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What is the mechanism of explosion?
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Subsonic below shock	

!

Global solution to explosion



1D simulations  
(Rad-hydro)

Wilson ‘85	

Bethe & Wilson ‘85	

Liebendoerfer et al. ‘01	

Rampp & Janka ‘02	

Buras et al. ‘03	

Thompson et al. ‘03	

Liebendoer et al. ‘05	

Kitaura et al. ‘06	

Burrows et al. ‘07

No Explosions	

(Except lowest masses)

Neutrino mechanism suggested



An Important Unsolved 
Astrophysical Problem?



Fundamental Question of 
Core-Collapse Theory

?

Steady-State	

Accretion

Explosion



Important Observational Clues



Si

FeCa

Asymmetry in Ejecta

Cas A SN Remnant: Chandra



Pulsar Kicks:	

Pulsar B2224+65	

and Bow Shock	

V ≥ 1000 km s-1

Cordes, Romani, Lundgren ‘93

Guitar Nebula

Pulsar Recoil: A Generic Feature



Leonard et al. ’06, Nature



Asymmetry in SN 1987A

• Early X- and y- ray detection	

  Dotani et al. ‘87; Matz et al. ‘88	

• Mixing Pinto & Woosley ‘88 	

• Infrared, gamma-ray, and Hydrogen	

  lines: Erickson et al. ‘88;	

  Barthelmy et al. ‘89; Hoflich ‘88	

• Early Polarization	

  Jeffery et al. ‘91 	

• Supernova ejecta



Fundamental Question of 
Core-Collapse Theory

?

Steady-State	

Accretion

Explosion



Relax 1D assumption?



���20



���21



Neutrino Mechanism:	

•Neutrino-heated convection	

•Standing Accretion Shock Instability (SASI)	

•Explosions? Maybe	


!
Acoustic Mechanism:	


•Explosions but caveats.	

!
Magnetic Jets:	


•Only for very rapid rotations	

•Collapsar?

Multi-D makes it easier to 
explode



Why is it easier to explode in 2D 
compared to 1D?



Two Paths to the Solution

• Detailed 3D radiation-hydrodynamic simulations	

  (“Accurate” energies, NS masses, nucleo., etc.)	

!
• Parameterizations that capture essential physics	

  (Tease out fundamental mechanisms)



M
.

Lνe
Critical Curve

Steady-state accretion	

(Solution)

Explosions!	

(No Solution)

Burrows & Goshy ‘93	

Steady-state solution (ODE)



Is a critical luminosity relevant in 
hydrodynamic simulations?

• 1D	


• 2D Convection and SASI?



How do the critical luminosities 
differ between 1D and 2D?



Murphy & Burrows ‘08
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SASI activity as key to successful neutrino-driven SN explosions? 5
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Fig. 2.— Critical curves for the electron-neutrino luminosity (Lνe ) versus mass accretion rate (Ṁ) (left plot) and versus explosion time texp (right plot) for
simulations in 1D (black), 2D (blue), and 3D (red) with standard resolution. The accretion rate is measureed just outside of the shock at the time texp when the
explosion sets in. The results of the 11.2M⊙ models are represented by plus symbols and those of the 15M⊙ models by diamonds. All models were computed
with standard resolution.
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Fig. 3.— Time evolution of the average shock radius as function of the post-
bounce time tpb for simulations in one (thin dashed lines), two (thin solid
lines), and three dimensions (thick lines). The shock position is defined as
the surface average over all angular directions. The top panel shows results
for the 11.2M⊙ progenitor and the bottom panel for the 15M⊙ progenitor, all
obtained with our standard resolution. Different electron-neutrino luminosi-
ties (labelled in the plots in units of 1052 erg s−1) are displayed by different
colors.

sion by 15–25% compared to the 2D case.
Despite the basic agreement of the outcome of these investi-

gations it should be kept in mind that it is not ultimately clear
whether the simple concept of a critical threshold condition
separating explosions from failures (and the dependences of
this threshold on dimension and rotation for example) holds
beyond the highly idealized setups considered in the men-

tioned works. None of the mentioned systematic studies by
steady-state or hydrodynamic models was able to include ad-
equately the complexity of the feedback between hydrody-
namics and neutrino transport physics. In particular, none of
these studies could yield the proof that the non-existence of
a steady-state accretion solution for a given combination of
mass accretion rate and neutrino luminosity is equivalent to
the onset of an explosion. The latter requires the persistence
of sufficiently strong energy input by neutrino heating for a
suffiently long period of time. This is especially important
because Pejcha & Thompson (2011) showed that the total en-
ergy in the gain layer is still negative even in the case of the
limiting accretion solution that corresponds to the critical lu-
minosity. Within the framework of simplified modeling se-
tups, however, the question cannot be answered whether such
a persistent energy input can be maintained in the environ-
ment of the supernova core.
Following the previous investigations by

