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The Diversity in Collapsar
Slow rotation 

Extremely fast rotation

(with strong B field)

Dim, but abundant

~1/100 yr

Very Bright, but very rare

~1/105 yr

Maybe bright, 

and not so rare

Fast rotation

？



May be like this?

The polar regions are largely clear 

of matter by the time the disk formed. 



The PS1-MDS Transients 
Drout+14Pan-STARRS1 Medium Deep Survey (PS1-MDS) for Rapidly Evolving and Luminous 

Transients

 t1/2  < 12 day --- rapidly evolving than any SN type

 Lpeak ~ 1042-43 erg s-1 --- luminous as bright SNe

 Tpeak ~ a few 104 K --- blue

 No line blanketing --- not powered by the radioactive decay

 Host Gal. = star forming Gal. --- related to massive stars 

 Event rate ~ 4-7 % of core-collapse SN --- not rare



Fast & Luminous & Blue = Difficult?

Optically-thick hot ejecta  Adiabatic (homologous) expansion  Diffuse thermal emission

It requires Mej << Msun, vout >> 109 cm/s, and somehow suppressed adiabatic cooling, but how?



How about this?

The polar regions are largely clear 

of matter by the time the disk formed. 



Fall back disk may be ubiquitous!

BSG

WR 

in binary

Woosley & Heger 12, Perna+14

Outer layers of up to ~ a few           can “naturally” have sufficient       

e.g.,



Then, what will happen?

Fast Luminous Blue Transients from Newborn BHs 3

malized via interact ion with this ejecta (Dexter & K asen

2013).

Once the SN shock stalls, the outer layers of the pro-

genitor fall back to the cent ral BH. If the outer layers have

sufficient angular momentum, they form an equatorial torus

at the circularizat ion radius,

r 0 ≈ f r ×
2GM B H

c2
∼ 3 × 10

7
cm

f r

10

M B H

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of the BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circularizat ion radii likely lead to fainter more slowly

evolving t ransients. The fallback rate can be est imated as

Ṁ d ≈ M d / tacc , or

Ṁ d ∼ 3 × 10
− 5

M⊙ s
− 1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

, (2)

where tacc ≈ π(R∗
3 / 8GM B H )1/ 2, or

tacc ∼ 3 × 10
4

s
R∗

1012 cm

3/ 2
M B H

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is the radius of the outermost

layer, and M d is t he total mass of the disk. The torus is op-

t ically and geomet rically thick, t rapping the heat generated

by the fallback material.

The disk accretes once the angular momentum is ef-

fect ively t ransported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulat ed accre-

t ion of low angular momentum gas in a scenario quali-

tat ively analogous to that considered here. They showed

that the MRI redist ributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. Thus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion rate, Ṁ E d d = 4πGM B H / cκ ∼ 1 ×

10− 15 M⊙ s− 1 (κ/ 0.2 cm2 g− 1)− 1 (M B H / 10M⊙). Note that

the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g− 1 corresponds to

elect ron scat tering for singly ionized helium, fully ionized

helium and hydrogen, respect ively. The accret ion rate is

also below the accret ion rate at which there is significant

neut rino cooling (Chen & Beloborodov 2007). In this case,

one can expect a st rong radiat ion-driven outflow from the

disk. Such outflows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Sa̧dowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁ ou t = f Ṁ × Ṁ d or,

Ṁ ou t ∼ 3 × 10
− 6

M⊙ s
− 1 f Ṁ

0.1
(4)

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

.

Second, the outflow velocity is approximately the escape ve-

locity, v̄out ≈ (2GM B H / r 0)1/ 2 , or

v̄out ∼ 1 × 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isot ropic, although in

reality it will be moderately bipolar.

Next , let usdescribe thedensity and temperatureprofile

in the outflow, which are crucial for quant ifying the elect ro-

magnet ic emission. After the launch, the outflow expands

into the surrounding medium. For t tacc , the accret ion

rate is almost constant , and the outflow is approximately

a steady wind. The density st ructure can be described as

ρ ≈ ρ0(r / r 0)− 2 , where ρ0 ≈ Ṁ ou t / 4πr 2
0 v̄ou t , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

− 3/ 2

, (6)

is the density of the outflow at r = r 0 . Since the outflow

is init ially highly opt ically thick, the temperature evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3 , thus T ≈ T0(r / r 0)− 2/ 3 ,

where T0 ≈ (Ṁ out vou t / 8πar 2
0 )1/ 4 , or

T0 ∼ 8 × 10
8

K
f r

10

− 5/ 8
f Ṁ

0.1

1/ 4

×
M d

1 M⊙

1/ 4
R∗

1012 cm

− 3/ 8
M B H

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 radioact ivity

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 react ions are not

dynamically important (Fernández & Metzger 2013).

