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white dwarf helium star red giant

1.4 Msun ~5 Msun 10-20 Msun

109 cm 1011 cm 1013 cm

1051 ergs 1051 ergs 1051 ergs

type Ia type Ib/Ic type II

how to explode a supernova
simple description

take a 

dump in

with a mass

and a radius

get a

 hydro, burning, neutrinos, etc...

~1051 ergs
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energetics

radiation energy dominates over gas thermal energy density 
e.g., explode the sun, with E = 1051 ergs

but the radiation can’t escape because a star is opaque.
The ejecta expands by a factor of 102-106 in radius before
the density drops enough to become translucent

immediately after the explosion (e.g., strong shock)
total energy is split between kinetic energy and radiation



initial radiation from supernova explosions
shock breakout x-ray burst from a red super-giant
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right after the explosion shock, the sound speed cs is of order the 
expansion velocity, but cs drops with adiabatic cooling

after significant expansion from the initial radius we have

pressure waves can’t communicate forces faster than the ejecta
expands, so hydrodynamics freezes out and fluid moves ballistically

transition to free expansion

negligible



homologous expansion
self-similar ejecta structure expands over time 

  Si/O

Si/Mg

H

56Ni

He

rule of thumb:
to reach homology
run your hydrodynamics 
simulations until
Rfinal >~ 10 R0 
better: Rfinal ~ 100 R0

check, Ethermal << Ekinetic
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duration of the light curve
the diffusion time of photons through the optically thick remnant

but since the remnant is expanding, R = vt

e.g., arnett (1979)

solving for time (i.e., diffusion time ~ elapsed time)

since
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diffusion in an expanding medium

or substituting:

gives the scaling relation for light curve duration

mass often tends to be the dominating factor

arnett 1979, 1980, 1982
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thomson 
scattering

interaction with free electrons optical

atomic lines scattering/absorption from   
doppler broadened lines UV/optical

bound-free photo-ionization of atoms UV

free-free bremsstrahlung
(free electron + nucleus) infrared

sources of supernova opacity

all of these depend sensitively on the 
composition and ionization state of the ejecta!

see karp (1977) pinto and eastman (2000)
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how to power a 
supernova light curve

• thermal energy released in the explosion        
shock, nuclear burning

• radioactive decay of freshly synthesized 
isotopes: 56Ni (52Fe, 48Cr, 44Ti, R-process)

• interaction of the ejecta with a dense 
surrounding medium

• energy injection from a rotating, highly 
magnetized neutron star (magnetar)
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low radiative efficiency if initial radius is small!
for a bright thermally powered supernova, must have R0 >> Rsun

luminosity of thermal light curve
energy deposited by the explosion

simple estimate of supernova luminosity

the radiation energy drops in the expanding gas

and takes a
diffusion time
to escape
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Type IIP core collapse supernovae
explosion of red supergiant stars

DK & woosley, 2009

1-D models (vary explosion energy)

E = B



recombination wave in Type IIP supernova
opacity from electron scattering drops as ejecta cool and become neutral

recombination 
at T ~ 6000 K
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light curve scalings with recombination
gives a Type II plateau light curve

where the recombination temperature Ti =~ 6000 K.

2 Kasen & Woosley

servables – luminosity, Lsn, light curve duration, tsn, and
expansion velocity, vsn– depend on the basic supernova
parameters – the explosion energy, E, ejecta mass, Mej

and presupernova radius, R0. Although the analytic light
curves themselves are only approximate, the scaling re-
lations can be quite accurate (Arnett 1980; Chugai 1991;
Popov 1993). As a guide to the model results below,
we rederive here some basic results using simple physical
arguments.

Although the mechanism of core-collapse supernova ex-
plosions is complicated, the end result is the deposition
of order E ! 1051 ergs = 1 B near the center of the star,
and subsequently, the propagation of a blast wave that
heats and ejects the stellar envelope. At the time the
shock reaches the surface (hours to days), the explosion
energy is roughly equally divided between internal and
kinetic energy. In the hydrogen envelope, radiation en-
ergy dominates the thermal energy of ions and electrons
by several orders of magnitude.