Murphy & Burrows (2008) and Nordhaus et al. (2010)
we performed hydrodynamical simulations that track the
post-bounce evolution of collapsing stars for different, fixed
values of the driving neutrino luminosity. Since the mass
accretion rate decreases with time according to the density
profile that is characteristic of the initial structure of the
progenitor core (see Fig. 1 for the 11.2 and 15M⊙ stars
considered in this work), each model run probes the critical
value of Ṁexp at which the explosion becomes possible for
the chosen value of Lν = Lνe = Lν̄e . The collection of
value pairs (Ṁexp,Lνe) defines a critical curve Lν(Ṁ). These
are shown for our 1D, 2D, and 3D studies with standard
resolution for both progenitor stars in the left panel of Fig. 2
and in the case of the 15M⊙ star can be directly compared
with Fig. 1 of Nordhaus et al. (2010). Table 1 lists, as a
function of the chosen Lνe , the corresponding times texp when
the onset of the explosion takes place and the mass accretion
rate has the value of Ṁexp. The post-bounce evolution of a
collapsing star proceeds from high to low mass accretion rate
(Fig. 1), i.e., from right to left on the horizontal axis of the
left panel of Fig. 2. When Ṁ reaches the critical value for
the given Lνe , the model develops an explosion. The right
panel of Fig. 2 visualizes the functional relations between the
neutrino luminosities Lνe and the explosion times texp for both
progenitors and for the simulations with different dimensions.

Hanke et al 2011



���30

CCSNE NEUTRINO MECHANISM EOS DEPENDENCE 5
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Figure 4. Neutrino luminosity versus mass accretion rate at time of explosion (left panel) and time of explosion (right panel) for the three EOS considered in this
work. Results from both 1D (dashed lines) and 2D (solid lines) are shown. For each EOS explosions are found more easily in 2D than in 1D. The Lattimer &
Swesty EOS result in easier explosions in both 1D and 2D than the Shen et al. EOS.
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Figure 5. Shock radii as a function of time for STOS, LS220, and LS180 in 1D (left) and 2D (right). Three different neutrino luminosities are plotted for each
EOS in each panel, as labeled.

that “outflow” boundary conditions can, in this way, suppress
explosions for neutrino luminosities near critical. For all of
our simulations, we use the 15 M� progenitor of Woosley &
Weaver (1995).

We have incorporated the finite temperature equation of state
routines of O’Connor & Ott (2010) into the FLASH frame-
work4. We use three different EOS models in our simulations,
the models of Lattimer & Swesty (1991) with incompressibil-
ity, K, of 180 MeV and 220 MeV and that of Shen et al. (1998).
Some parameters for these EOS are listed in Table 1.

3. RESULTS
3.1. Dependence on EOS

We ran a series of core collapse simulations in 1D and 2D in
which we varied the driving neutrino luminosity. For models
that explode, we measure the post-bounce time of the explo-
sion and the mass accretion rate at the time of explosion. We
consider a model to have exploded if the average shock radius
exceeds 400 km and does not subsequently fall back below
400 km. We measure the mass accretion rate at a radius of

4 These routines are available for download at stellarcollapse.org.

500 km in both 1D and 2D simulations, though the measured
mass accretion rates are identical since the 2D solution remains
spherically-symmetric outside of the shock. Figure 3 shows
our measured mass accretion rates as a function of time post-
bounce for the three EOS we consider. Our mass accretion rate
is very similar to that of Hanke et al. (2011) for their 15 M�
progenitor model. The differences in mass accretion history
between STOS and LS can be attributed to models using STOS
collapsing and bouncing a little faster than models using LS;
bounce occurs 50 ms earlier for STOS as compared to LS.
Table 2 summarizes the simulations we ran and the resulting
explosion times and mass accretion rates at the time of explo-
sion. In Figure 4 we plot the driving neutrino luminosities as a
function of explosion time and mass accretion rate at the time
of explosion.