At t tacc , the accret ion rate decreases significant ly,

and the outflow essent ially 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

vou t ,m i n

− ξ

. (8)

We determine the normalizat ion of the density by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ M d , which yields

ρ
′
0 ∼ 4 × 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 9/ 2
M B H

10 M⊙

3/ 2

. (9)

Here, r m ax ≈ vou t ,m ax tacc, r m i n ≈ vou t ,m i n tacc , vout ,m ax =

f v ,m ax v̄ou t , and vout ,m i n = f v ,m i n v̄ou t . In this paper, we

choose f v ,m ax 1, f v ,m i n 1, and ξ > 2 so as to sat -

isfy the energy conservat ion i.e.,
r m ax

r m i n
(4πr 2 × ρv2/ 2)dr ≈

f Ṁ M d v̄ou t
2 / 2. We note that the internal energy of the shell

is subdominant at r ≈ r m i n due to adiabat ic cooling. To

obtain f ou t ,m ax , f out ,m i n , and ξ consistent ly, one has to per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v ,m i n = 0.7, f v ,m ax = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

the temperature profile can be described as

T ≈ T
′
0

t

tacc

− 1
v

vou t ,m i n

− ξ / 3

. (10)
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malized via interact ion 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 circularizat ion radius,

r 0 ≈ f r ×
2GMBH

c2
∼ 3× 10

7
cm

f r

10

MBH

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of the BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circularizat ion radii likely lead to fainter more slowly

evolving transients. The fallback rate can be est imated 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× 10
4

s
R∗

1012 cm

3/ 2
MBH

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is the radius of the outermost

layer, and Md is the total mass of the disk. The torus is op-

t ically and geometrically thick, t rapping the heat generated

by the fallback material.

The disk accretes once the angular momentum is ef-

fect ively t ransported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulated accre-

t ion of low angular momentum gas in a scenario quali-

tat ively analogous to that considered here. They showed

that the MRI redistributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. Thus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion 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 scat tering for singly ionized helium, fully ionized

helium and hydrogen, respect ively. The accret ion rate is

also below the accret ion rate at which there is significant

neutrino cooling (Chen & Beloborodov 2007). In this case,

one can expect a strong radiat ion-driven outflow from the

disk. Such outflows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Sa̧dowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁ out = f Ṁ × Ṁd or,

Ṁout ∼ 3× 10
− 6

M⊙ s
− 1 f Ṁ

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 / r 0)1/ 2, or

v̄out ∼ 1× 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isotropic, although in

reality it will be moderately bipolar.

Next, let usdescribethedensity and temperatureprofile

in the outflow, which are crucial for quant ifying the electro-

magnet ic emission. After the launch, the outflow expands

into the surrounding medium. For t tacc, the accret ion

rate is almost constant , and the outflow is approximately

a steady wind. The density structure can be described as

ρ ≈ ρ0(r / r 0)− 2, where ρ0 ≈ Ṁout / 4πr 2
0 v̄out , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

0.1

×
Md

1 M⊙

R∗

1012 cm

− 3/ 2
MBH

10 M⊙

− 3/ 2

, (6)

is the density of the outflow at r = r 0. Since the outflow

is init ially highly opt ically thick, the temperature evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3, thus T ≈ T0(r / r 0)− 2/ 3,

where T0 ≈ (Ṁout vout / 8πar 2
0)1/ 4, or

T0 ∼ 8× 10
8

K
f r

10

− 5/ 8
f Ṁ

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 radioact ivity

in theoutflow. The abovenuclear burning only occurs in the

inner most disk, where the enthalpy is likely larger than the

nuclear energy released, so that thenuclear react ionsarenot

dynamically important (Fernández & Metzger 2013).

At t tacc, the accret ion rate decreases significant ly,

and the outflow essent ially 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 normalizat ion of the density by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ M d , which yields

ρ
′
0 ∼ 4× 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
Md

1 M⊙

R∗

1012 cm

− 9/ 2
MBH

10 M⊙

3/ 2

. (9)

Here, rmax ≈ vout ,max tacc, rmin ≈ vout ,min tacc, vout ,max =

f v ,max v̄out , and vout ,min = f v ,mi n v̄out . In this paper, we

choose f v ,max 1, f v ,mi n 1, and ξ > 2 so as to sat-

isfy the energy conservat ion i.e.,
r m ax

r m i n
(4πr 2 × ρv2/ 2)dr ≈

f Ṁ M d v̄out
2/ 2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabat ic cooling. To

obtain f out ,max , f out ,mi n , and ξ consistent ly, one has to per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v ,mi n = 0.7, f v ,max = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

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 interact ion with this ejecta (Dexter & Kasen

2013).

Once the SN shock stalls, the outer layers of the pro-

genitor fall back to the cent ral BH. If the outer layers have

sufficient angular momentum, they form an equatorial torus

at the circularizat ion radius,

r 0 ≈ f r ×
2GM B H

c2
∼ 3× 10

7
cm

f r

10

M B H

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of the BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circularizat ion radii likely lead to fainter more slowly

evolving t ransients. The fallback rate can be est imated as

Ṁ d ≈ M d / tacc , or

Ṁ d ∼ 3× 10
− 5

M⊙ s
− 1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

, (2)

where tacc ≈ π(R∗
3/ 8GM B H )1/ 2, or

tacc ∼ 3 × 10
4

s
R∗

1012 cm

3/ 2
M B H

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is the radius of the outermost

layer, and M d is the total mass of the disk. The torus is op-

t ically and geomet rically thick, t rapping the heat generated

by the fallback material.

The disk accretes once the angular momentum is ef-

fect ively t ransported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulated accre-

t ion of low angular momentum gas in a scenario quali-

tat ively analogous to that considered here. They showed

that the MRI redist ributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. Thus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion rate, Ṁ Edd = 4πGM B H / cκ ∼ 1 ×

10− 15 M⊙ s− 1 (κ/ 0.2 cm2 g− 1)− 1(M B H / 10M⊙). Note that

the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g− 1 corresponds to

elect ron scat tering for singly ionized helium, fully ionized

helium and hydrogen, respect ively. The accret ion rate is

also below the accret ion rate at which there is significant

neut rino cooling (Chen & Beloborodov 2007). In this case,

one can expect a st rong radiat ion-driven outflow from the

disk. Such outflows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Sa̧dowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁ out = f Ṁ × Ṁ d or,

Ṁ out ∼ 3 × 10
− 6

M⊙ s
− 1 f Ṁ

0.1
(4)

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

.

