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• Stellar evolution
• ∼300 model tracks with

sub-SMC metallicity
• Wolf-Rayet stars
• Long GRBs...
• ... and Pair Instability

SNe
• Synthetic Population of

a BCD
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Angular momentum – long GRB

angular momentum in the core is higher than
the critical limit [12] for the formation of an
accretion disc around a rotating black hole:

jisoKerr

I. Star must form a black hole

II. No hydrogen envelope

III. Rapid rotation [3]

Collapsar

• MS→ RSG + strong wind→ bare He-core
• BUT: angular momentum loss

⊗
• Binary interaction 4

• Chemically homogeneous evolution 4
(Yoon & Langer 2005 [13])
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Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation

photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn

 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn

 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672

lo
g

 ρ
c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Pair instability supernova

hν > 2mec2 at T ∼ 109K :
electron-positron pairs

Pair creation
photon pressure ↓
(adiabatic gradient Γ drops below
the stability limit of 4/3)

instability, collapse,
accelerated burning in a
runaway thermonuclear
explosion [6]

star is torn apart:

enrichm
ent of IS

M

Superlu
minous Su

pernova
[4]

no remnant

Consequences

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

central H-burn
central He-burn

central C-burn
central Ne and O-burn

 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 7.5

 8

 8.5

 9

 9.5

 0  1  2  3  4  5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central H-burn

central He-burn
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
 8.6

 8.7

 8.8

 8.9

 9

 9.1

 9.2

 9.3

 9.4

 3  3.5  4  4.5  5  5.5  6

lo
g

 T
 [

K
]

log ρ [g/cm
3
]

M = 257 M⊙       vini = 500 km/s

 Γ < 4/3 
central C-burn

central Ne and O-burn
Model: 148
Model: 149
Model: 150
Model: 151
Model: 152
Model: 153

-10

-8

-6

-4

-2

 0

 2

 4

 0  0.5  1  1.5  2  2.5

T
im

e
s
te

p
 [

lo
g

(y
r)

]

Time [Myr]

M = 257 M⊙       vini = 500 km/s

Last timestep: 0.25 sec
 0

 5

 10

 15

 20

 25

 30

 3.5

 4

 4.5

 5

 5.5

 6

 2.2665  2.2666  2.2667  2.2668  2.2669  2.267  2.2671  2.2672
lo

g
 ρ

c
 [

g
/c

m
3
]

Time [Myr]

M = 257 M⊙       vini = 500 km/s
Tc [10

8
 K]

 0

 5

 10

 15

 20

 25



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Final fates

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

B
or

d
er

ne
ed

s
m

or
e

in
ve

st
ig

at
io

n!

 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

BH

GRB PISN

SNIIP
 0

 100

 200

 300

 400

 500

 600

10 20 39 77 150 294

R
o

ta
ti
o

n
a

l 
v
e

lo
c
it
y
 [

k
m

/s
]

Mass [M⊙] 

s
u

rfa
c
e

 H
e

 m
a

s
s
 fra

c
tio

n
 a

t T
A

M
S

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9GRB PISN

SNIIP BH PISN

Yoon et al. 2012 [12]



References

Population synthesis

Blue Compact Dwarf

Galaxies

I Zwicky 18:

 0  5  10  15  20  25  30  35  40  45  50

S
ta

r 
fo

rm
a
ti
o
n
 h

is
to

ry
 (

e
x
a
m

p
le

)

Time [Myr]

constant
two starbursts

Star Formation History Initial Mass Function [7]

 0

 10

 20

 30

 40

 50

 60

 70

 0  50  100  150  200  250  300  350  400

N
u
m

b
e
r 

o
f 
s
ta

rs
/1

0
0

v sini [km/s]

B-stars pop.syn.
Hunter ’08

Initial Rotational Velocity Distribution [5] [2]

 3

 3.5

 4

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

lo
g

(L
/L

⊙
)

Teff

P
ro

b
a

b
ility

 o
f fin

d
in

g
 a

 s
ta

r in
 a

 g
iv

e
n

 p
o

in
t (lo

g
1

0 )

Only Main Sequence
No interpolation!

First results



References

Population synthesis

Blue Compact Dwarf

Galaxies

I Zwicky 18:

 0  5  10  15  20  25  30  35  40  45  50

S
ta

r 
fo

rm
a
ti
o
n
 h

is
to

ry
 (

e
x
a
m

p
le

)

Time [Myr]

constant
two starbursts

Star Formation History Initial Mass Function [7]

 0

 10

 20

 30

 40

 50

 60

 70

 0  50  100  150  200  250  300  350  400

N
u
m

b
e
r 

o
f 
s
ta

rs
/1

0
0

v sini [km/s]

B-stars pop.syn.
Hunter ’08

Initial Rotational Velocity Distribution [5] [2]

 3

 3.5

 4

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

lo
g

(L
/L

⊙
)

Teff

P
ro

b
a

b
ility

 o
f fin

d
in

g
 a

 s
ta

r in
 a

 g
iv

e
n

 p
o

in
t (lo

g
1

0 )

Only Main Sequence
No interpolation!

