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Supernovae

Supernova 1987A 18 MSUN BSG

• Explosions that outshine galaxies 
(E~1051 erg) 

• Lasts for weeks-months

1000 years after SN 

Crab nebula
Supernova types

Thermonuclear 
(white dwarfs, pair-instability)

Core-Collapse 
(massive stars -  

neutron star, black hole)



Why  study supernovae?
• Heavy elements 

• Neutron stars and black holes 

• Gravitational waves and neutrinos 

• Learn about their progenitors and stellar evolution 

• Long Gamma-Ray Bursts, Fast Radio Bursts(?) 

• Learn about the early Universe



How core-collapse 
supernovae are powered?
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Eexp ⇠ 1051 ergs



Core collapse and shock stalling
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Neutrino mechanism in spherical symmetry
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Recent reviews: Janka+’’16, Müller+’17, Burrows ’13, Foglizzo+’15, 
Radice, Abdikamalov+’17
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Figure 7. Evolution of the z9.6 progenitor in 1D (left panel) and 2D (right panel) with the Baseline setup. The green line denotes the
average shock radius. The black lines are curves of constant enclosed baryonic mass (Lagrangian fluid elements in 1D). The yellow thick
line denotes the final PNS mass cut. The curves are smoothed using a running average with a 5-ms window. The background color is the
density-averaged entropy per baryon in kB . 1D explosions generically result in the creation of low-density, high-entropy bubbles, which are
smeared out by convection in 2D.
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Figure 8. Density-averaged radial velocity in units of 109 cm s�1 for the z9.6 progenitor evolved with Baseline physics in 1D (left panel)
and 2D (right panel). Multi-dimensional explosions result in larger velocities (and kinetic energies) behind the shock.

Figure 9. Evolution summary (left panel) and density-averaged velocity (right panel) for the 9.0 progenitor with the Baseline setup in
2D. The green shaded region in the left panel denotes the minimum and maximum shock radius. Curves in the left panel are smoothed
using a running average with a 5-ms window. This model shows a marginal and asymmetric explosion. The velocities are positive behind
the shock, signaling an overall expanding flow, but the expansion rate is much smaller than for the z9.6 progenitors (Fig. 8). Even when
the shock reaches the outer boundary of our grid at 20,000 km, the velocity is still negative in regions behind the shock as a consequence
of the partial fallback of the expanding plumes behind the shock.

Radice+’17

See also: Liebendorfer+01, Kitaura+’06, Burrows+’07, Sumiyoshi+’05
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11.0: Sukhbold et al. (2016)
10.0: Sukhbold et al. (2016)
9.0: Sukhbold et al. (2016)
z9.6: Heger (private comm.); Z = 0

u8.1: Heger (private comm.); Z = 10�4

n8.8: Nomoto (1984, 1987)
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What is missing in spherical 
symmetry?



Multi-dimensional  
hydrodynamic 

instabilities



Ott, Abdikamalov et al ‘13



Model Ingredients

• Spatial scales: from ~10,000 km to ~0.1 km (or less?) 

• Timescales: ~1 ms - ~1 s 

• General relativity 

• 3D (magneto)hydrodynamics 

• 3D neutrino transport 

• Nuclear and neutrino physics



Turbulence & SASI



Turbulence SASI

Abdikamalov+’15

See also: Hanke+’13, Fernandez ’15



Role of  Turbulence

Pturb ⇠ h��2i⇢



Role of  Turbulence
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Lcrit /
✓
1 +

4

3
hMa22i

◆�3/5

Müller & Janka (2015)

See also: Radice, Abdikamalov+’18 and Müller’ 16 for recent reviews.



2D axisymmetry vs. 3D simulations



2D vs. 3D simulations

See also: Nordhaus’+12, Hanke+’12, Dolence+’13, Muller+’15 

2D 3D

Couch (2013)



Abdikamalov+’15



Turbulence spectrum
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Radice+’16
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See Radice, Abdikamalov et al (2018) for recent review
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Couch+’15
See also: Arnett & Meakin ‘16, Chatzapoulos+’16, Collins+’17, Fernandez ‘15

Progenitor aspherisities before core-collapse
Couch & Ott ’13, ’15, Couch+’15, Müller & Janka ’15, Müller+’16, ‘17



Large progenitor aspherisities are  
common.
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Müller & Janka 2015



Slow rotation

Neutrino mechanism
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Explosion mechanisms



Burrows+07

Magnetorotational mechanism

Explosion energy:

⇠ 1052 erg

Credit: NASA



Mösta+’14



Mösta+’14, ‘15



Thank you!



RSG Betelgeuse 
200 pc

HST

Observing central engine

Central engine

~800 million km
~300 km



0 20 40 60 80 100 120 140 160 180-20
-15
-10
-5
0
5

10

h+D
h⇥D

-20
-15
-10
-5
0
5

10

t� tbounce [ms]

h +
D

,h
⇥

D
[c

m
]

h +
D

,h
⇥

D
[c

m
]

s27 fheat1.05

Polar Observer

Equatorial Observer

Gravitational Waves - Slow Rotation

Ott, Abdikamalov+‘13





What can we learn from 
gravitational waves