Second, the outflow velocity is approximately the escape ve-

locity, v̄out ≈ (2GM B H / r 0)1/ 2 , or

v̄out ∼ 1 × 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isot ropic, although in

reality it will be moderately bipolar.

Next , let usdescribe thedensity and temperatureprofile

in the outflow, which are crucial for quant ifying the elect ro-

magnet ic emission. After the launch, the outflow expands

into the surrounding medium. For t tacc, the accret ion

rate is almost constant , and the outflow is approximately

a steady wind. The density st ructure can be described as

ρ ≈ ρ0(r / r 0)− 2 , where ρ0 ≈ Ṁ out / 4πr 2
0 v̄out , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

− 3/ 2

, (6)

is the density of the outflow at r = r 0 . Since the outflow

is init ially highly opt ically thick, the temperature evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3 , thus T ≈ T0(r / r 0)− 2/ 3 ,

where T0 ≈ (Ṁ ou t vout / 8πar 2
0 )1/ 4 , or

T0 ∼ 8× 10
8

K
f r

10

− 5/ 8
f Ṁ

0.1

1/ 4

×
M d

1 M⊙

1/ 4
R∗

1012 cm

− 3/ 8
M B H

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 radioact ivity

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 react ions are not

dynamically important (Fernández & Metzger 2013).

At t tacc , the accret ion rate decreases significant ly,

and the outflow essent ially 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 ,m i n

− ξ

. (8)

We determine the normalizat ion of the density by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ M d , which yields

ρ
′
0 ∼ 4× 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 9/ 2
M B H

10 M⊙

3/ 2

. (9)

Here, r m ax ≈ vout ,m ax tacc, r m i n ≈ vout ,m i n tacc , vout ,m ax =

f v ,m ax v̄out , and vout ,m i n = f v ,m i n v̄ou t . In this paper, we

choose f v ,m ax 1, f v ,m i n 1, and ξ > 2 so as to sat -

isfy the energy conservat ion i.e.,
r m ax

r m i n
(4πr 2 × ρv2/ 2)dr ≈

f Ṁ M d v̄out
2 / 2. We note that the internal energy of the shell

is subdominant at r ≈ r m i n due to adiabat ic cooling. To

obtain f ou t ,m ax , f ou t ,m i n , and ξ consistent ly, one has to per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v ,m i n = 0.7, f v ,m ax = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

the temperature profile can be described as

T ≈ T
′
0

t

tacc

− 1
v

vout ,m i n

− ξ / 3

. (10)
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malized via interact ion 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 circularizat ion radius,

r0 ≈ f r ×
2GMBH

c2
∼ 3× 10

7
cm

f r

10

MBH

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of the BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circularizat ion radii likely lead to fainter more slowly

evolving transients. The fallback rate can be est imated 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× 10
4

s
R∗

1012 cm

3/ 2
MBH

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is the radius of the outermost

layer, and Md is the total mass of the disk. The torus is op-

t ically and geometrically thick, t rapping the heat generated

by the fallback material.

The disk accretes once the angular momentum is ef-

fect ively t ransported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulated accre-

t ion of low angular momentum gas in a scenario quali-

tat ively analogous to that considered here. They showed

that the MRI redistributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. Thus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion 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, respect ively. The accret ion rate is

also below the accret ion rate at which there is significant

neutrino cooling (Chen & Beloborodov 2007). In this case,

one can expect a strong radiat ion-driven outflow from the

disk. Such outflows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Sa̧dowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁout = f Ṁ × Ṁd or,

Ṁout ∼ 3× 10
− 6

M⊙ s
− 1 f Ṁ

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 / r 0)1/ 2, or

v̄out ∼ 1× 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isotropic, although in

reality it will be moderately bipolar.

Next, let usdescribethedensity and temperatureprofile

in the outflow, which are crucial for quant ifying the electro-

magnetic emission. After the launch, the outflow expands

into the surrounding medium. For t tacc, the accret ion

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
0 v̄out , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

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 init ially highly opt ically thick, the temperature evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3, thus T ≈ T0(r / r0)− 2/ 3,

where T0 ≈ (Ṁout vout / 8πar 2
0)1/ 4, or

T0 ∼ 8× 10
8

K
f r

10

− 5/ 8
f Ṁ

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 radioact ivity

in theoutflow. Theabovenuclear burning only occurs in the

inner most disk, where the enthalpy is likely larger than the

nuclear energy released, so that thenuclear react ionsarenot

dynamically important (Fernández & Metzger 2013).