First results



References

Population synthesis

Blue Compact Dwarf

Galaxies

I Zwicky 18:

 0  5  10  15  20  25  30  35  40  45  50

S
ta

r 
fo

rm
a
ti
o
n
 h

is
to

ry
 (

e
x
a
m

p
le

)

Time [Myr]

constant
two starbursts

Star Formation History

Initial Mass Function [7]

 0

 10

 20

 30

 40

 50

 60

 70

 0  50  100  150  200  250  300  350  400

N
u
m

b
e
r 

o
f 
s
ta

rs
/1

0
0

v sini [km/s]

B-stars pop.syn.
Hunter ’08

Initial Rotational Velocity Distribution [5] [2]

 3

 3.5

 4

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

lo
g

(L
/L

⊙
)

Teff

P
ro

b
a

b
ility

 o
f fin

d
in

g
 a

 s
ta

r in
 a

 g
iv

e
n

 p
o

in
t (lo

g
1

0 )

Only Main Sequence
No interpolation!

First results



References

Population synthesis

Blue Compact Dwarf

Galaxies

I Zwicky 18:

 0  5  10  15  20  25  30  35  40  45  50

S
ta

r 
fo

rm
a
ti
o
n
 h

is
to

ry
 (

e
x
a
m

p
le

)

Time [Myr]

constant
two starbursts

Star Formation History Initial Mass Function [7]

 0

 10

 20

 30

 40

 50

 60

 70

 0  50  100  150  200  250  300  350  400

N
u
m

b
e
r 

o
f 
s
ta

rs
/1

0
0

v sini [km/s]

B-stars pop.syn.
Hunter ’08

Initial Rotational Velocity Distribution [5] [2]

 3

 3.5

 4

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

lo
g

(L
/L

⊙
)

Teff

P
ro

b
a

b
ility

 o
f fin

d
in

g
 a

 s
ta

r in
 a

 g
iv

e
n

 p
o

in
t (lo

g
1

0 )

Only Main Sequence
No interpolation!

First results



References

Population synthesis

Blue Compact Dwarf

Galaxies

I Zwicky 18:

 0  5  10  15  20  25  30  35  40  45  50

S
ta

r 
fo

rm
a
ti
o
n
 h

is
to

ry
 (

e
x
a
m

p
le

)

Time [Myr]

constant
two starbursts

Star Formation History Initial Mass Function [7]

 0

 10

 20

 30

 40

 50

 60

 70

 0  50  100  150  200  250  300  350  400

N
u
m

b
e
r 

o
f 
s
ta

rs
/1

0
0

v sini [km/s]

B-stars pop.syn.
Hunter ’08

Initial Rotational Velocity Distribution [5] [2]

 3

 3.5

 4

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

lo
g

(L
/L

⊙
)

Teff

P
ro

b
a

b
ility

 o
f fin

d
in

g
 a

 s
ta

r in
 a

 g
iv

e
n

 p
o

in
t (lo

g
1

0 )

Only Main Sequence
No interpolation!

First results



References

Population synthesis

Blue Compact Dwarf

Galaxies

I Zwicky 18:

 0  5  10  15  20  25  30  35  40  45  50

S
ta

r 
fo

rm
a
ti
o
n
 h

is
to

ry
 (

e
x
a
m

p
le

)

Time [Myr]

constant
two starbursts

Star Formation History Initial Mass Function [7]

 0

 10

 20

 30

 40

 50

 60

 70

 0  50  100  150  200  250  300  350  400

N
u
m

b
e
r 

o
f 
s
ta

rs
/1

0
0

v sini [km/s]

B-stars pop.syn.
Hunter ’08

Initial Rotational Velocity Distribution [5] [2]

 3

 3.5

 4

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

lo
g

(L
/L

⊙
)

Teff

P
ro

b
a

b
ility

 o
f fin

d
in

g
 a

 s
ta

r in
 a

 g
iv

e
n

 p
o

in
t (lo

g
1

0 )

Only Main Sequence
No interpolation!

First results



References

Population synthesis

Blue Compact Dwarf

Galaxies

I Zwicky 18:

 0  5  10  15  20  25  30  35  40  45  50

S
ta

r 
fo

rm
a
ti
o
n
 h

is
to

ry
 (

e
x
a
m

p
le

)

Time [Myr]

constant
two starbursts

Star Formation History Initial Mass Function [7]

 0

 10

 20

 30

 40

 50

 60

 70

 0  50  100  150  200  250  300  350  400

N
u
m

b
e
r 

o
f 
s
ta

rs
/1

0
0

v sini [km/s]

B-stars pop.syn.
Hunter ’08

Initial Rotational Velocity Distribution [5] [2]

 3

 3.5

 4

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

lo
g

(L
/L

⊙
)

Teff

P
ro

b
a

b
ility

 o
f fin

d
in

g
 a

 s
ta

r in
 a

 g
iv

e
n

 p
o

in
t (lo

g
1

0 )

Only Main Sequence
No interpolation!

First results



References

Photoionization fluxes
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Conclusion and Outlook

• Low metallicity [11]:
• BCD & high-z galaxies
• lower Z→ higher M
• long GRB

• Results presented here [8]:
• WR stars in BCDs from Chemically homogeneous evolution
• long GRB, PISN-SLSN
• very massive stars, ionization

• Future: match result to observations,
update theory of massive stellar evolution [9]

• Binarity is important
(PhD project of Nicolás González-Jiménez)
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• Low metallicity environments are important for studying
massive stellar evolution

• Needed: More observational data of massive stars at low
metallicity→ BCDs

• Check out the poster!

Thank you for your

attention!
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