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Observations of Supernovae

✓ There are lots of observations of 
supernovae (SNe) from ancient 
times to today.

✓ The oldest observational record of 
Supernova (SN 1006) in Japan is left 
in 明月記 (Meigetsu-ki) written by 

藤原定家 (Teika Fujiwara)
 (The oldest in the world is SN185 in 後漢書)
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Core-Collapse Supernovae
One of the most violent explosions in the universe

Eexp～1051 erg

Egrav～1053 erg (～0.1 M⦿ c2)

Eν～1053 erg

NS/BH formation
association with Gamma-Ray Bursts

All four interactions are important!
● Microphysics

★weak interaction
neutrino emission / absorption

★nuclear physics
equation of state of dense matter

● Macrophysics
★gravitation

core collapse
★electro-magnetic field

pulsar, magnetar
magnetorotational explosion
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Neutrinos and Explosion mechanism
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Neutrino-heating mechanism
Neutrinos revive the stalled prompt shock by energy deposition through neutrino 
capture and scattering

Convective overturn and Standing Accretion Shock Instability (SASI)
are essentially multi-dimensional effects and play important roles for explosion
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Neutrino-heating mechanism
neutrino cooling (electron capture) rate:

neutrino heating (neutrino capture) rate:

gain radius: 

heating between gain radius and shock:

shock revival by neutrino heating

　　　　“delayed explosion”

Q−ν ∝ T 6 ∝ r−6

Q+
ν ∝ Lνr−2 ∝ r−2

PNS

shock front

gain radius
Q−ν = Q+

ν

Lν,heat ∼ 3× 1051erg s−1
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Current status of 1D
Rammp & Janka 00

Sumiyoshi+ 05Thompson+ 03

Liebendoerfer+ 01

state-of-the-art simulations do not obtain explosion!
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Importance of multi-D

Observations suggest that almost all SN ejecta 
are asymmetric Wang+ 01,02; Maeda+ 08

The central engine itself asymmetric?

The multi-dimensional simulations are required

What makes the core asymmetric?
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Convectively unstable regions
❖ PNS convection

✦ induced by negative Yl gradient due to 
neutrino cooling

❖ Neutrino-driven convection

✦ induced by negative entropy gradient due to 
neutrino heating

530 H.-Th. Janka: Conditions for shock revival by neutrino heating in core-collapse supernovae

Fig. 1. Sketch which summarizes the processes that determine
the evolution of the stalled supernova shock after core bounce.
Stellar matter falls into the shock at radius Rs with a mass ac-
cretion rate Ṁ and a velocity near free fall. After deceleration
in the shock, the gas is much more slowly advected towards the
nascent neutron star through the regions of net neutrino heat-
ing and cooling, respectively. The radius Rns of the neutron
star is defined by a steep decline of the density over several or-
ders of magnitude outside the neutrinosphere at Rν . Heating
balances cooling at the gain radius Rg. The dominant processes
of energy deposition and loss are absorption of electron neutri-
nos onto neutrons and electron antineutrinos onto protons as
indicated in the figure. Convective overturn mixes the layer be-
tween gain radius and shock, and convection inside the neutron
star helps the explosion by boosting the neutrino luminosities

shock position, shock radius, and properties of the gain
layer as functions of time by solving an initial value prob-
lem. A summary and conclusions will follow in Sect. 10.

2. Physical picture

Right after core bounce the hydrodynamic shock propa-
gates outward in mass as well as in radius, being strongly
damped by energy losses due to the photodisintegration
of iron-group nuclei and neutrinos. The neutrino emis-
sion rises significantly when the shock breaks out into the
neutrino-transparent regime. As a consequence, the pres-
sure behind the shock is reduced and the velocities of the
shock and of the fluid behind the shock, both of which
were positive initially, decrease. Finally, the outward ex-
pansion of the shock stagnates, and the shock transforms
into a standing accretion shock with negative gas velocity
in the postshock region. The gas of the progenitor star,
which continues to fall into the shock at a velocity near
free fall, is decelerated abruptly within the shock. Below
the shock it moves much more slowly towards the center,
where it settles onto the surface of the nascent neutron
star.