At t tacc, the accret ion rate decreases significant ly,

and the outflow essent ially decouples from the disk. Then,

the outflow ejecta will expand in a homologous manner,

r / t ≈ v. The density profile of thehomologous ejecta can be

described as

ρ ≈ ρ
′
0

t

tacc

− 3
v

vout ,min

− ξ

. (8)

We determine thenormalizat ion of thedensity by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ Md , which yields

ρ
′
0 ∼ 4× 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
Md

1 M⊙

R∗

1012 cm

− 9/ 2
MBH

10 M⊙

3/ 2

. (9)

Here, rmax ≈ vout ,max tacc, rmin ≈ vout ,min tacc, vout ,max =

f v ,max v̄out , and vout ,min = f v ,min v̄out . In this paper, we

choose f v ,max 1, f v ,min 1, and ξ > 2 so as to sat-

isfy the energy conservat ion i.e.,
r m ax

r m i n
(4πr 2 × ρv2/ 2)dr ≈

f Ṁ Md v̄out
2/ 2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabat ic cooling. To

obtain f out ,max , f out ,min , and ξ consistent ly, one has to per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v ,min = 0.7, f v ,max = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

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 interact ion with this ejecta (Dexter & Kasen

2013).

Once the SN shock stalls, the outer layers of the pro-

genitor fall back to the cent ral BH. I f the outer layers have

sufficient angular momentum, they form an equatorial torus

at the circularizat ion radius,

r 0 ≈ f r ×
2GM B H

c2
∼ 3 × 10

7
cm

f r

10

M B H

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of the BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circularizat ion radii likely lead to fainter more slowly

evolving t ransients. The fallback rate can be est imated as

Ṁ d ≈ M d / tacc , or

Ṁ d ∼ 3 × 10
− 5

M⊙ s
− 1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

, (2)

where tacc ≈ π(R∗
3/ 8GM B H )1/ 2 , or

tacc ∼ 3 × 10
4

s
R∗

1012 cm

3/ 2
M B H

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is the radius of the outermost

layer, and M d is the total mass of the disk. The torus is op-

t ically and geomet rically thick, t rapping the heat generated

by the fallback material.

The disk accretes once the angular momentum is ef-

fect ively t ransported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulated accre-

t ion of low angular momentum gas in a scenario quali-

tat ively analogous to that considered here. They showed

that the MRI redist ributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. Thus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion rate, Ṁ E dd = 4πGM B H / cκ ∼ 1 ×

10− 15 M⊙ s− 1 (κ/ 0.2 cm2 g− 1)− 1(M B H / 10M⊙). Note that

the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g− 1 corresponds to

elect ron scat tering for singly ionized helium, fully ionized

helium and hydrogen, respect ively. The accret ion rate is

also below the accret ion rate at which there is significant

neut rino cooling (Chen & Beloborodov 2007). In this case,

one can expect a st rong radiat ion-driven outflow from the

disk. Such outflows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Sa̧dowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁ ou t = f Ṁ × Ṁ d or,

Ṁ ou t ∼ 3 × 10
− 6

M⊙ s
− 1 f Ṁ

0.1
(4)

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

.

Second, the outflow velocity is approximately the escape ve-

locity, v̄out ≈ (2GM B H / r 0)1/ 2 , or

v̄out ∼ 1 × 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isot ropic, although in

reality it will be moderately bipolar.

Next , let usdescribe thedensity and temperatureprofile

in the outflow, which are crucial for quant ifying the elect ro-

magnet ic emission. After the launch, the outflow expands

into the surrounding medium. For t tacc , the accret ion

rate is almost constant , and the outflow is approximately

a steady wind. The density st ructure can be described as

ρ ≈ ρ0(r / r 0)− 2 , where ρ0 ≈ Ṁ ou t / 4πr 2
0 v̄out , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

− 3/ 2

, (6)

is the density of the outflow at r = r 0 . Since the outflow

is init ially highly opt ically thick, the temperature evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3 , t hus T ≈ T0(r / r 0)− 2/ 3 ,

where T0 ≈ (Ṁ out vou t / 8πar 2
0 )1/ 4 , or

T0 ∼ 8 × 10
8

K
f r

10

− 5/ 8
f Ṁ

0.1

1/ 4

×
M d

1 M⊙

1/ 4
R∗

1012 cm

− 3/ 8
M B H

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 radioact ivity

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 react ions are not

dynamically important (Fernández & Metzger 2013).

At t tacc , the accret ion rate decreases significant ly,

and the outflow essent ially 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

vou t ,m i n

− ξ

. (8)

We determine the normalizat ion of the density by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ M d , which yields

ρ
′
0 ∼ 4 × 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 9/ 2
M B H

10 M⊙

3/ 2

. (9)

Here, r m ax ≈ vou t ,m ax tacc, r m i n ≈ vou t ,m i n tacc , vout ,m ax =

f v ,m ax v̄ou t , and vou t ,m i n = f v ,m i n v̄out . In this paper, we

choose f v ,m ax 1, f v ,m i n 1, and ξ > 2 so as to sat -

isfy the energy conservat ion i.e.,
r m ax

r m i n
(4πr 2 × ρv2/ 2)dr ≈

f Ṁ M d v̄ou t
2 / 2. We note that the internal energy of the shell

is subdominant at r ≈ r m i n due to adiabat ic cooling. To

obtain f out ,m ax , f out ,m i n , and ξ consistent ly, one has to per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v ,m i n = 0.7, f v ,m ax = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

the temperature profile can be described as

T ≈ T
′
0

t

tacc

− 1
v

vou t ,m i n

− ξ / 3

. (10)
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malized via interact ion 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 circularizat ion radius,

r0 ≈ f r ×
2GMBH

c2
∼ 3× 10

7
cm

f r

10

MBH

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of the BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circularizat ion radii likely lead to fainter more slowly

evolving transients. The fallback rate can be est imated 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× 10
4

s
R∗

1012 cm

3/ 2
MBH

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is the radius of the outermost

layer, and Md is the total mass of the disk. The torus is op-

t ically and geometrically thick, trapping the heat generated

by the fallback material.