In the subsequent expansion, the internal energy is
mostly converted into kinetic. The ejecta is optically
thick to electron scattering, and the adiabatic condition
gives Eint(t) = E0(R(t)/R0)!1, where E0 " E/2 is the
initial internal energy, and R, the radius. After many
doubling times, the ejecta reaches a phase of free homol-
ogous expansion, where the velocity of a fluid element is
proportional to radius R = vt. The final velocity of the
ejecta is of order

vsn " (2E/Mej)1/2 = 3 # 108 M10E51 cm s!1, (1)

where M10 = Mej/10 M", E51 = E/1051 ergs. For
homologous expansion, the internal energy evolves as
Eint(t) = E0(t/te)!1 where te = R0/vsn is the expansion
time. Dimensionally, the luminosity of the light curve
will then be

Lsn =
Eint(tsn)

tsn
=

E0te
t2sn

, (2)

where tsn is the appropriate timescale for the duration
of the light curve. We determine Lsn and tsn below for
three di!erent scenarios.

First, if the opacity, !, in the supernova envelope were
a constant, the time scale of the light curve would be
set by the e!ective di!usion time. Given the mean free
path "p = (!#)!1 and the optical depth of the ejecta
$ = R/"p, the di!usion time is

tsn = $2 "p

c
=

R2!#

c
. (3)

Over time, the supernova radius increases and the den-
sity decreases due to the outward expansion. Using
the characteristic values R(tsn) = vsntsn and #(tsn) !
Mej/R(tsn)3 in Eq. 3, one can solve for tsn.

tsn $ E!1/4M3/4
ej !1/2

Lsn $ E M!1
ej R0 !!1,

(4)

where the scaling for Lsn was determined by using tsn in
Eq. 2. These are the scalings of Arnett (1980)

The results Eq. 4, though commonly applied, are not
quite adequate for SNe IIP because the assumption of
constant opacity neglects the important e!ects of ioniza-
tion (Grassberg et al. 1971). Once the outer layers of

ejecta cool below TI " 6000 K, hydrogen recombines and
the electron scattering opacity drops by several orders of
magnitude. A sharp ionization front develops – ionized
material inside the front is opaque, while neutral ma-
terial above the front is transparent. The photon mean
free path in the ionized matter ("mfp ! 1010 cm) is much
smaller than the ejecta radius (R = vst " 1015 cm), so
the supernova photosphere can be considered nearly co-
incident with the ionization front.

As radiation escapes and cools the photosphere, the
ionization front recedes inward in Lagrangian coordi-
nates, in what is called a recombination wave. The pro-
gressive elimination of electron scattering opacity allows
for a more rapid release of the internal energy. Once the
ionization front reaches the base of the hydrogen enve-
lope, and the internal energy has been largely depleted,
the light curve drops o! sharply, ending the “plateau”.
Any subsequent luminosity must be powered by the de-
cay of radioactive elements synthesized in the explosion
(the light curve “tail”).

To account for hydrogen recombination while ignoring,
for the moment, radiative di!usion (as in Woosley 1988;
Chugai 1991), we use the fact that the photosphere is
fixed near the ionization temperature TI and radiates a
luminosity Lp given by

Lp = 4%R2&T 4
I (5)

The light curve timescale tsn is then given by how long
it takes the photosphere to radiate away all of the (adi-
abatically degraded) internal energy – in other words,
Lptsn = E0(te/tsn). This, (along with R = vstsn) gives

tsn $ E!1/8M3/8
ej R1/4

0 T!1
I ,

Lsn $ E3/4M!1/4
ej R1/2

0 T 2
I .

(6)

Unlike Eqs. 4, these scalings show no dependence on !.
E!ectively, the assumption is that the ejecta is infinitely
opaque below the recombination front, and fully trans-
parent above. We will see in the numerical models that
this assumption is not totally correct, and hence di!usion
below the photosphere is important.

Finally, to derive scalings which include both the ef-
fects of radiative di!usion and recombination (as in
Popov 1993), we return to the di!usion time equation
of Eq. 3, but now realize that the radius of the opaque
debris changes over time, not only due to the outward
expansion but also from the inward propagation of the
recombination front. This photospheric radius is deter-
mined from Eq. 5

R2
i =

Lp

4%&T 4
i

=
E0te

t2sn4%, &T 4
i

(7)

where in the last equality we used Eq. 2 to rewrite
Lp = Lsn. Plugging this expression for the radius into
the numerator of Eq. 3 gives

tsn $ E!1/6M1/2
ej R1/6

0 !1/6T!2/3
I

Lsn $ E5/6M!1/2
ej R2/3

0 !!1/3T 4/3
I .

(8)

These scalings are identical to those found by Popov
(1993) in a more involved analysis.

