advanced VIRGO, LCGT, INDIGO) coming online. Detecting gravitational
waves from neutron star mergers every month is expected to become routine. A basic common-
ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
complete inventory of transients in the local Universe.

Kasliwal 11



significantly less luminous than before it died.Other known sources
(see x 4) either appear before disappearing (e.g., novae), vary
(ir)regularly (Cepheids, LBVs, and eclipsing binaries), or reap-
pear after disappearing (R Coronae Borealis [RCB] stars) on
reasonable timescales. As we demonstrate in x 4, the rate of false
positives is easily managed.

Finally, the rate of normal core-collapse SNe in the target sam-
ple sets a crucial scale for the feasibility of such a survey. The sam-
ple must produce roughly 1 normal SN yr!1 in order for a limit on
failed SNe to be significant. Since one is limited by technology to
nearby galaxies, we start with the Karachentsev et al. (2004)
catalog of neighboring galaxies, which is designed to be "80%
complete to a distance of 8 Mpc. We estimate the relative core
collapse SN rate of the galaxies using the results of Cappellaro
et al. (1999) and then normalize the total rate to match that ob-
served for these galaxies from 1970 to 2007 based on the Sternberg
Astronomical Institute SN catalogs (see Ando et al. 2005). The
resulting predicted and observed rates for the individual galaxies
agree well, although the absolute, total normalization ranges from
0.56 SNe yr!1 from 1970 to 2007 to 1.1 SNe yr!1 if we restrict
ourselves to the ‘‘modern’’ era of robotic surveys (1997Y2007).
We lose 10% of the expected rate by eliminating highly inclined

galaxies (axis ratios<0.3). Only 40 galaxies need to be observed
(30 northern with decl: > !10#)5 to cover 90% of the expected
rate.

For these galaxies, the estimated core collapse SN rates are
0.46Y0.90 per year depending onwhether we use the lower 1970Y
2007 or the higher 1997Y2007 rate normalizations. A survey re-
stricted to the northern galaxy sample would have modestly lower
rates of 0.35Y0.71 per year. We suspect, and can argue statisti-
cally at roughly 90% confidence, that the higher normalization
of the last decade is correct, where the change in efficiency is

Fig. 3.—Possible outcomes in forming a BH. The optical signatures of the ‘‘no explosion’’ scenarios are little explored.

5 In rough order of increasing observational cost per SN, they are M101,
M81, NGC 5194, (NGC 5236), NGC 2403, (NGC 4594), M82, NGC 6946,
NGC 4258, NGC 4736, NGC 4826, (NGC 1313), IC 342, NGC 2903, (NGC
7793), (NGC3621), NGC 3627, (NGC247), (NGC300), NGC 4236,NGC925,
NGC 4449, NGC 628, (NGC 5068), NGC 3368, M31, NGC 4395, NGC 3077,
NGC 4605, NGC 4214, NGC 3351, NGC3344, NGC 6503, M33, (NGC 5253),
IC 2574, NGC 672, NGC 5474, NGC 3489 and (NGC 5102). The parentheses
indicate Southern galaxies decl: < !10#ð Þ. The observational cost includes the
effects of distance and that M31 andM33 require multiple pointings for a typical
0.25 deg2 camera.We have not corrected for Galactic extinction and note that the
levels for IC 342 (AB ’ 2:4) and NGC 6946 (AB ’ 1:5) are uncomfortably high.
We also note, however, that NGC 6946 has had 9 SNe over the last century, far
more than any other galaxy on this list.
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Figure 6. Top and middle rows: bronze sample explosion environments. All
images are from PS1 templates. Nearby galaxies are labeled in red. The
location of the transient is indicated by a red cross. Bottom row: the large-
scale environment around PS1-13aea, which exploded in the region between
NGC 4258 and NGC 4248.
(A color version of this figure is available in the online journal.)

on a timescale !1 day. In contrast, the typical ∆m15 values for
these transients (1–2 mags) are slightly more rapid than typ-
ical stripped envelope core-collapse SNe (CC-SNe) (∆m15 ∼
0.5–1.0; Drout et al. 2011) but slower than the rapidly declining
Type I SN 2005ek, SN 2010X, and SN 2002bj (Drout et al. 2013;
Kasliwal et al. 2010; Poznanski et al. 2010), which possess
∆m15 " 3 mag.

Three of the transients (PS1-10ah, PS1-12brf, PS1-13ess)
show evidence for a change in decline timescale. PS1-10ah
initially declines very rapidly, with a linear decline rate of
∼0.15 mag day−1, which then shallows to ∼0.02 mag day−1

around 10 days post-maximum. PS1-13ess shows an initial
decline very similar to PS1-10ah, but then rises again as
evidenced by our final iP1 and zP1 data points. This may liken
it to the double peaked Type IIb SN 1993J (see Section 8). The
other objects in our sample show no discernible change in slope
out to ∼10–20 days post-maximum.