The disk accretes once the angular momentum is ef-

fect ively transported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulated accre-

t ion of low angular momentum gas in a scenario quali-

tat ively analogous to that considered here. They showed

that the MRI redistributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. Thus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion 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, respect ively. The accret ion rate is

also below the accret ion rate at which there is significant

neutrino cooling (Chen & Beloborodov 2007). In this case,

one can expect a strong radiat ion-driven outflow from the

disk. Such outflows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Şadowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁout = f Ṁ × Ṁd or,

Ṁout ∼ 3× 10
− 6

M⊙ s
− 1 f Ṁ

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 / r 0)1/ 2, or

v̄out ∼ 1× 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isotropic, although in

reality it will be moderately bipolar.

Next, let usdescribethedensity and temperatureprofile

in the outflow, which are crucial for quant ifying the electro-

magnet ic emission. After the launch, the outflow expands

into the surrounding medium. For t tacc, the accret ion

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
0 v̄out , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

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 init ially highly opt ically thick, the temperature evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3, thus T ≈ T0(r / r0)− 2/ 3,

where T0 ≈ (Ṁout vout / 8πar 2
0)1/ 4, or

T0 ∼ 8× 10
8

K
f r

10

− 5/ 8
f Ṁ

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 radioact ivity

in theoutflow. Theabovenuclear burning only occurs in the

inner most disk, where the enthalpy is likely larger than the

nuclear energy released, so that thenuclear react ionsarenot

dynamically important (Fernández & Metzger 2013).

At t tacc, the accret ion rate decreases significant ly,

and the outflow essent ially 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 thenormalizat ion of thedensity by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ Md , which yields

ρ
′
0 ∼ 4× 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
Md

1 M⊙

R∗

1012 cm

− 9/ 2
MBH

10 M⊙

3/ 2

. (9)

Here, rmax ≈ vout ,max tacc, rmin ≈ vout ,min tacc, vout ,max =

f v,max v̄out , and vout ,min = f v,min v̄out . In this paper, we

choose f v ,max 1, f v ,min 1, and ξ > 2 so as to sat-

isfy the energy conservat ion i.e.,
r m ax

r m i n
(4πr 2 × ρv2/ 2)dr ≈

f Ṁ Md v̄out
2/ 2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabat ic cooling. To

obtain f out ,max , f out ,min , and ξ consistent ly, one has to per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v,min = 0.7, f v,max = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

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 interact ion 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 circularizat ion radius,

r0 ≈ f r ×
2GMBH

c2
∼ 3× 10

7
cm

f r

10

MBH

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of the BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circularizat ion radii likely lead to fainter more slowly

evolving transients. The fallback rate can be est imated 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× 10
4

s
R∗

1012 cm

3/ 2
MBH

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is the radius of the outermost

layer, and Md is the total mass of the disk. The torus is op-

t ically and geometrically thick, t rapping the heat generated

by the fallback material.

The disk accretes once the angular momentum is ef-

fect ively transported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulated accre-

t ion of low angular momentum gas in a scenario quali-

tat ively analogous to that considered here. They showed

that the MRI redistributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. Thus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion 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 scat tering for singly ionized helium, fully ionized

helium and hydrogen, respect ively. The accret ion rate is

also below the accret ion rate at which there is significant

neutrino cooling (Chen & Beloborodov 2007). In this case,

one can expect a strong radiat ion-driven outflow from the

disk. Such outflows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Şadowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁout = f Ṁ × Ṁd or,

Ṁout ∼ 3× 10
− 6

M⊙ s
− 1 f Ṁ

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 / r 0)1/ 2, or

v̄out ∼ 1× 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isotropic, although in

reality it will be moderately bipolar.

Next, let usdescribethedensity and temperatureprofile

in the outflow, which are crucial for quant ifying the electro-

magnet ic emission. After the launch, the outflow expands

into the surrounding medium. For t tacc, the accret ion

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
0 v̄out , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

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 init ially highly opt ically thick, the temperature evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3, thus T ≈ T0(r / r 0)− 2/ 3,

where T0 ≈ (Ṁout vout / 8πar 2
0)1/ 4, or

T0 ∼ 8× 10
8

K
f r

10

− 5/ 8
f Ṁ

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 radioact ivity

in theoutflow. Theabovenuclear burning only occurs in the

inner most disk, where the enthalpy is likely larger than the

nuclear energy released, so that thenuclear react ionsarenot

dynamically important (Fernández & Metzger 2013).

