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Overview:
• Brief introduction to supernovae

• Observations to study

• Considerations for modelling radiation transport for supernovae
• Suitability of MCRT techniques

• Light curve calculations (Lecture 1)
• Simple 1D example

• Spectrum calculations (Lecture 2; Wed afternoon)
• Macro Atom methods for radiative equilibrium



Variety of bright astronomical transients 
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• Thermonuclear runaway (accretion, mergers, collisions)
• Tidal disruption events
• Neutron star mergers
• …

Radiation could be powered in many ways:
• Heat deposited in explosion 
• Radioactivity (decay of products of explosive nucleosynthesis)
• Central engine (accreting compact object? magnetar?)
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Type Ia supernovae
(Li et al. 2011)
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Figure 9. The observed fractions of the subclasses of SNe in a volume-limited sample, illustrated as pie charts. The fractions of SNe Ic
and IIb are upper limits, while that of SN 1991T-like objects is a lower limit. Also, the subclass of SNe Ibc-pec consists of broad-lined
SNe Ic, peculiar objects, and the “Ca-rich” objects (see text for more details).



Observing Supernovae

SN1994D in NGC 4526
NASA/HST



Supernova (Type Ia) lightcurves

Figure 3: BVRCIC light- and color-curve of SN 2011fe from our data in Table 1. Different colors and symbols identify the telescopes used to
monitor the supernova. The curves are spline fits to the data drawn to guide the eye.

a luminous red giant as a companion star to the progeni-
tor of SN 2011fe, a conclusion supported by sensitive
X-ray and radio non detection during early evolution
(Horesh et al. 2012, Chomiuk et al. 2012). Analysis of
early-time optical spectra was reported by Parrent et al.
(2012), ultraviolet data from Swift satellite by Brown et
al. (2012), and polarization of optical light by Smith et
al. (2012). Being the first close type Ia supernova de-

tected in the CCD era, SN 2011fe will undoubtedly be-
come the best observed thermonuclear supernova, well
into its nebular stage, and a stringent test for theoretical
models.
We began our photometric monitoring of SN 2011fe

on 2011 August 25.891, less than a day after the an-
nouncement of discovery was posted by Nugent et al.
(2011a). We have obtained 236 independent BVRCIC
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SN2011fe
Munari et al. (2012)



Supernova (Type Ia) spectrum

3. Intrinsic variability. The model should contain at least one parameter that
can plausibly account for the observed sequence of explosion strength.

4. Correlation with progenitor system. The explosion strength parameter
must be connected with the state of the progenitor.

Figure 1: Spectrum of SN1992A [20]
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Supernova modelling
Considerations:

• Time-dependence

• Large velocities

• Homologous flow (i.e. not 
coupled dynamics)

Monte Carlo RT:

Ø Easy to track time on trajectories

Ø Mixed frame approach makes 
easy; line blending

Ø Pure radiation (radiative 
equilibrium)
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normally established within seconds to hours
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r = v t

ρ = ρ0 (t / t0 )
−3



Supernova modelling
Considerations:

• Time-dependence

• Large velocities

• Homologous flow (i.e. not 
coupled dynamics)

• Multi-dimensional

Monte Carlo RT:

Ø Easy to track time on trajectories

Ø Mixed frame approach makes 
easy; line blending

Ø Pure radiation (radiative 
equilibrium)

Ø 3D grid easy



Multi-dimensional
departures from sphericity large in some models

Flash Centre simulation (early phase)

Deflagrations in hybrid CONe WDs 3047

Figure 1. Hydrodynamical evolution of our model at 0.85, 2.5 and 10 s after explosion (from left to right). We show a volume rendering of the mean atomic
number where yellow corresponds to unburnt material, and cyan and dark blue to ejecta rich in intermediate-mass or IGEs, respectively.

acceleration by buoyancy- and shear-instability induced turbulent
fluid flows. Self-gravity is dealt with by a monopole gravity solver
and an equation of state appropriate for WD matter is used. To
follow the evolution of the explosion ejecta to the phase of homolo-
gous expansion, we use the expanding grid technique described by
Röpke (2005) and Röpke et al. (2006). For more information on the
hydrodynamics code and details concerning the burning treatment
see Fink et al. (2014).