4.2. Colors and SEDs

In the normal operation mode of the PS1-MDS only gP 1 and
rP 1 observations are acquired on the same day, with iP 1 and zP 1
observations following on consecutive evenings. In the upper
panel of Figure 9 we plot the gP 1 − rp1 colors from every epoch

Figure 7. Phase space of SNe: peak luminosity vs. rest-frame time above half-
maximum for a variety of SNe. The PS1-MDS transients described in this paper
are shown as red stars. They span an order of magnitude in peak luminosity and
significantly increase the number of known transients with short characteristic
times. Other events from the literature are shown as colored circles/squares:
Type Ia SNe (Nugent et al. 2002; Taubenberger et al. 2008; Scalzo et al. 2012),
Type Iax & “calcium-rich” Ia (Foley et al. 2013; Kasliwal et al. 2012; Perets
et al. 2010), Type Ib/Ic (Drout et al. 2011; Valenti et al. 2008; Campana et al.
2006; Taubenberger et al. 2006; Bersten et al. 2012; Cobb et al. 2010; Valenti
et al. 2012), Type IIP/IIL (Arcavi et al. 2012; Hamuy 2003; Andrews et al.
2011; Botticella et al. 2009), Type IIn (Kiewe et al. 2012; Margutti et al.
2014), Type I SLSNe (Quimby et al. 2011; Chomiuk et al. 2011; Lunnan
et al. 2013), and other rapidly evolving events (red; Drout et al. 2013; Kasliwal
et al. 2010; Poznanski et al. 2010; Ofek et al. 2010; Matheson et al. 2000).
(A color version of this figure is available in the online journal.)

Figure 8. t1/2,rise vs. t1/2,decline for the gold and silver transients in four
photometric bands (grizP1). Stars represent objects with measured rise and
decline timescales, triangles represent objects with an upper limit in one of
the two timescales, and circles with arrows represent objects with upper limits
for both timescales. In general, the PS1-MDS rapidly evolving transients rise
significantly faster than they decline.
(A color version of this figure is available in the online journal.)
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Figure 11. Best-fit blackbody temperatures (top panel) and radii (bottom panel)
as a function of time. In general, temperatures evolve from around 20,000 K
near maximum to 7000 K at later times. Exceptions include PS1-12brf (whose
initial temperature is around 50,000 K), PS1-10ah (whose temperature rise to
maximum light) and PS1-12bb (whose best-fit temperature remains constant
around 8000 K; not plotted). Radii are a few time 1014 cm, and expand with
time.
(A color version of this figure is available in the online journal.)

Using this formulation, our peak pseudo-bolometric lumi-
nosities span a range of approximately 2 × 1042 erg s−1 < L <
to 3 × 1043 erg s−1, and are plotted in Figure 7. If we had
instead utilized a UV bolometric correction that integrated the
entire best-fit blackbody, these values would be approximately
a factor of two higher. In the left panel of Figure 12 we plot our
derived pseudo-bolometric light curves. The number of epochs
for which we can constrain the luminosity is limited for the
silver transients. The energy radiated by the six gold transients
between −3 and +20 days ranged from 2 ×1048 erg (PS1-12bb)
to 2 ×1049 erg (PS1-11qr).

For comparison, we also show the pseudo-bolometric light
curves of several other rapidly evolving events (right panel):
SN 2002bj (Poznanski et al. 2010), PTF 09uj (Ofek et al. 2010),
SN 2010X (Kasliwal et al. 2010), and SN 2005ek (Drout et al.
2013), as well as the double peaked SN 1993J (Schmidt et al.
1993). The curves for SN 2005ek, SN 2002bj, and SN 1993J
were calculated from multi-band photometry in a manner similar
to that utilized here, while the curves for SN 2010X and PTF 09uj
were derived based on r-band data only. We note that SN 2005ek
and SN 2010X, which have been proposed to be powered
mainly by radioactive decay (Drout et al. 2013; Kasliwal et al.
2010; Tauris et al. 2013), are less luminous than the PS1-MDS
events, while the more luminous PTF 09uj and the first peak
of SN 1993J are thought to be powered by cooling envelope
emission/interaction. These power sources will be discussed
further in Section 8.

5. SPECTROSCOPIC PROPERTIES

We obtained spectra during outburst for five transients: PS1-
11bbq, PS1-12bb, PS1-12bv, PS1-12brf, and PS1-13duy. These
spectra are plotted in Figure 13. One spectrum was obtained
between two and four days post maximum for each event and,

Figure 12. Left panel: pseudo-bolometric light curves for the gold and
silver transients. Right panel: pseudo-bolometric light curves for other rapidly
evolving transients from the literature: the Type Ic SN 2005ek (Drout et al.
2013) and 2010X (Kasliwal et al. 2010), the Type Ib SN 2002bj (Poznanski
et al. 2010), the Type IIb SN 1993J (Schmidt et al. 1993), and the Type IIn
PTF09uj (Ofek et al. 2010).
(A color version of this figure is available in the online journal.)

in the case of PS1-12bb, a second spectrum was obtained at
+33 days. The spectra shown for PS1-11bbq, PS1-12bv, PS1-
12brf, and PS1-13duy still contain some contribution from their
host galaxies, as evidenced from presence of nebular emission
lines. However, both the lack of a 4000 Å break and the faint
apparent magnitude of all four hosts (23–25 mag) give us
confidence that a majority of the continuum is due to the
transient itself.

5.1. Basic Properties and Comparison to Other Events

From Figure 13 we see that the spectra are dominated by
continua as opposed to strong P Cygni features. Four of the
events, PS1-11bbq, PS1-12bv, PS1-12brf and PS1-13duy, show
blue continua21, while PS1-12bb is consistent with a blackbody
of 6000–7000 K. PS1-12bb also showed redder photometric
colors and a distinct SED evolution (Section 4). Of the events,
PS1-12bv shows the strongest evidence for broad spectral
features, with the most evident near 3900 Å.