At t tacc, the accret ion rate decreases significant ly,

and the outflow essent ially decouples from the disk. Then,

the outflow ejecta will expand in a homologous manner,

r / t ≈ v. The density profile of thehomologous ejecta can be

described as

ρ ≈ ρ
′
0

t

tacc

− 3
v

vout ,min

− ξ

. (8)

We determine thenormalizat ion of thedensity by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ Md , which yields

ρ
′
0 ∼ 4× 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
Md

1 M⊙

R∗

1012 cm

− 9/ 2
MBH

10 M⊙

3/ 2

. (9)

Here, rmax ≈ vout ,max tacc, rmin ≈ vout ,min tacc, vout ,max =

f v ,max v̄out , and vout ,min = f v ,min v̄out . In this paper, we

choose f v ,max 1, f v ,min 1, and ξ > 2 so as to sat-

isfy the energy conservat ion i.e.,
r m ax

r m i n
(4πr 2 × ρv2/ 2)dr ≈

f Ṁ Md v̄out
2/ 2. We note that the internal energy of the shell

is subdominant at r ≈ rmin due to adiabat ic cooling. To

obtain f out ,max , f out ,min , and ξ consistent ly, one has to per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v ,min = 0.7, f v ,max = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

the temperature profile can be described as

T ≈ T
′
0

t

tacc

− 1
v

vout ,min

− ξ/ 3

. (10)
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Fast Luminous Blue Transients from Newborn BHs 3

malized via interact ion with this ejecta (Dexter & K asen

2013).

Once the SN shock stalls, the outer layers of the pro-

genitor fall back to the cent ral BH. I f t he outer layers have

sufficient angular momentum, they form an equatorial t orus

at the circular izat ion radius,

r 0 ≈ f r ×
2GM B H

c2
∼ 3 × 10

7
cm

f r

10

M B H

10 M⊙
. (1)

We focus on marginal cases in which the circularizat ion ra-

dius is not much larger than the innermost circular orbit

of t he BH (f r ∼ 10 − 100); we show below (Fig. 4) that

larger circular izat ion radii likely lead to fainter more slowly

evolving t ransients. The fallback rate can be est imated as

Ṁ d ≈ M d / t acc , or

Ṁ d ∼ 3 × 10
− 5

M⊙ s
− 1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

, (2)

where tacc ≈ π(R∗
3 / 8GM B H )1/ 2 , or

tacc ∼ 3 × 10
4

s
R∗

1012 cm

3/ 2
M B H

10 M⊙

− 1/ 2

(3)

is the free fall t imescale, R∗ is t he radius of t he outermost

layer, and M d is the tot al mass of t he disk. T he torus is op-

t ically and geomet rically thick, t rapping the heat generat ed

by the fallback material.

T he disk accretes once the angular momentum is ef-

fect ively t ransported by e.g., magnetorotat ional instabil-

ity (MRI). Proga & Begelman (2003a,b) simulat ed accre-

t ion of low angular momentum gas in a scenario quali-

t at ively analogous to that considered here. They showed

that the MRI redist ributes angular momentum during the

circularizat ion, leading to dissipat ion which powers both

accret ion and an outflow. In our scenario, the viscous

t ime of the disk is much shorter than the fallback t ime

scale. T hus, the accret ion rate is essent ially given by the

fallback rate (Eq. 2), which is typically larger than the

Eddington accret ion rate, Ṁ E d d = 4πGM B H / cκ ∼ 1 ×

10− 15 M⊙ s− 1 (κ/ 0.2 cm2 g− 1 )− 1 (M B H / 10M⊙). Note that

the opacity κ ∼ 0.1, 0.2 and 0.4 cm2 g− 1 corresponds to

elect ron scat tering for singly ionized helium, fully ionized

helium and hydrogen, respect ively. The accret ion rate is

also below the accret ion rat e at which there is significant

neut rino cooling (Chen & Beloborodov 2007). In this case,

one can expect a st rong radiat ion-driven outflow from the

disk. Such out flows have been also confirmed by numeri-

cal simulat ions (Ohsuga et al. 2005; Sa̧dowski et al. 2014;

Jiang, Stone & Davis 2014).

We model the fallback disk outflow as follows. First ,

a fract ion f Ṁ < 1 of the accret ing mass is loaded on the

outflow, Ṁ ou t = f Ṁ × Ṁ d or,

Ṁ ou t ∼ 3 × 10
− 6

M⊙ s
− 1 f Ṁ

0.1
(4)

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

1/ 2

.

Second, the out flow velocity is approximately the escape ve-

locity, v̄ou t ≈ (2GM B H / r 0)1/ 2 , or

v̄ou t ∼ 1 × 10
10

cm s
− 1 f r

10

− 1/ 2

. (5)

Finally, we assume that the outflow is isot ropic, alt hough in

reality it will be moderately bipolar.

Next , let us describe thedensity and temperature profile

in the outflow, which are crucial for quant ifying the elect ro-

magnet ic emission. A fter the launch, the outflow expands

into the surrounding medium. For t tacc , t he accret ion

rate is almost constant , and the outflow is approximately

a steady wind. The density st ructure can be described as

ρ ≈ ρ0(r / r 0)− 2 , where ρ0 ≈ Ṁ ou t / 4πr 2
0 v̄ou t , or

ρ0 ∼ 60 g cm
− 3 f r

10

− 3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 3/ 2
M B H

10 M⊙

− 3/ 2

, (6)

is the density of the outflow at r = r 0 . Since the outflow

is init ially highly opt ically thick, t he t emperat ure evolves

adiabat ically, T ∝ ρ1/ 3 ∝ r − 2/ 3 , t hus T ≈ T0(r / r 0)− 2/ 3 ,

where T0 ≈ (Ṁ ou t vou t / 8πar 2
0 )1/ 4 , or

T0 ∼ 8 × 10
8

K
f r

10

− 5/ 8
f Ṁ

0.1

1/ 4

×
M d

1 M⊙

1/ 4
R∗

1012 cm

− 3/ 8
M B H

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 radioact ivity

in the outflow. T he above nuclear burning only occurs in the

inner most disk, where the enthalpy is likely larger than t he

nuclear energy released, so that the nuclear react ions are not

dynamically important (Fernández & Metzger 2013).