Figure 1 displays the most important physical elements
which determine this evolutionary stage. Around the neu-
trinosphere at radius Rν , which is close to the radius Rns of
the proto-neutron star (PNS), the hot and comparatively
dense gas loses energy by radiating neutrinos. If this en-
ergy sink were absent, the gas that is accreted through the
shock at a rate Ṁ would pile up in a growing, high-entropy

atmosphere on top of the compact remnant (Colgate et al.
1993; Colgate & Fryer 1995; Fryer et al. 1996). But since
neutrinos are emitted efficiently at the thermodynami-
cal conditions around the neutrinosphere, the entropy of
the gas is reduced so that the gas can be absorbed into
the surface of the neutron star. The mass flow through the
neutrinospheric region is therefore triggered by the neu-
trino energy loss and allows more gas to be advected in-
ward from larger radii. In case of stationary accretion the
temperature at the base of the atmosphere ensures that
the emitted neutrinos carry away the gravitational binding
energy of the matter which is added to the neutron star at
a given accretion rate. In fact, this requirement closes the
set of equations that determines the steady state of the
accretion system and allows one to determine the radius
Rs of the accretion shock (see, e.g., Chevalier 1989; Brown
& Weingartner 1994; Fryer et al. 1996).

At the so-called gain radius Rg (Bethe & Wilson 1985)
between neutrinosphere Rν and shock position Rs, the
temperature of the atmosphere becomes so low that the
absorption of high-energy electron neutrinos and antineu-
trinos starts to exceed the neutrino emission. This radius
therefore separates the region of net neutrino cooling be-
low from a layer of net heating above. Since the neutrino
heating is strongest just outside the gain radius and the
propagation of the shock has weakened before stagnation,
a negative entropy gradient is built up in the postshock
region. This leads to convective overturn roughly between
Rg and Rs, which transports hot matter outward in rising
high-entropy bubbles. At the same time cooler material is
mixed inward in narrow, low-entropy downflows (Herant
et al. 1994; Burrows et al. 1995; Janka & Müller 1996).
Inside the nascent neutron star, below the neutrinosphere,
convective motions can enhance the neutrino emission by
carrying energy faster to the surface than neutrino diffu-
sion does (Keil et al. 1996).

Between neutrinosphere and the supernova shock a
number of approximations apply to a high degree of accu-
racy, which help one developing a simple analytic under-
standing of the effects that influence the evolution of the
supernova shock. Figure 2 shows schematically the pro-
files of density, temperature and mass accretion rate in
that region. A formal discussion follows in the subsequent
sections. Outside the neutrinosphere (typically at about
1011 g/cm3) the temperature drops slowly compared to
the density decline, which is steep. When nonrelativistic
nucleons dominate the pressure, the decrease of the den-
sity yields the pressure gradient which ensures hydrostatic
equilibrium in the gravitational field of the neutron star.
Assuming a temperature equal to the neutrinospheric tem-
perature in this region is a reasonably good approximation
for the following reasons. On the one hand, the cooling
rate depends sensitively both on density and temperature,
and the density drops rapidly. Therefore the total energy
loss is determined in the immediate vicinity of the neutri-
nosphere and the details of the temperature profile do not
matter very much. On the other hand, efficient neutrino
heating prevents that the temperature can drop much

Janka 01
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Standing Accretion Shock Instablity

Non-radial, non-local low-mode (l=1,2) instability of flow 
behind standing accretion shock 

ShockPNS

Acoustic wave

SASI

Bolondon+ 2003, 2006
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SASI develops and deforms the accretion
➡  The convection grows and leads larger neutrino-

heating efficiency
➡  Explosion!

SASI-aided SN explosion

672 MAREK & JANKA Vol. 694
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Physical time: t=454 ms
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Physical time: t=524 ms
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 Physical time: t=610 ms
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Physical time: t=650 ms
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Physical time: t=700 ms
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Figure 4. Six snapshots from the post-bounce evolution of Model M15LS-rot. The color coding represents the entropy of the stellar gas. The shock is visible as
deformed sharp discontinuity between low-entropy, infalling matter in the upstream region and high-entropy, boiling matter behind the shock; its position is highlighted
by a bold, solid white contour. The top left plot shows the entropy distribution at t = 119 ms after bounce, about 40 ms after the postshock convection has reached the
nonlinear regime and the shock develops first small nonsphericities. The top right and middle left plots (t = 454 ms and 524 ms after bounce, respectively) demonstrate
the presence of very strong bipolar oscillations due to the SASI, the middle right plot (t = 610 ms p.b.) displays the beginning of a rapid outward expansion, and the
lower two plots (for t = 650 ms and 700 ms post bounce) show the onset of the explosion with a largely aspherical shock that possesses a dominant l = 1 deformation
mode. Note that the radial scale was adjusted in the last three snapshots and that the contracting nascent neutron star exhibits a growing prolate deformation because
of the rotation considered in this simulation. The thin, solid white line in each panel marks the direction-dependent location of the gain radius, and the thin dotted,
dashed, and dash-dotted white lines indicate the inner boundaries of the regions where iron-group elements, silicon, or oxygen, respectively, dominate the composition
(the contours are defined by mass fractions of 30% iron-group elements, 30% silicon, and 10% oxygen, respectively). In some of the panels not all these composition
interfaces are located within the plotted area, and the iron-dissociation line or the iron-silicon interface can (at least partly) overlap with the shock contour. We point
out that the rotation of the model is so slow that the composition interfaces in the preshock region exhibit no visible centrifugal deformation.