Spectra dominated by blue continua have been observed in
previous SNe. They are typically found in objects that are hot,
optically thick, and powered by cooling envelope emission
or interaction. For instance, although SN 1993J later went
on to develop a plethora of P Cygni features indicative of a
Type IIb SNe, during its initial light curve peak (attributed
to cooling envelope emission and recombination) its spectrum
was dominated by continua with only a few features between
4000–5000 Å. Hydrogen lines were not evident in the early

21 A spectrum of the bronze sample object PS1-13bit was obtained using the
OSIRIS instrument at the Gran Telescopio Canarias under progra
GTC2007-12ESO (PI: R. Kotak). R. Kotak (2007, private communication)
reveals that it is similarly dominated by a blue continuum with no narrow
emission or absorption features.
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Figure 13. Explosion spectra for five PS1-MDS transients (colored) in compar-
ison to events from the literature (black). With the exception of PS1-12bb our
events are dominated by a blue continuum, with a lack of strong P Cygni fea-
tures. Some contributions from the host galaxy (e.g., nebular emission lines) are
still present in these events. PS1-12bb shows a redder continuum and a notable
lack of broad nebular features at + 33 days. The top panel shows literature ob-
jects thought to be powered by cooling envelope emission/interaction while the
bottom panel shows objects powered by radioactive decay (Type Ib SN 2002bj
Poznanski et al. 2010; Type IIb SN 1993J Barbon et al. 1995; Type IIn PTF 09uj
Ofek et al. 2010; Type Ia SN 2011fe Pereira et al. 2013; Type Ic SN 2007gr
Valenti et al. 2008; Type Ic SN 2005ek Drout et al. 2013; Type Ic SN 2010X
Kasliwal et al. 2010).
(A color version of this figure is available in the online journal.)

spectra. In addition, the rapidly evolving Type IIn SN PTF 09uj
(attributed to shock breakout/interaction) has only weak narrow
emission lines in its spectra near maximum, and is dominated
by a blue continuum. Given the signal to noise of our spectra,
it is unlikely that we would be able to identify similar emission
features in our events if they were present. Thus, based on
the quality and coverage of our spectra, we are unable to
conclude whether the objects in our sample are hydrogen-rich
or hydrogen-poor. We plot spectra of SN 1993J and PTF 09uj,
as well as the blue rapidly evolving SN 2002bj (whose power
source is still under debate), in the top panel of Figure 13.

In contrast, SNe that are powered mainly by radioactive decay
(Type Ia/b/c SNe) are typically dominated by P Cygni features
formed in the outer ejecta layers. In particular, they often possess
strong line blanketing in the blue due to the presence of iron
peak elements. We plot several examples in the lower panel of
Figure 13. We see that our spectra more closely resemble events
that are powered by interaction/recombination, as opposed to
radioactive decay.

Figure 14. Mg ii absorption in the spectrum of PS1-12bv. Left: vertical lines
mark the systemic velocities of the host galaxy as measured from [O ii] λ3727
and Hβ in emission. The red line signifies the extent of the resolved blue “shelf,”
which may be due to absorption in the CSM surrounding the progenitor. Right:
an example multiple component fit to the absorption feature. The green (blue)
components are blue shifted ∼700 km s−1 (1500 km s−1) with respect to the
host galaxy and have a FWHM of 550 km s−1 (900 km s−1). The galaxy [O ii]
λ 3727 feature has a FWHM of 300 km s−1.
(A color version of this figure is available in the online journal.)

5.2. Lack of Nebular Features in PS1-12bb

We obtained two spectra for PS1-12bb. At the time of the
second epoch (+33 days) the i-band light curve of PS1-12bb
had declined by ∼3 mag. Similar to the spectrum obtained near
maximum light, this spectrum is dominated by continuum (with
some contribution from its host galaxy’s light). This is in contrast
to any other “late time” spectra of a rapidly declining SN that has
been obtained to date. Both SN 2005ek (Drout et al. 2013) and
SN 2010X (Kasliwal et al. 2010) were observed between 10
and 35 days post-maximum. Both events (Type Ic) displayed
a growing emission component in the Ca ii NIR triplet. By
+23 days the spectrum of SN 2010X was dominated by the
Ca ii NIR triplet between 8000 and 9000 Å. This is not the case
for PS1-12bb. We can place a limit on the luminosity in the Ca ii
NIR triplet between 8300–8700 Å at + 33 days in PS1-12bb of
<3 × 1039 erg s−1. This is approximately 4 times lower than the
feature observed in SN 2010X at a similar time. PS1-12bb was
also our only object whose best-fit blackbodies did not show
radii that expanded with time. Thus, this transient may be of a
different kind than a SN with an expanding ejecta that eventually
becomes optically thin.