At t tacc , t he accret ion rate decreases significant ly,

and the outflow essent ially decouples from the disk. T hen,

the outflow ejecta will expand in a homologous manner,

r / t ≈ v. T he density profile of the homologous ejecta can be

described as

ρ ≈ ρ
′
0

t

tacc

− 3
v

vou t ,m i n

− ξ

. (8)

We determine the normalizat ion of the density by mass con-

servat ion,
r m ax

r m i n
4πr 2ρdr ≈ f Ṁ M d , which yields

ρ
′
0 ∼ 4 × 10

− 12
g cm

− 3 f r

10

3/ 2
f Ṁ

0.1

×
M d

1 M⊙

R∗

1012 cm

− 9/ 2
M B H

10 M⊙

3/ 2

. (9)

Here, r m ax ≈ vou t ,m ax tacc , r m i n ≈ vou t ,m i n tacc , vou t ,m ax =

f v ,m ax v̄ou t , and vou t ,m i n = f v ,m i n v̄ou t . In this paper, we

choose f v ,m ax 1, f v ,m i n 1, and ξ > 2 so as to sat -

isfy the energy conservat ion i.e.,
r m a x

r m i n
(4πr 2 × ρv2 / 2)dr ≈

f Ṁ M d v̄ou t
2 / 2. We not e that the internal energy of the shell

is subdominant at r ≈ r m i n due to adiabat ic cooling. To

obtain f ou t ,m ax , f ou t ,m i n , and ξ consistent ly, one has t o per-

form numerical simulat ions, but the basic characterist ics of

the opt ical emission are not so sensit ive to these parame-

ters. We take f v ,m i n = 0.7, f v ,m ax = 1.4, and ξ = 3.75 as

fiducial choices. As long as the ejecta is almost adiabat ic,

t he temperature profile can be described as

T ≈ T
′
0

t

tacc

− 1
v

vou t ,m i n

− ξ / 3

. (10)
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Super-Eddington accretion!

~ 10 % of the accreted mass

Fast!

Hot!



Fast Luminous Blue Transients

Lbol ~ 1041-43 erg s-1

blue continua with T ~104

K
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where T ′
0 ≈ T0(ρ′0/ ρ0)1/ 3, or

T
′
0 ∼ 3 × 10

4
K

f r

10

3/ 8
f Ṁ

0.1

1/ 4

×
M d

1 M⊙

1/ 4
R∗

1012 cm

− 11/ 8
M B H

10 M⊙

5/ 8

.(11)

We now est imate the elect romagnet ic emission from the

outflow. As the outflow expands, the photons diffusively

come out from the diffusion radius, r di f , which is defined

by the radius where the diffusion t ime of the photon is com-

parable to the expansion t ime of the outflow, i.e., t = tdi f ,

where

tdi f = τ
∆ r

c
, (12)

τ =
r m ax

r d i f

κρdr, (13)

is the opt ical depth, and

∆ r = r m ax − r di f (14)

is the diffusion width. For each t, one can calculate r di f and

∆ r from Eqs. (12-14) (K isaka, Ioka & Takami 2014).2 The

emission is approximately thermal with a temperature of

Tobs at r = r di f . The bolometric luminosity of the emission

is thus given by

L b ol ≈ 4πaT
4
obsr

2
di f

∆ r

t
. (15)

The evolut ion of the emission as a funct ion of t ime can

be approximately described as follows. Just after the out -

flow is launched, photons only come out from a thin outer

layer of the expanding wind profile, and the diffusion radius

effect ively coincides with the outer edge;

r di f ≈ v̄out t. (16)

In this case, from Eqs. (12-14), the diffusion width is ap-

proximately given by

∆ r ≈
ct

κρ(r di f )
∝ t

3/ 2
. (17)

Note that ρ(r di f ) ∝ r − 2
di f ∝ t− 2 in this phase. The tempera-

ture and bolomet ric luminosity evolve as

Tobs ≈ T0
r di f

r 0

− 2/ 3

∝ t
− 2/ 3

, (18)

and

L b ol ∝ t
− 1/ 6

, (19)

respect ively. The homologous expansion sets in at t ≈ tacc ,

which is a day for our fiducial parameters (Eq. 3). Then,

one has to consider photon diffusion in the density profile of

Eq. (8). In our case, the diffusion radius init ially pract ically

coincides with the outer edge at t ≈ tacc;

r di f ≈ vou t ,m ax t, (20)

2 We set vout ,m ax = 2vou t ,m i n . In this case, the thick dif fusion

phase in the homologous shell discussed in K isaka, Ioka & Takami

(2014) does not appear.

and the diffusion width can be described as

∆ r ≈
ct

κρ(r di f )
∝ t

2
. (21)

Now ρ(r di f ) ∝ r di f
− 3 ∝ t− 3. Accordingly, the observed tem-

perature and bolomet ric luminosity evolve as

Tobs ∝ t
− 1

, (22)

L b ol ∝ t
− 1

. (23)

The energy diffuses throughout the ent ire homologous shell

when r di f ≈ r m in , i.e.,

tp ≈
κρ′0t3

accv2
out ,m i n

c
×

1− (f v ,m ax / f v ,m i n )1− ξ

ξ − 1

∼ 1.1 days
f r

10

1/ 4
f Ṁ

0.1

1/ 2

×
M d

1M⊙

1/ 2
κ

0.2 cm2 g− 1

1/ 2

. (24)