lowest modes turns out to reflect rather sensitively the dynamical
activity in the accretion layer. One should note that during
phases of relative quiescence of the dipole mode the quadrupole
mode is dominant and vice versa. A high level of activity is
reached shortly after convection has become strong and the SASI
deformation of the shock has set in (t ! 100 ms after bounce).
The following slight reduction of the power is a consequence
of the shock retraction between 100 and 150 ms post bounce.
When the jump in the entropy, density, and mass accretion rate

associated with the composition interface between the Si layer
and the oxygen-enriched Si shell of the progenitor reaches the
shock at ∼170 ms after bounce, transient shock inflation is
triggered (see Figures 1, 2, 3, and 6). As a consequence, the
SASI power increases again before it decays once more during
another period of shock contraction. At t ! 400 ms a phase
of basically continuous, slow expansion of the average shock
radius begins and the low-mode power grows. After 500 ms
until the end of our simulation at ∼700 ms, the low SASI modes
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Figure 12. Four snapshots from the evolution of our 11.2 M! explosion model at times t = 230 ms, 250 ms, 275 ms, and 303 ms after core bounce. The figures contain
the same features as shown in Figure 4.
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Figure 13. Mass (top left), neutrino-heating rate (top right), heating efficiency (bottom left), and heating and advection timescales (bottom right) in the gain layer as
functions of time for our 11.2 M! explosion model.
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Figure 10. Same as Figure 2 but for our two-dimensional explosion simulation of an 11.2 M! progenitor star. Note that the mass-shell spacing outside of the red
dashed line at an enclosed mass of 1.25 M! (marking the composition interface between the silicon layer and the oxygen-enriched Si shell) is reduced to steps of
0.0125 M! instead of 0.025 M!.

plane later than in the polar directions (see the panels for
t = 250 ms and 275 ms after bounce in Figure 12). Therefore
a wedgelike region around the equator remains for some time,
where silicon and sulfur are still present with higher abundances
between the shock and the oxygen layer, while the matter swept
up by the shock consists mostly of iron-group nuclei and α-
particles. The mass-shell plot of Figure 10, which is constructed
from the laterally averaged two-dimensional data at each radius,
is misleading by the fact that this preshock material appears to be
located behind the angle-averaged shock radius (at post-bounce
times 270 ms ! t ! 300 ms). We note that the penetration into
the oxygen-rich infalling shells, beginning at t ∼ 250 ms p.b.,
does not have any obvious supportive or strengthening effect on
the outgoing shock.

In Figure 13, we provide information about the conditions
and neutrino energy deposition in the gain layer of the 11.2 M!
model. As in the 15 M! case, the mass in the gain layer increases
when the shock begins its outward expansion. At the same
time, the infall (advection) timescale of matter between the
shock and the gain radius increases, but continues to be well
defined. Again, as in the 15 M! explosion model, this suggests
the presence of ongoing accretion of gas through the gain layer to
the neutron star (which can also be concluded from the continued
contraction of mass shells in this region in Figure 10). Shortly
after the (net) neutrino-heating rate has reached a pronounced
peak of about 7.5 × 1051 erg s−1 at t ≈ 70 ms, it makes
a rapid drop to around 3 × 1051 erg s−1. This decline is a
consequence of the decay of the neutrino luminosities at the
time when the mass infall rate onto the shock and the neutron
star decreases. The decrease occurs when the steep negative
density gradient (and positive entropy step) near the composition
interface between the silicon layer and the oxygen-enriched Si
layer of the progenitor star (near 1.3 M!) arrives at the shock (at
t ≈ 100 ms after bounce). Nevertheless, the heating timescale
shrinks essentially monotonically, which points to an evolution
of the matter in the gain layer toward an unbound state, i.e.,
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Figure 11. Left panel: mean shock radius (arithmetical average over all
lateral directions, dashed line) and maximum and minimum shock positions
as functions of post-bounce time for our two-dimensional explosion simulation
of an 11.2 M! progenitor. Right panel: “explosion energy” of the 11.2 M! star,
defined as the total energy (internal plus kinetic plus gravitational) of all mass
in the gain layer with positive radial velocity, as a function of post-bounce time.

the absolute value of the total gas energy in the numerator of
Equation (5) goes to zero.