5.3. Potential CSM Absorption in PS1-12bv

The emission lines present in Figure 13 are unresolved and
attributed to the host galaxies. However, in the spectrum of
PS1-12bv there is tentative evidence for circumstellar material
(CSM) absorption in the Mg ii (λλ 2796,2803) feature. A view
around this feature is shown in the left panel of Figure 14. The
spectrum of PS1-12bv shows unresolved nebular emission lines
of [O ii] λ3727 and Hβ at a redshift of z = 0.405. In contrast,
the two deepest features of the Mg ii (λλ 2796,2803) absorption
feature are blue shifted by ∼700 km s−1 relative to the galaxy
emission lines (z = 0.402) and there is a resolved blue wing to
the feature. This blue wing spans an additional ∼1000 km s−1

from the minimum of the absorption feature. Our resolution
corresponds to ∼400 km s−1 in this wavelength region.

A similar blue absorption wing was seen in the spectra of
the Type IIn SN 1998S (Bowen et al. 2000), although in this
case the wing spanned only ∼350 km s−1 from the absorption
minimum. Both Bowen et al. (2000) and Chugai et al. (2002)
credit this “shelf” of absorption to the CSM around the explosion
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Figure 4. Gold and silver sample explosion environments. Images are from PS1 templates. Transient explosion sites are marked with red crosses.
(A color version of this figure is available in the online journal.)

an aperture to encompass all of the visible light. Cross-checks
show the PS1 and SDSS magnitudes are consistent. In Figures 4
and 6 we show the environments immediately surrounding the
transients.

2.6. Optical Spectroscopy

Spectroscopic follow-up for the PS1-MDS is carried out on a
number of telescopes, with the MMT, Magellan and Gemini
bearing most of the load. Spectra are acquired for roughly
10% of the transients identified by the photpipe pipeline, with
final selections left to the observer. We obtained spectra of five
transients while they were active, including two observations
of PS1-12bb. The epochs on which these spectra were taken
are indicated by a dashed vertical line in the appropriate panels
of Figures 1 and 2. Host galaxy spectra were also obtained for
six transients. A summary of our spectroscopic data is given in
Table 3.

Initial reduction (overscan correction, flat fielding, extraction,
wavelength calibration) of all long slit spectra was carried out
using the standard packages in IRAF. Flux calibration and
telluric correction were performed using a set of custom idl
scripts (see, e.g., Matheson et al. 2008; Blondin et al. 2012)
and standard star observations obtained the same night as the
science exposures. Spectra obtained with the Hectospec multi-
fiber spectrograph (Fabricant et al. 2005) were reduced using
the IRAF package “hectospec” and the CfA pipeline designed
for this instrument.

3. SAMPLE OVERVIEW

The 14 rapidly evolving transients we identify in the PS1-
MDS can be usefully split into three groups based on (1)
the quality of their observed light curves and (2) constraints
available on their distances. For the rest of the manuscript these
sub-groups will be designated “gold,” “silver,” and “bronze.”

3.1. Gold and Silver Samples

Together our gold and silver samples contain 10 objects. For
these events, we obtained spectroscopic redshifts of their host
galaxies, allowing us to constrain their true luminosity scale.

Our gold sample is composed of six objects. These are our
highest quality events, all of which satisfy the photometric

selection criteria listed in Section 2.2. The absolute magnitude,
rest-frame, light curves for these events are shown in Figure 1.

Our silver sample is composed of four objects. These are
events that were noted as rapidly evolving during the normal
operations of the PS1-MDS but that possess sparser light curves
(Figure 2). In all cases the observed light curves are sufficient
to characterize them as rapidly evolving, but sparse enough
such that they fail the systematic selection criteria described
above. For instance, PS1-13ess only has one band with a deep
limit in the 9 days prior to observed maximum (as opposed to
the requisite two). For a majority of this manuscript, the silver
objects will be analyzed with our gold sample, as they further
inform the properties of rapidly evolving transients. However,
in Section 7 when calculating volumetric rates, only objects that
pass the well defined set of selection criteria outlined above will
be considered.

In Figure 4 we show the 25′ × 25′ region surrounding the
gold and silver transients, all of which have an associated host.
Narrow emission and absorption lines were used to measure the
redshift to each host. These range from z = 0.074 (PS1-10ah)
to z = 0.646 (PS1-11bbq) with a median redshift of z = 0.275.
In Table 1 we list the redshift, luminosity distance, and Milky
Way reddening in the direction of each transient (Schlafly &
Finkbeiner 2011). Throughout this paper we correct only for
Milky Way extinction. All calculations in this paper assume a
flat ΛCDM cosmology with H0 = 71 km s−1 Mpc−1, Ωm =
0.27, and ΩΛ = 0.73.

In Figure 5 we plot peak absolute magnitude versus red-
shift in grizP1 for the gold/silver transients. Stars represent
our observed magnitudes corrected for distance and MW ex-
tinction. Circles represent absolute magnitudes that have been
k-corrected to the rest-frame grizP1 bandpasses based on best-
fit blackbodies (see Section 4). We see that our sample spans a
wide range of absolute peak magnitude (−17 > M > −20).