Our results show that the Lattimer & Swesty EOS explode
more easily than that of Shen et al., with LS180 resulting in
the earliest explosions for a given neutrino luminosity (lowest
curves in Fig. 4). The results then follow a basic trend that the
stiffer the EOS, the harder it is to drive an explosion (LS180
being the softest EOS and STOS being the stiffest EOS we
consider). This trend holds in both 1D and 2D simulations. For

Couch 2012



2D & 3D critical luminosity 
lower than 1D  

 
Turbulence plays an important 

role!



M
.

Lν

A Theoretical Framework for 
Successful Explosions

+ Turbulence	

Model
Murphy & Meakin 2011



M
.

Lν

A Theoretical Framework for 
Successful Explosions

+ Turbulence	

Model

Calibrate with 3D	


Simulations
Murphy et al. 2013, in prep
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M
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Lν

A Theoretical Framework for 
Successful Explosions

+ Turbulence	

Model

1D Rad-hydro simulations	

Realistic and quantitative explosions	

Systematic exploration
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What dominates the turbulence?	

Convection, SASI... both?
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Neutrino-driven Convection	

(Buoyancy)



Shock Stalls	

e- cap, ν losses	


Accretion shock	

(r ~200 km)

Gain	

Radius	


(r ~ 100 km)

Gain Region	

~10% for revival

n + νe → e- + p 	
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Neutrino-driven Convection	

(Long Recognized)

Bethe ’90	

Herant et al. ’92	

Benz et al. ’94	

Burrows et al. ’95	

Janka & Mueller ’96	

...	

Murphy & Meakin 2012	

Murphy et al. 2012
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Standing Accretion Shock Instability	

(SASI)



���41

– 14 –

steadily. The intermediate epoch is characterized by large oscillations in the postshock flow that

lead to an aspect ratio for the accretion shock that varies between one and two. The volume of

shocked gas exhibits a growing oscillation, reminiscent of a breathing mode. This phase of the

evolution is dominated by the l = 1 mode; i.e., is distinctly oscillatory. Beyond a time of 170, the

flow takes on a strikingly self-similar form dominated by the l = 2 mode; i.e., is distinctly bipolar.

The aspect ratio becomes remarkably constant at a value ∼ 2 (2.3 to be precise), but the scale of

this aspherical shock grows roughly linearly with time. From t = 165 to t = 225, the angle-averaged

shock radius increases from 5 to 15. This corresponds to an expansion velocity of order 50% the

escape velocity at the shock. This self-similar expansion is illustrated in Figure 10, where we plot

images of the gas entropy at three different times chosen such that the shock has roughly doubled

in size in each interval. When scaled to the same size, the images look qualitatively similar.

Fig. 10.— The self-similar growth of the asymmetric accretion shock is illustrated in these entropy

images from three different times in our simulation. The postshock volume grows with time, but

each successive image is scaled down by a factor of two to produce three images of roughly the

same size. Here blue (red) represents low (high) entropy.

The dynamics of this self-similar state are illustrated in Figure 11. The global features include

a dominant accretion flow in the equatorial region and mildly supersonic, quasi-periodic outflows

along the two poles. These outflows are fed by accreting gas that “misses the target.” The oblique

shocks near the equator lead to low-entropy gas advecting in (as material hits the shock at an

increasingly oblique angle, it does not suffer as large a change in entropy when traversing the

shock).

The only two parameters in this idealized SAS model are the adiabatic index, γ, and the

radius of the inner boundary, Ri. We ran several simulations varying these parameters and found

qualitatively similar results in virtually all the simulations, but with two clear trends, illustrated in

Figure 12. Simulations with a larger value of Ri, and hence less volume for postshock turbulence to

develop, exhibited a slower growth in the total turbulent energy. Herant, Benz, & Colgate (1992)

Standing Accretion Shock Instability	

(SASI) Blondin et al. ’03

– 10 –

ized with two rings (a density enhancement of 20%) placed asymmetrically in the preshock flow

(see Figure 6). For sufficiently small perturbations, the early evolution is characterized by sound

waves bouncing throughout the interior of the accretion shock. These waves are nearly spherically

symmetric, but gradually take on an asymmetry characterized by a spherical harmonic with l = 1.