So far, the light curves described have only accounted
for shock deposited energy. Radioactive 56Ni synthesized

see Popov (1993), DK & Woosley (2009)

Using previous results for diffusion time:

the photosphere forms at the recombination front
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radioactively powered light curves
most important chain:  56Ni  56Co  56Fe



radioactive 56Ni decay

dominant lines from the 56Ni and 56Co decays. Note that these
values refer to the number of photons emitted per 100 decays
of the respective isotope (i.e., this includes the effects of the
19% positron production branching ratio). Clearly, the domi-
nant branches, both for studies of gamma-ray line emission
and for studies of the energy deposition, are the 158, 812, 847,
and 1238 keV lines. The exact values for branching ratios and
lifetimes of these radioactive decays are subject to updates and
revisions, as one might expect. As a result, the suite of values
used in a gamma-ray transport code are chosen from a range of
possibilities available in the refereed literature.

For the most part, the values adopted from different refer-
ences have no noticeable affect on the calculated spectra. The
only significant variations in adopted branching ratios from
earlier works to the current simulations were with the Höflich
code. In previous works, the Höflich code adopted 0.74 for the
812 keV line of 56Ni decay rather than the 0.86 employed by
the other groups. Furthermore, in previous simulations with the

Höflich code, it was assumed that the positron production
branch left the 56Fe daughter nucleus always in its ground state
(Müller et al. 1991). This led to branching ratios for the
gamma-ray lines from excited 56Fe being reduced from the pub-
lished values by the 19% positron production branching ratio.

2.2.2. Positron Decay

Absent from Table 2 are the 511 keV line and the positro-
nium continuum, which result from the positron production
branch of the 56Co decay. These positrons are created with
!600 keV of kinetic energy that must be transferred to the
ejecta before the positron can annihilate with electrons in the
ejecta. It is usually assumed that during the epoch of interest
for gamma-ray line studies ("150 days), positrons thermalize
quickly and thus have negligible lifetimes, annihilating in situ.
Detailed positron transport simulations (Milne et al. 1999) have
shown that this is not a wholly correct assumption at 150 days;
however, only a small error is introduced by making this as-
sumption. Although it is reasonable to assume that the posi-
trons annihilate promptly, in situ, the nature of the resulting
emission is not clear. Depending on the composition and ion-
ization state of the annihilation medium, the positron can an-
nihilate directly with an electron (and produce two 511 keV
line photons in the rest frame of the annihilation), or it can
form positronium first. If positronium is formed (and the den-
sities are low enough to not disrupt the positronium atom),
25% of the annihilations occur from the singlet state. Singlet
annihilation gives rise to two 511 keV line photons, as with
direct annihilation. However, 75% of annihilations occur from
the triplet state, which gives rise to three photons. As the three
photons share the 1022 keV of annihilation energy, a contin-
uum is produced. This continuum increases in intensity up to
511 keV and abruptly falls to zero.
The resulting spectrum can thus be characterized by the

positronium fraction, f (Ps), a numerical representation of the
fraction of annihilations that form positronium (e.g., Brown &
Leventhal 1987):

f (Ps) # 2:0

1:5$ 2:25 A511=Aposit

! " ; %1&

where A511 and Aposit are the observed 511 keV line and posi-
tronium three-photon continuum intensities, respectively. Posi-
tronium fractions range between 0 and 1, with most researchers
assuming that SN annihilations have a similar positronium
fraction as the Galaxy.6 Utilizing wide field of view TGRS
observations of Galactic annihilation radiation, Harris et al.
(1998) estimated the positronium fraction to be 0:94 ' 0:04.

Fig. 3.—Nickel and cobalt decay rates. The top panel shows the fraction
change in the decay rates for 56Ni and 56Co assuming mean lifetimes of 8.8 and
113.7 days rather than 8.5 and 111.5 days (dashed lines). The simplified 56Co
decay rate used in HWK98 compared with the lifetimes of 8.5 and 111.5 days is
also shown (triple-dot–dashed line). The middle panel shows the fractional
change in the decay rates produced by considering the relativistic effects of the
ejecta’s expansion velocity on the decay rates. The bottom panel shows the
effect of the boosting/retarding of the decay rate to synchronize all photons to
arrive simultaneously with photons from the center of the SN ejecta. The ejecta
velocity is assumed to be 10,000 km s(1 in the lower two panels, a relatively
large value for 56Ni-rich ejecta. Bear in mind that until the ejecta becomes thin
to gamma rays, the emission from the decays near the surface on the near edge
will dominate the integrated emission.