3.2. Bronze Sample

Our bronze sample is composed of four objects. These events
have light curves that were flagged by the selection criteria in
Section 2.2 but for which we were unable to spectroscopically
confirm the extragalactic nature of their hosts. The 25′ × 25′

region surrounding our bronze sample is shown in Figure 6. All
four transients have a faint (25 mag < mi < 22 mag) underlying
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Table 5
Host Galaxy Properties

Event mobs,i log (O/H) + 12a Methodb log(Mgal/M⊙) SFR sSFR Offset Offset Norm. Offsetc

(mag) (measured) (M⊙ yr−1) (Gyr−1) (arcsec) (kpc)

PS1-10ah 18.08 (0.02) 8.49 (0.03) PP04N2 9.12+0.18
−0.21 ∼1.2 ∼0.9 0.42 0.68 0.21

PS1-10bjp 19.22 (0.03) 8.38 (0.05) PP04N2 9.12+0.18
−0.24 ∼2.1 ∼1.6 0.95 2.39 0.85

PS1-11qr 19.80 (0.06) 8.85 (0.08) PP04N2 10.17+0.20
−0.37 ∼4.3 ∼0.3 1.54 12.58 0.98

PS1-11bbq 24.40 (0.15) 8.67 (0.14) Z94 8.01+0.61
−0.70 >0.3 >2.4 0.47 8.81 1.05

PS1-12bb 16.59 (0.01) 8.79 (0.11) PP04N2 10.54+0.43
−0.12 ∼2.3 ∼0.06 4.93 10.99 1.92

PS1-12bv 22.01 (0.20) · · · · · · 9.89+0.62
−0.52 >0.3 >0.03 0.97 10.29 0.50

PS1-12brf 22.04 (0.21) 8.6 (0.2) KD02 8.73+0.20
−0.17 >0.3 >0.5 0.42 2.90 0.69

PS1-13duy 22.20 (0.04) 8.6 (0.2) KD02 8.78+0.15
−0.12 >0.1 >0.2 0.33 2.16 0.44

PS1-13dwm 21.38 (0.08) <8.4 PP04N2 8.96+0.27
−0.01 ∼1.9 ∼2.0 1.40 8.28 0.82

PS1-13ess 22.54 (0.08) 8.43 (0.03) M91 8.68+0.07
−0.13 ∼4.5 ∼9.3 0.14 1.04 0.32

Notes.
a Metallicity measured from host galaxy spectra. Diagnostics utilized varied between objects.
b Diagnostic used to obtain Column 2. PP04N2 = Pettini & Pagel (2004); Z94 = Zaritsky et al. (1994); KD02 = Kewley & Dopita (2002); M91
= McGaugh (1991).
c Offset normalized by the g-band half-light radius of the host galaxy.

and Chugai et al. (2002) invoked radiative driving to accelerate
relatively slow moving CSM material (40–50 km s−1) to these
velocities. In our case, if the blue component is due to CSM
absorption, we would require either stronger radiative driving
or a faster CSM wind speed. The CSM wind speed found for
SN 1998S was typical for a RSG wind, whereas the speeds
required for PS1-12bv would be more indicative of a wind from
a WR or luminous blue variable star. PS1-12bv is one of our
four most luminous objects and is very similar photometrically
to PS1-11qr, PS1-11bbq, PS1-13duy and PTF 09uj (which was
hypothesized to be due to the shock breakout from an optically
thick wind; Ofek et al. 2010). This broad feature may therefore
point to a progenitor star that possesses a strong wind in the
years before explosion for these transients.

Alternatively, this feature could be explained by either a
complex interstellar medium (ISM) absorption system along
the line of sight or an outflow from the host galaxy. In order to
investigate this possibility, we fit pairs of Mg ii (λλ 2796,2803)
doublets with varying redshifts and FWHM to this portion
of the spectrum. An example fit is shown in the right panel
of Figure 14. Blue and green lines show the individual Mg ii
(λλ 2796,2803) doublets, and the red line shows their sum. In
all cases, we required absorption components that were both
resolved and significantly broader than typical ISM absorptions
(!100 km s−1).

6. HOST GALAXIES

Our method of selecting rapidly evolving SNe was not de-
signed to select transients from a single explosion mechanism/
progenitor. However, on the whole, the objects we identified
within the PS1-MDS have a similar set of photometric and
spectroscopic properties (blue colors, spectra dominated by con-
tinua, etc.). We now turn to the host galaxies of these explosions
to see what insight they can provide into their progenitor popula-
tions. In Figure 15 we display the host galaxy spectra obtained
for six of the transients. These are supplemented by the host
galaxy lines present in the explosion spectra (Figure 13). Nebu-
lar emission lines, indicative of active star formation, are found
in the spectra of all 10 galaxies. In the sections below we exam-
ine the masses, metallicities, star formation rates (SFRs), and

Figure 15. Host galaxy spectra for six of the gold/silver transients. Nebular
emission lines are labeled by dashed vertical lines.

explosion site offsets of the host galaxies in comparison to the
hosts of other classes of transients.

6.1. Mass

After correcting the host griz-band photometry for Milky
Way extinction we use the FAST stellar population synthesis
code (Kriek et al. 2009) to calculate the total stellar mass
contained within our host galaxies. Our models utilized the
Maraston (2005) stellar library and assumed an exponential star
formation history and Salpeter IMF. The total extinction was
restricted to <0.05 (motivated by the Balmer decrement in our
highest quality host spectra and the blue colors of our transients;
the assumed extinction does not significantly affect the resulting
mass). The results from this analysis are listed in Table 5.