The strength of these asymmetric waves grows with time, and eventually they begin to significantly

impact the global properties of the accretion shock. This evolution is shown in Figure 5, where we

plot the total energy in angular motion (which we assume to be proportional to the local turbulent

energy) and the angle-averaged shock radius. We also show the results for an unperturbed simu-

lation to show that our numerical techniques can hold a SAS stable for at least several dynamical

times. From this, we conclude that the introduction of asymmetric perturbations leads to a growing

postshock turbulence in standing accretion shocks.

Also shown in Figure 5 is a similar simulation but with different inner boundary conditions:

a reflecting wall plus a thin cooling layer. The initial radial solution is nearly identical to the

adiabatic solution except close to the inner boundary, where the cooling becomes strong and the

gas quickly settles into a thin layer on top of the hard surface. As shown in Figure 5, the evolution

is qualitatively the same as in the adiabatic model with a leaky boundary. This comparison verifies

the independence of these results from the details of the boundary conditions.

Fig. 6.— Images of the gas entropy (red is higher than the equilibrium value, blue is lower) illustrate

the instability of a spherical standing accretion shock. This model has γ = 4/3 and is perturbed by

placing over-dense rings into the infalling preshock gas. Note that with the scaling for a realistic

supernova model, the last image on the right corresponds to ∼ 300 ms. These simulations are

axisymmetric, forcing a reflection symmetry about the vertical axis.

To further illustrate this early evolution we show a time series of the two-dimensional flow in

Figure 6. We use the gas entropy to visualize the flow because a steady, spherical shock would

produce a postshock region of constant entropy. Thus, any deviation from a spherical shock shows

up as a change in the postshock entropy. Aside from the overall trend of growing perturbations in

the postshock entropy, this figure illustrates the dominance of low-order modes. This is a generic

result of our two-dimensional simulations. While the wave modes in the early evolution depend on

the initial perturbations, the l = 1 mode always grows to dominate the dynamics.

To better understand the origin of the SAS instability we show a spacetime diagram of angle-

averaged quantities in Figure 7. Here we see two dominant trends: (1) pressure waves rising up from
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Standing Accretion Shock Instability	

(An Advective Acoustic Cycle)
Foglizzo et al. 2012
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What dominates the turbulence?	

Convection, SASI... both?
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Compare nonlinear theories for convection 
and SASI with post shock flow

SASI nonlinear theory

?
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Compare nonlinear theories for convection 
and SASI with post shock flow

A Nonlinear Theory for Convection	

!
Murphy & Meakin 2012	

Murphy, Dolence, Burrows 2013
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Compare nonlinear theories for convection 
and SASI with post shock flow

A Nonlinear Theory for Convection	

!
Murphy & Meakin 2012	

Murphy, Dolence, Burrows 2013

We can test this fledgling theory with 3D 
simulations
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Nonlinear Convection is Consistent with 
Post Shock Flow

1. Consistent buoyancy flux profile	

2. Consistent Reynolds stresses	

3. Buoyant driving balances dissipation	

4. Analytic scaling between buoyant flux and neutrino driving



Nonlinear Convection is Consistent with 
Post Shock Flow

But what about the SASI?



A theory for neutrino-driven explosions

A turbulence model for CCSNe

Post shock flow is consistent with 
nonlinear convection theory 



Constrain Giant Eruptions from 
Massive Stars



Kinematics  
!

!

!

!

Stellar Structure of Massive Stars



Stellar Evolution 
(Successes)

HR-diagram, Mass 
Nucleosynthesis
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Skeletons in the Closet

?
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Skeletons in the Closet

Mass Loss 
Convection 

Rotation 
(not mere details)
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Mass Loss

Credit: Alex Heger
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Episodic Mass Loss

SN IIn	

Evidence of episodic mass loss	

before explosion
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Episodic Mass Loss

SN Impostors	

Some SN Impostors occur just before SN
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Episodic Mass Loss

Text
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Episodic Mass Loss

LBV Dust Shells	

Represent a giant eruption	

Massive amounts of mass loss ?
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Is episodic mass loss a dominant 
mode of mass loss?
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What causes Giant Eruptions?
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We don’t know what’s going on 
inside!

Stellar Structure?	

Evolutionary State? 
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The Data 
(Kochanek 2011 & Kochanek 2012)
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A Natural Energy Scale
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Kinematics  
!

!

!

!

Stellar Structure and Evolutionary 
State of Massive Stars