3.4. Explosion Energy

In both our 11.2 M! and 15 M! explosions, the energy of
the matter in the gain layer with positive radial velocities
(“explosion energy”) reaches ∼2.5 × 1049 erg at the end of
the computed evolutions and rises with a very steep gradient
(Figures 9 and 11). Therefore, reliable estimates of the final
explosion energy cannot be given at this time. For that to be
possible, the simulations would have to be continued for many
hundred milliseconds more (which is numerically a challenging
task and currently impossible for us with the sophisticated
and computationally expensive neutrino transport and chosen
resolution). This is obvious from the neutrino-driven explosion
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Figure 2. Time evolution of Model M15LS-rot visualized by the mass-shell trajectories. In this two-dimensional simulation with rotation, the mass-shell lines mark
the radii of spheres that contain certain values of the rest mass (the plot is based on an evaluation of the mass-weighted lateral average of the two-dimensional data
set). They are spaced in steps of 0.025 M! with bold lines every 0.1 M!. The thick solid line starting at t = 0 denotes the mass-averaged shock position, the blue
lines represent the mean neutrinospheres of νe (solid), ν̄e (dashed), and heavy-lepton neutrinos (dash-dotted), the black dashed curve shows the mean gain radius, and
the location of the composition interface between the silicon shell and the oxygen-enriched Si layer of the progenitor star at 1.42 M! is highlighted by a red dashed
line. Different shadings indicate regions with different chemical composition. Dark gray marks the layer where the mass fraction of oxygen is larger than 10% (which
corresponds to the inner boundary of the layers that contain significant amounts of oxygen), medium gray the region where the mass fraction of heavy nuclei with
mass numbers A ! 56 exceeds 70%, the yellow band in between is the layer where both abundance constraints are not fulfilled (in this region silicon and sulfur are
abundant), light gray indicates those regions where more than 30% of the mass is in α-particles, and the white areas enclosed by the shock front contain mostly free
nucleons and only a small mass fraction (less than 30%) of α-particles. At times t " 600 ms post bounce, slightly darker gray patches in the light-gray postshock
regions contain a mass fraction of more than 60% helium nuclei. This signals that the nucleon recombination becomes more complete and/or that the dissociation of
alpha particles to free nucleons is less complete in the matter expanding behind the outgoing shock because of low postshock temperatures when the shock reaches
larger radii. Note that compressional heating triggers nuclear burning (described in our simulations by a “flashing treatment,” see Section 2.1) and leads to changes of
the chemical composition in the infalling stellar layers.

at the neutrinosphere, and Ṁ (less than 0) the rate of mass
accretion by the shock. In the case of the HW-EoS, the
stagnation radius of the shock is therefore significantly larger
during the phase of shock retraction (t ! 80–100 ms after
bounce).

In contrast, the luminosities Lν and mean energies 〈εν〉 of
the neutrinos radiated during shock accretion are appreciably
higher in the case of the LS-EoS, because the larger neutri-
nospheric temperature of the more compact neutron star over-
compensates for the smaller radius (roughly, the νe emission
behaves like blackbody radiation and thus Lν ∝ R2

nsT
4

ns and
〈εν〉 ∝ Tns). Interestingly, the prompt νe burst during shock
breakout reveals the opposite dependence on the nuclear EoS:
it is more luminous in the case of the HW-EoS because of a
stronger deleptonization in a wider spatial region, which is fa-
cilitated by a less steep increase of the optical depth in the
deleptonization region and thus an easier escape of the electron
neutrinos.