The total stellar mass in the host galaxies ranges from 8.0 <
log (M/M⊙) < 10.6 with a median value of log (M/M⊙) = 9.0.
In the first panel of Figure 16 we plot the cumulative distribution
of our host masses in comparison to the CC-SN and long gamma-
ray burst (LGRB) samples from Svensson et al. (2010). A larger
fraction of our sample’s hosts appear at relatively low masses
in comparison to the CC-SN. A Kolmogorov–Smirnov (K-S)
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Figure 16. Cumulative distributions of various host galaxy properties: stellar mass, metallicity, star formation rate, and specific star formation rate. In all panels the
red line(s) represents the rapid evolving SNe presented in this work. In panels 3 and 4 the solid red line represents the six gold/silver objects with host galaxy spectra
and the dashed red line includes lower limits based on the explosion spectra of the remaining four objects. Also shown are distributions from LGRBs and core-collapse
SNe (black and green lines, respectively; see text for references). The dashed green line in panel 2 is the untargeted Type Ibc SN from Sanders et al. (2012). The
vertical dashed line in panel 2 signifies solar metallicity.
(A color version of this figure is available in the online journal.)

test yields a 14% (37%) probability that the rapidly evolving
transients hosts are drawn from the same population as the
CC-SN (LGRB) hosts. Thus, while our host galaxies skew
slightly toward lower masses, there is no statistical evidence for
a different parent population from either LGRBs or CC-SNe.

6.2. Metallicity

Using the Markov Chain Monte Carlo method described in
Sanders et al. (2012) we measure the emission line fluxes and
metallicities of nine of the host galaxies. Due to the varying
wavelength coverage and quality of our spectra, it was not
possible to use the same strong line diagnostic for all of the
galaxies. In Table 5 we list both the measured value and the
diagnostic utilized. For the purposes of comparison, we then
convert all of the values to the R23 system of Kewley & Dopita
(2002) using the calibration relations from Kewley & Ellison
(2008).

Many of the host galaxies have metallicities that are roughly
solar, with a median value of log (O/H) + 12 = 8.8. In the
second panel of Figure 16 we plot their cumulative distribution.
Our hosts are offset to a significantly higher metallicity than
either LGRB hosts (Svensson et al. 2010; Savaglio et al. 2009;
Levesque et al. 2010a; Levesque et al. 2010b; Graham &
Fruchter 2013) or the untargeted Type Ibc hosts from Sanders
et al. (2012) (black line and dashed green line, respectively) with
a !0.5% probability of being drawn from the same population.
The entire CC-SN sample from Kelly & Kirshner (2012) (solid
green line) is shifted to even higher metallicities than our sample,
although we caution a fraction of these events were discovered
by targeted surveys (which bias toward higher metallicities).

6.3. Mass–Metallicity Relation

In Figure 17 we plot the stellar mass versus metallicity for
nine of the transients (red stars) versus the ∼53,000 SDSS star-
forming galaxies from SDSS (Tremonti et al. 2004, shaded
regions). Also shown are the low redshift LGRB hosts from
Levesque et al. (2010b, black). The hosts of the PS1-MDS
rapidly evolving SNe appear to be consistent with the bulk of
star-forming galaxies in SDSS. This is in contrast to the hosts
of LGRBs and Type I SLSNe, both of which have been shown
to obey a relation in the mass–metallicity plane that is offset
below the bulk of star-forming galaxies (Levesque et al. 2010b;
Lunnan et al. 2014).

Figure 17. Mass–metallicity relation for nine gold/silver transients (red stars).
Also plotted are contours representing the 53,000 SDSS star-forming galaxies
from Tremonti et al. (2004) (shaded region, lines represent the 2.5, 16, 50, 84,
and 97.5 percentile of the distribution in each bin) and the long-duration GRB
hosts from Levesque et al. (2010b). Unlike the LGRB hosts, which are offset to
lower metallicities, our sample is consistent with being drawn from the greater
SDSS population.
(A color version of this figure is available in the online journal.)

6.4. Star Formation Rates

We estimate host galaxy SFRs for the six events for which
we possess galaxy spectra (Figure 15) by measuring their Hα
line fluxes and applying the relation of Kennicutt (1998). In
each case we apply a rough correction for the covering fraction
of our spectra by scaling to our PS1 photometry of the hosts.
We do not correct for intrinsic extinction. In the three cases
where both Hα and Hβ are detected the decrement is reasonably
consistent with zero extinction. The resulting SFRs range from
1–5 M⊙ yr−1 and are listed in Table 5. For the four remaining
objects we may place lower limits on the SFR by measuring the
Hβ emission line flux from the explosion spectra (Figure 13)
and assuming zero extinction. We do not attempt to correct for
the covering fraction in these cases. The lower limits range from
0.1–0.3 M⊙ yr−1. In the second and third panels of Figure 16 we
plot the cumulative distribution of our SFRs and specific SFRs
in comparison to the CC-SN and LGRB hosts from Svensson
et al. (2010). Although the small number of events limits the
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Figure 18. Projected host offsets for our sample (red) in comparison to
other astronomical transients. Left panel: physical offsets. Right panel: offsets
normalized by the g-band half-light radii of the hosts. Our sample most closely
traces the distribution of core-collapse SN offsets.
(A color version of this figure is available in the online journal.)

conclusions we can draw, there is no statistical evidence that the
samples are drawn from different progenitor populations. The
SFRs measured for our hosts are clustered around the median
value observed for both CC-SNe and LGRBs.