TABLE 3

Historical Sources of Decay Half-Lives

Source of Half-Lives References

!(56Ni)
(days)

!(56Co)
(days)

Nuclear Data Sheets...................... 1 6.075 77.233

Table of Isotopes (8th).................. 2 5.9 77.27

Table of Radioactive Isotopes ...... 3 6.10 77.7

Table of Isotopes (7th).................. 4 6.10 78.8

Table of Isotopes (6th).................. 5 6.1 77

References.—(1) Junde 1999; (2) Firestone 1996, p. 249; (3) Browne &
Firestone 1986, p. 56-2; (4) Lederer & Shirley et al. 1978, p. 160; (5) Lederer
et al. 1967, p. 189.

6 Note that the positronium fraction function cannot accept continuum fluxes
of exactly zero. If Aposit # 0:0, then f (Ps) # 0:0, independent of the equation.

TABLE 2

Important Gamma-Ray Line for 56Ni and 56Co Decays

56Ni Decay 56Co Decay

Energy

(keV)

Intensity

(photons/100 decays)

Energy

(keV)

Intensity

(photons/100 decays)

158............ 98.8 847 100

270............ 36.5 1038 14

480............ 36.5 1238 67

750............ 49.5 1772 15.5

812............ 86.0 2599 16.7

1562.......... 14.0 3240a 12.5

Notes.—Lines studied in this work are listed in bold font. All ratios are
from the 8th Table of Isotopes.

a This line is the sum of a three-line complex.

MILNE ET AL.1106 Vol. 613

milne et al. (2004)

100% electron capture

81% electron capture
19% positron production

8.8 days

113 days
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gamma-ray deposition by compton scattering

change in photon energy from inelastic scattering

so an MeV (~2 mec2) gamma-ray loses most of its energy after
just a few compton scatterings (then it gets photo-absorbed)

change in photon wavelength angle between incoming
and outgoing photon 
directions

since gamma-ray energies (MeV) are much greater than
ionization potentials, all electrons (free + bound) contribute 



optical (thermalized gamma-rays)
escaping gamma-ray

type Ia supernova light curves 



type Ia gamma-ray spectrum

40 days after
explosion



radioactively powered light curves
most important chain:  56Ni  56Co  56Fe



radioactive supernovae
light curve estimates



radioactive supernovae
light curve estimates

light curve duration given by standard diffusion time



radioactive supernovae
light curve estimates

light curve duration given by standard diffusion time

luminosity estimate from radioactive energy deposition
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pulsations and interaction

eta carinae
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   first ejection
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interacting supernovae
simple estimate of peak luminosity

peak luminosity for shocked debris at shell radius

to reach the highest luminosities, shell must be at radius

time between pulses of ejection



pulsational pair SNe
110 Msun star from
woosley et al., 2007

first pulse
M ~ 25 Msun

E ~ 1050 ergs

second pulse
M ~ 5 Msun

     E ~ 6x1050 ergs
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crab pulsar wind nebula
from gaenslar and slane (2006)power from neutron star spindown 

crab nebula
B ~ 5x1012 g



neutron star spindown
~10% of neutron stars are born as magnetars, 

with B ~ 1014 - 1015 g

rotational energy

spindown timescale



     light curves from magnetars

        

roughly

better (for l = 2)

kasen&bildsten 
(2010)

high radiative efficiency when 
B,P give tm ~ td



bolometric magnetar models
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MNi = Mej

MNi = 0.1 Mej

magnetar theoretical maximum ~ 2x1045 ergs/s

P =1 ms

P =5 ms

2006gy

2007bi

2005ap

2008es

ptf09cnd

scp06f6

MNi = Mej

MNi = 0.1 Mej



Monte Carlo and Numerical
Radiation Transport



solve radiation 
transport equation
for optical photons

calculate matter     
opacity/emissivity

update matter state 
(temperature, density, 

ionization from 
thermodynamics)

determine radioactive
energy deposition
(gamma-ray transport)

light curve computation

advance
 time step

(x,y,z), v(x,y,z), T(x,y,z), Ai(x,y,z)
from hydro explosion



radiation specific intensity

a 6 dimensional integro-differential equation
coupled through microphysics to matter energy equation

radiation transfer equation

matter emissivity

matter extinction coefficient 

absorption emission scattering

  where:



grey flux limited diffusion
  ignore ,,  dependence, solve diffusion equation
  for “seeping” radiation fluid

multi-group flux limited diffusion (MGFLD)
  ignore ,, keep  dependence, solve diffusion equation      

ray tracing
  follow individual trajectories; ignore scattering and diffusive terms

implicit monte carlo transport
  mixed-frame stochastic particle propagation; retains  
  the full angle, wavelength, & polarization information

variable Eddington tensor
   solve moments of the radiation transport equation with closure relation
Sn methods, etc....
....