We also point out that in the simulations with both EoSs the
average energy of the radiated ν̄e gets very close to that of the
emitted muon and tau neutrinos or becomes even slightly higher
after about 200 ms of post-bounce accretion (Figure 1, bottom
right). This effect is visible in the mean spectral energies, which
are defined as the ratio of the energy density to the number
density of neutrinos, 〈εν〉 =

∫ ∞
0 dε Jν(ε)/

∫ ∞
0 dε ε−1Jν(ε), with

Jν(ε) being the zeroth energy moment of the specific intensity.2
In contrast, the rms energies of the energy spectrum, 〈εν〉rms ≡[∫ ∞

0 dε ε2Jν(ε)/
∫ ∞

0 dε Jν(ε)
]1/2

, still follow the standard order
sequence, 〈ενe

〉rms < 〈εν̄e
〉rms < 〈ενx

〉rms, although the difference
between the last two is considerably smaller than in older
simulations, in which the transport treatment of heavy-lepton
neutrinos νx did not take into account the energy exchange
through neutrino–nucleon scatterings and the production of
νx ν̄x pairs by nucleon–nucleon bremsstrahlung and by the
annihilation of νeν̄e pairs (for more details, see Buras et al.
2003a; Raffelt 2001; Keil et al. 2003). We will come back to
a closer discussion of these interesting spectral properties in
Section 3.6.

3.2. Two-Dimensional 15 M! Model with Explosion

In contrast to the spherically symmetric simulations, the
two-dimensional Model M15LS-rot turns out to approach an
explosive runaway situation after more than 500 ms of post-
bounce accretion (Figures 2 and 3). Some snapshots of the
entropy distribution in the central region (with radii between
∼400 km and ∼800 km) for characteristic stages of the evolution
are displayed in Figure 4.

2 At sufficiently large radii, where neutrinos in the bulk of the spectrum
propagate nearly radially (i.e., the flux factor in the laboratory frame is near
unity, which is well fulfilled at the chosen radius of evaluation at 400 km), the
local energy and number densities are essentially identical with the energy and
number flux densities.
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PNS is excited to l=1 g-mode oscillation by non-spherical 
accretion

Transfer accretion power by acoustic waves, which is more 
efficient (?) than neutrino heating

Shock revival by acoustic power 

Acoustic mechanisms
(Burrows+ 06,07)

νheating

acoustic 
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Summary of explosion mechanisms

Neutrino-heating mechanism
“standard” scenario

only one group (@　　) obtain explosion

Acoustic mechanism
Impedance mismatch between g-mode and SASI

takes longs time (~ 1sec) to be induced

only one group (@　　) obtain explosion
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Current status of SN simulations
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Dimension

Neutrino

1D 
(Spherically Symmetric)

2D
(axisymmetric)

Adiabatic Cooling only/
Heating “by hand” Transfer

Yamada & Sato, 94 Buras+,  06

Kotake+, 03

Thompson+, 03

Liebendörfer+, 01

Sumiyoshi+, 05

Rampp & Janka, 00

Burrows+,  06

Obergaulinger+, 05

3D

Ohnishi+, 06

Blondin & Mezzacappa, 03

Iwakami+, 08Blondin+, 07

Mikami+, 08

Suwa+, 10

Scheidegger+, 08

Region able to discuss
successful explosion or not

No explosion

Explosion!

Scheck+, 06

Not completed, of course...

Murphy & Burrows, 08

Nordhaus+, 10

Burrows+, 96

Janka & Müller, 95

Sekiguchi, 10
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Numerical simulation
2D hydrodynamics (ZEUS-2D) (Stone & Norman 92)

Neutrino radiative transfer

Isotropic Diffusion Source Approximation (Liebendörfer+ 09)

electron-type neutrino and anti-neutrino (only charged 
current interactions are included)

EOS: Lattimer & Swesty (K=180MeV)

Progenitor: 13 M⦿ (Nomoto+ 88)
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Simulation Result
log10ρ entropy

Spherically symmetric case

No explosion is obtained, consistent with previous works.
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Simulation Result

The shock wave is largely deformed by SASI and convection in 2D case!

log10ρ entropy

Axisymmetric case

16
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The efficiency of neutrino heating is much better in 2D than 1D!
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Explosion energy

18
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Not enough to explain the observational explosion energy(~1051 erg)...
Collective oscillation of neutrinos might amplify >1051 erg (Suwa+ 11 in prep)
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EOS
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from H.-Th. Janka’s presentation

Softer EOS is better for successful explosion. 
How about more reliable EOSs?
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Summary
We have performed spherically symmetric and 
axisymmetric simulation including neutrino radiative 
transfer

The SASI and convection make the advection timescale 
longer and aid the neutrino-heating enough for 
successful explosion in the case of 13 M⦿.

The influence of different progenitor mass and EOS will 
be investigated soon.

Thank you for attention!
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