6.5. Explosion Site Offsets

Using the PS1 centroid positions (good to ∼0.′′1) we measure
the separation between the location of the transient and the
center of its host galaxy. The cumulative distribution of these
offsets (in physical units) are shown in the left panel of
Figure 18 (red line). Also shown are distributions of Type Ia,
Type Ibc and Type II SNe (Prieto et al. 2008, blue, green, and
cyan, respectively), short-duration GRBs (Fong & Berger 2013,
dashed black; SGRBs), and LGRBs (Bloom et al. 2002, solid
black).

In the right panel of Figure 18 we normalize these offsets
by the g-band half-light radius of the host. Also shown are
Type Ia SN (Galbany et al. 2012, blue), Type Ibc, and Type II
SNe (Kelly & Kirshner 2012, green and cyan, respectively), and
the same LGRB and SGRB samples as described above. For
objects with high signal to noise SDSS detections, we use the
Petrosian half-light radius from SDSS DR9. For others (PS1-
11bbq, PS1-13duy, and PS1-13ess), we estimate the half-light
radius based on the light within a 3′′ radius of the centroid
location within the PS1 deep stacks (we caution that these values
are more uncertain). Both the physical and normalized offsets
are listed in Table 5. Our sample most closely resembles the
normalized offsets of Type Ibc and Type II SNe, indicating that,
at least in this context, our explosion sites are consistent with
the environments in which one can expect to find massive stars.

7. VOLUMETRIC AND RELATIVE RATES

In this section we use information on the true cadence and
sensitivity obtained by the PS1-MDS between 2009 December
and 2014 March to calculate the volumetric rate of rapidly
evolving transients similar to those presented in this work.
Because these objects were identified based on their light curve
morphology, rather than spectroscopic classification, we avoid
the observer-dependent bias that results because resources limit

our spectroscopic follow-up to roughly 10% of the transients
discovered in the PS1-MDS.

Because their timescale is rapid, even short observing gaps
due to poor weather or maintenance can have a significant effect
on the efficiency with which the survey detects these transients.
We therefore use a Monte Carlo approach similar to that utilized
in Quimby et al. (2012, 2013) to calculate the efficiency with
which each PS1-MDS field can recover these transients as a
function of distance.

We begin by constructing light curve and temperature evo-
lution templates based on the gold transients (Figure 1). We
then construct a luminosity function that consists of an in-
trinsic Gaussian distribution modified by an exponential func-
tion to account for host galaxy absorption. In following with
Quimby et al. (2013) we adopt P(AV) ∝ eAV/τ with τ = 0.6
(Hatano et al. 1998) for the host galaxy absorption. As a starting
point for the intrinsic distribution we adopt a Gaussian with the
same mean and variance as the (rest-frame) peak magnitudes
of our gold sample after performing a V/Vmax correction for
the Malmquist bias. As a check we performed several Monte
Carlo simulations distributing 500 objects drawn from this dis-
tribution evenly in space. The objects with apparent magnitudes
>1.5 mag above the nominal PS1 detection limit (a rough proxy
for detectability) agree well with our observed transients in both
luminosity and distance. The nominal values for the intrinsic
(i-band) Gaussian distribution we adopt below are µ =
−17.2 mag and σ = 1.0 mag.

For each PS1-MDS field we then determine the detection
efficiency within 140 distance bins between z = 0.005 and z =
0.7. We performed 10,000 iterations of the following process
within each distance bin: (1) randomly select one of the six
templates, (2) choose a peak absolute magnitude from the
aforementioned luminosity distribution, (3) choose a random
distance within the distance bin, (4) k-correct the template
light curves, assuming the spectra can be approximated as a
blackbodies described by the temperature evolution template,
(5) choose a random explosion epoch between 2009 December
and 2014 March, (6) map the resulting explosion onto the actual
dates PS1 observed each filter for that PS1-MDS field, (7)
assign random noise to each epoch that is pulled from the actual
distribution of noises obtained by transients found in the PS1-
MDS on that epoch in that filter, and finally (8) run the resulting
synthetic data through the same light curve selection criteria
described in Section 2. The efficiency within each distance bin
is then calculated as the fraction of the 10,000 iterations that
were recovered.

In Figure 19 we plot the resultant efficiencies for each PS1-
MDS field (colored lines) as well as the survey as a whole (solid
black line). The survey detection efficiencies range from ∼11%
near z ∼ 0.1 to !0.1% at z ∼ 0.7. The quoted efficiencies are
for the entire duration of the PS1 survey (2009 December to
2014 March), while any given PS1-MDS field is only observed
for roughly half of this time period. The in-season efficiency
at z ∼ 0.1 for the survey was approximately 25%. This
demonstrates how much influence small, in-season, observing
gaps can have on the detection of such rapid transients.