transport methods in astrophysics
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2-D shadow problem
diffusion approximation (DD monte carlo)



special relativistic transport
in 1-D radiating flows

e.g., mihalas&mihalas

comoving frame spherical special relativistic transport eq.



special relativistic transport
in 1-D radiating flows

e.g., mihalas&mihalas

comoving frame spherical special relativistic transport eq.



ulam

monte carlo transport



calculating pi at the bar

Signal to noise
goes like N-1/2

Need to throw
N = 10,000 darts
to get pi to two 
significant digits



Monte Carlo
Transport



Monte Carlo
Transport



monte carlo transport
each particle has a position vector (x,y,z)  
a direction vector (Dx, Dy, Dz), an energy, wavelength.
Evolution is sampled from appropriate probability distributions 



monte carlo transport

probability of traveling a distance x before scattering

where R is a random number sampled
uniformly between (0, 1]

each particle has a position vector (x,y,z)  
a direction vector (Dx, Dy, Dz), an energy, wavelength.
Evolution is sampled from appropriate probability distributions 



monte carlo transport

probability of traveling a distance x before scattering

where R is a random number sampled
uniformly between (0, 1]

solve for x (distance traveled before scattering)

each particle has a position vector (x,y,z)  
a direction vector (Dx, Dy, Dz), an energy, wavelength.
Evolution is sampled from appropriate probability distributions 
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e = 1 mec2

e =
 0.1 mec

2

e = 10 mec2

R1 = 80

R2 =0.63

R1 = 25

R2 = 0.42

rejection method for 
compton scattering



special relativistic transport
in 1-D radiating flows

e.g., mihalas&mihalas

comoving frame spherical special relativistic transport eq.



special relativistic transport
in 1-D radiating flows

e.g., mihalas&mihalas

comoving frame spherical special relativistic transport eq.



automatically accounts for all aberration, advection, 
doppler shifts, and adiabatic loses to all orders of v/c

mixed frame monte carlo transport
  opacities/emissivities calculated in the comoving frame
   monte carlo particles propagated in the observer frame
   lorentz transformation photon four vector at scattering events 

lorentz 
transformations

general relativistic effects (geodesic tracking) can also be included
  e.g., Dolence et al., (2009), Dexter et al., (2009)



implicit monte carlo methods
 fleck and cummings 1971

implicit methods: particle absorption/re-emission (i.e., 
creation/destruction) is replaced by “effective scattering”

momentum four-force 
vector (i.e., radiative   
heating/cooling,
radiative acceleration)

timescale for matter/radiation coupling



population control and load balancing
 

black hole 
radiation source

black hole accretion disk
(Nathan Roth, UCB)

For highly asymmetric
3D radiative flows, some
zones may be under 
(over)-sampled
by monte carlo particles

strategies
pressure tensor methods
russian roulette 
particle splitting/killing
directionally biased emission
replicate heavily loaded zones



population control and load balancing
 

black hole 
radiation source

black hole accretion disk
(Nathan Roth, UCB)

For highly asymmetric
3D radiative flows, some
zones may be under 
(over)-sampled
by monte carlo particles

strategies
pressure tensor methods
russian roulette 
particle splitting/killing
directionally biased emission
replicate heavily loaded zones



discrete diffusion monte carlo
gentile 2001, densmore et al 2007

For regions of high opacity, monte carlo is very inefficient. 
Instead, sample from the diffusion approximation: 

jump probabilities



monte carlo parallelization strategies
using hybrid MPI/open MP, run on 10,000-100,000 cores 
using Cray XE6 (Hopper @ NERSC), 
Cray XT5 (Jaguar @ ORNL) Blue Gene/P (Intrepid @ ALCF)

full replication
each core holds entire model and propagates particles independently;          
MPI all reduce of radiation/matter coupling terms after each time step.
Memory limited (2D, low resolution 3D).

domain decomposed
spatial grid partitioned over cores
particles leaving local domain communicated via MPI to neighbors

hybrid
use openMP threading to do additional particles on shared memory node,                 
can fully replicate certain domains on additional nodes to extend scaling
and manage load balancing.



weak scaling: 2D transport calculation 
full replication -- embarrassingly paralell



domain decomposed
monte carlo transport
hybrid MPI/open MP
BoxLib AMR framework

on Hopper XE6 (NERSC)
2 twelve-core AMD “Mangy-Cours”  
(4 NUMA “nodes” of 6 cores)
2.1 GHz processors per node

@ 49,152 cores (2048 nodes)
  total particles        = 1.8 x 1011

   total cells              = 4.5 x 107

  wavelength points  = 10,000
  total memory        = 65 TBweak scaling

3-D unigrid, constant density 