The observed emission radius, temperature, and bolomet ric

luminosity at t = tp can be est imated as

r di f ,p ≈ vout ,m i n tp

∼ 6 × 10
14

cm
f r

10

− 1/ 4
f Ṁ

0.1

1/ 2

×
M d

1M⊙

1/ 2
κ

0.2 cm2 g− 1

1/ 2

, (25)

Tobs,p ≈ T
′
0

tp

tacc

− 1

∼ 1 × 10
4

K
f r

10

1/ 8
f Ṁ

0.1

− 1/ 4

×
M d

1M⊙

− 1/ 4
R∗

1012 cm

1/ 8
M B H

10M⊙

1/ 8

×
κ

0.2 cm2 g− 1

− 1/ 2

, (26)

L b ol ,p ≈
4πaT 4

obs,p r 3
di f ,p

tp

∼ 2× 10
42

erg s
− 1 f r

10

− 1/ 2

×
R∗

1012 cm

1/ 2
M B H

10M⊙

1/ 2

×
κ

0.2 cm2 g− 1

− 1

, (27)

respect ively. We note that tp does not depend on R∗ , and

on the other hand, L b ol ,p does not depend on M d . In ad-

dit ion, Tobs,p depends only weakly on parameters (Eq. 26).

Moreover, it is ∼ 104 K so that opt ical emission will peak

soon after tp . Eq. (27) can be writ ten in an intuit ive form,

L b ol ,p ≈ C× E i nt ,0
v̄out tacc

r 0

− 2/ 3
tp

tacc

− 1
1

tp

(28)

where E i nt ,0 = f Ṁ M d / ρ0 × aT 4
0 is the init ial inter-

nal energy of the outflow and C = (1/ f v ,m i n ) × [(3 −

c⃝ 2015 RAS, MNRAS 000, 1–7

Optically-thick hot wind  Adiabatic wind+homologous expansion  Diffuse thermal emission



Summary and Discussion

• Fast blue transients
a day to 10 day depending on progenitor structure

Lbol ~ 1041-43 erg s-1

Blue continua with T ~ 104 K

may not be rare (~5% of CCSNe). 

• can be explained by the disk outflow from fast 
rotating collapsars, but not that fast as GRBs 

• Multi-messenger approach
(weak) jet?

Radio?

Gravitational wave?



Back up



Stellar-Mass Black Holes

Credit: Chandra X-Ray Observatory, NASA

Derivation of the Binary Mass Function

Eric Addison

The binary mass funct ion, f (m1) is a piece of informat ion constructed from observables of a

spectroscopic binary system. Assuming wehavevalues for theorbital period Por b and themaximum

radial velocity of oneof thestars, say V2, wecan computethevaluefor thequant ity m1 sin3 i through

the mass function:

f (m1) ≡
m1 sin3 i

(1 + q)2
=

Por bV
2

2

2πG
(1)

Here m1 is the mass of the first component of the binary, i is the inclinat ion angle of the orbit ,

q ≡ m2/ m1 is the mass rat io of the system, and G is the gravitat ional constant .

If the inclinat ion angle and mass rat io can be determined by some observat ional method, then

the value of m1 can be determined explicit ly. 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

Por b

2

a3 (2)

Make the subst itut ions

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

and

a3 = (a1 + a2)3 = a3
2(1 + a1/ a2)3 = a2(1 + m2/ m1)3 = a3

2(1 + q)3, (4)

where the fact that m1a1 = m2a2 has been used.

Now

Gm1(1 + q) =
2π

Por b

2

a3
2(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 not ing:

Por b =
2π

ω
=

2πa2

v2
=

2πa2 sin i

V2
(6)

or, by rearranging,

a2 =
Por bV2

2πsin i
(7)

subst itut ing Eq. 7 into Eq. 5, we get

1

Ozel+12

M. Cadolle Bel et al.: High-Energy INTEGRAL observations of Cygnus X-1 593

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 spi r os 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.

U

V

B

X-ray

(1.5-12 keV)

Orosz+11

Cadolle Bel+06



Collapsars: 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

All types of massive star can form BHs.

BH?

RSG

BSG

WR



Now is the good timing





Optical Transients

Kasliwal 11



Kochanek+08

Possible Outcomes in a BH Formation



Gamma-ray bursts? 

Hypernovae?

Super-luminous supernovae? 

luminous, 

but rare

Possible Outcomes in a BH Formation



Dimer class of SNe ?

(e.g., 1987A)

probably

not rare

Possible Outcomes in a BH Formation



“Unnovae”

probably

not rare

Possible Outcomes in a BH Formation



Very low energy supernovae from neutrino mass loss

Nadezhin 80, Lovegrove & Woosley 13

Even if the SN shock is stalled, 

a weak shock can be driven by 

neutrino mass loss of the PNS. 
“Luminous red novae”

Bind. E of H envelope of RSG

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



Possible Outcomes in a BH Formation

BH + super Eddington disk 

maybe

not rare



Fall back disk may be ubiquitous
Perna+14



The PS1-MDS Transients 

Drout+14



The PS1-MDS Transients 

Drout+14



The PS1-MDS Transients 

Drout+14

Blue Continua

No Line Blanketing



The PS1-MDS Transients 

Drout+14Host Gal. = SF Gal.



The PS1-MDS Transients 

Drout+144%-7% of CCSN@z =0.2