Using these efficiencies we calculate the volumetric rate of
these rapid and luminous transients as

R = N∑
ϵiVi ti

, (1)

where ϵi , Vi, and ti are the efficiency, comoving volume,
and proper time within each distance bin and N is the
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Figure 19. PS1-MDS rapid-transient detection efficiencies for our rate calcula-
tion. Solid lines indicate detection efficiencies for individual PS1-MDS fields
as a function of redshift (bottom axis) or luminosity distance (top axis). A black
solid line indicates the detection efficiencies for the survey as a whole, which
peak around 11% at z = 0.1. The dashed black line indicates the distance at
which we expect our detections to be located. This peaks at z = 0.2. The actual
distances of the PS1-MDS transients are shown as arrows on the bottom axis.
(A color version of this figure is available in the online journal.)

number of transients actually detected in the PS1-MDS.
We calculate a rapidly evolving transient volumetric rate of
4800–8000 events yr−1 Gpc−3. The quoted range comes from
assuming either 6 detections (the gold transients) or 10 detec-
tions (the gold plus bronze transients). Our rate calculation does
not include the silver transients because they would not be se-
lected by the criteria given in Section 2 (which were the basis
for how our efficiencies were derived). This rate is approxi-
mately 24–40 times higher than the rate derived by Quimby
et al. (2013) for super-luminous SN-like objects and is approxi-
mately 4%–7% of the CC-SN rate at z ∼ 0.2 found by Botticella
et al. (2008).

In Figure 19 we also plot the expected relative number of
detected events as a function of distance (dashed black line).
This is calculated by multiplying the efficiency at each distance
by the relative volume and relative proper time in that bin.
We expect that a majority of the PS1-MDS detected transients
should be found around z ∼ 0.2. Black arrows along the bottom
axis represent the redshifts of our spectroscopic sample. A K-S
test between the observed and expected redshift distributions
yields a 50% probability that they are drawn from the same
population.

The largest sources of uncertainty in these derived rates
are our assumed luminosity function and the effects of host
galaxy extinction. In order to assess these errors, we run
additional iterations of procedure described above, varying both
the parameters that describe the intrinsic luminosity function and
the parameter τ which describes host galaxy absorption. Varying
τ between 0.5 and 0.7 produced ±500 events yr−1 Gpc−3 in
the derived rates (an ∼8% variation), while neglecting host
extinction entirely yields rates of 3500–5800 events yr−1 Gpc−3.
Introducing small variations to the functional form of the
intrinsic luminosity function (high- and low-luminosity cutoffs,
a lognormal distribution, etc.) produces only slightly variations
in the derived rates (!8%). Increasing the mean luminosity
from −17.2 to −17.5 (which although less ideal, still produces

reasonable agreement with our observed sample) lowers our
derived rates to 3500–5800 events yr−1 Gpc−3, a factor of 1.4
decrease.

In addition, the photpipe pipeline requires a human to
examine every potential detection and select real astronomical
events. As a byproduct of this process, some fraction of real
transients will be overlooked. The chance that a given event
will be missed is likely higher for transients with shorter overall
timescales. It is beyond the scope of the current paper to address
this factor, but any such correction would act to increase our
derived rates.

Finally, we address, from a rates perspective, the possibility
that no objects of a similar class to the rapidly evolving
SN 2005ek and SN 2010X were discovered in the PS1-MDS.
Only PS1-12bb possesses a similar luminosity and red colors
but its spectra do not exhibit the strong early onset of the
Ca ii NIR features that was a distinctive characteristic of those
events. Using the data of Drout et al. (2013) we construct light
curve and temperature templates for SN 2005ek and run them
through a similar procedure as described above, pulling from a
Gaussian luminosity distribution with Mr = −17.5 ± 0.5. We
find that, due to the lower peak luminosity and red colors of
SN 2005ek, the efficiency with which the PS1-MDS can detect
similar transients plummets to zero by z ∼ 0.2. In addition, the
PS1-MDS has a small effective volume at low redshifts. As a
result, if the intrinsic rate of SN 2005ek-like events is similar
to that for the bluer, more luminous, objects that make up our
sample we would only expect to find !1 over the duration of the
PS1-MDS. The reason the PS1-MDS sample of rapidly evolving
SN is dominated by luminous, blue events (as opposed to
previously discovered, faint, red events) is not due to differences
in their intrinsic rates, but rather to the efficiency with which the
pencil beam observing strategy of the PS1-MDS detects objects
of each class.

8. DISCUSSION: POWER SOURCES AND PROGENITORS

In the sections above, we described the basic properties of
the PS1-MDS rapidly evolving transients, their host galaxies,
and their volumetric rates. We now examine the nature of
these transients. We discuss several means by which the optical
emission may be powered, and the implications of each on the
progenitor systems. Specifically, we examine SNe powered by
radioactive decay, SNe powered by shock breakout emission/
interaction, super-Eddington flares from tidal disruption events,
and magnetars formed during NS–NS mergers.

8.1. Limits on Radioactive Decay

As described in Section 5, the continuum dominated spectra
of our objects more closely resemble those of explosions
powered by cooling envelope emission or interaction than those
powered by radioactive decay. In addition, the rapid timescale
and high peak luminosity of several of our events are difficult
to reconcile with an explosion powered entirely by 56Ni. This
is demonstrated in Figure 20 where we plot the rise time versus
peak luminosity for the gold/silver transients along with SNe
from the literature that are powered by radioactive decay. Using
the models of Arnett (1982) and Valenti et al. (2008) we map
these parameters onto a grid of 56Ni mass (MNi) and a parameter
proportional to the total ejecta mass (Mej) and kinetic energy
(EK) of the explosion. These results rely on the assumptions of
spherical symmetry, centrally localized 56Ni, and an optically
thick ejecta.
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