In our progenitor WD as described in Section 2, we ignite a
deflagration near the centre using the same asymmetric five-kernel
ignition configuration as in the N5def model of Kromer et al. (2013)
and Fink et al. (2014). This model of the deflagration of a near-MCh

CO WD produces observables in good agreement with the Type Iax
SN 2005hk (Kromer et al. 2013). Here, we follow the flame propa-
gation in our hybrid CONe WD and the subsequent hydrodynamical
evolution of the ejecta up to the phase of homologous expansion
(see Fig. 1).

After the burning starts from the five ignition kernels, the flames
soon merge and a one-sided deflagration plume develops within the
C-rich core. In the ONe layer above 0.2 M⊙, it is assumed that the C
deflagration flame cannot propagate because of the small C fraction
(X(C) = 0.03). Thus, burning is switched off in the region initially
consisting of mainly ONe matter and further out. Burning ceases
at ∼1.5 s past explosion. The hot ashes rise to the surface and wrap
around the unburnt parts of the progenitor WD. Due to the small
nuclear energy released in the burning (Enuc = 1.0 × 1050 erg), only
0.014 M⊙ of material is ejected while a massive bound remnant
of 1.39 M⊙ is left behind (the mass of the bound remnant and
ejecta are determined as described by Kromer et al. 2013). We
stop the simulation at 100 s after ignition. At that time the ejecta
are in homologous expansion with an asymptotic kinetic energy of
Ekin = 1.8 × 1048 erg.

In a post-processing calculation with a 384-isotope nuclear net-
work (Travaglio et al. 2004), we determine the detailed chemical
composition of the ejecta. To this end, about 106 Lagrangian tracer
particles are passively advected in the hydrodynamic explosion sim-
ulation and thermodynamic trajectories are recorded for each tracer
particle. The tracers are placed in the WD with variable masses
according to the prescription by Seitenzahl et al. (2010). The initial
composition of the tracer particles is drawn from the abundance
profile of our progenitor WD.

Within the ejecta, we find 6.41 × 10−3 M⊙ of iron-group ele-
ments (IGEs), of which 3.40 × 10−3 M⊙ are 56Ni. The most abun-

Table 1. Asymptotic chemical yields in the
ejecta of our model.

M⊙ M⊙
Total 1.40 × 10−2 Cl 1.00 × 10−6

He 3.58 × 10−7 Ar 6.29 × 10−5

Li 3.90 × 10−13 K 6.98 × 10−7

Be 4.58 × 10−13 Ca 4.74 × 10−5

B 1.83 × 10−11 Sc 3.24 × 10−9

C 2.73 × 10−3 Ti 1.68 × 10−6

N 1.79 × 10−7 V 9.35 × 10−7

O 3.49 × 10−3 Cr 8.71 × 10−5

F 2.58 × 10−9 Mn 1.57 × 10−4

Ne 3.88 × 10−4 Co 9.05 × 10−6

Mg 7.60 × 10−5 Ni 8.76 × 10−4

Al 3.78 × 10−6 Cu 5.74 × 10−8

Si 8.02 × 10−4 Zn 6.15 × 10−8

P 1.95 × 10−6 Ga 1.20 × 10−9

S 3.56 × 10−4 Ge 1.63 × 10−9

dant other species are O (3.49 × 10−3 M⊙), C (2.73 × 10−3 M⊙),
Si (8.02 × 10−4 M⊙) and S (3.56 × 10−4 M⊙). The detailed
composition of the ejecta is given in Tables 1 and 2.

Using an SPH-like algorithm (Kromer et al. 2010), we map the
final composition of the unbound tracer particles to a 2003 Cartesian
grid to determine the abundance structure of the ejecta (see Fig. 2).
Our model shows significant deviations from spherical symmetry
which is a consequence of the turbulent burning and the one-sided
propagation of the thermonuclear flame within the progenitor WD.

For the bound remnant, which is not resolved in the hydrodynam-
ics calculations, our nucleosynthesis post-processing is not reliable,
since the tracers do not record accurate thermodynamic trajectories.
Thus, we can only give approximate yields from the simplified de-
scription of nuclear reactions implemented in our hydro scheme.
From this we find 1.33 M⊙ unburnt material, 3.3 × 10−3 M⊙
intermediate-mass elements and 5.3 × 10−2 M⊙ IGEs, of which
2.0 × 10−2 M⊙ are 56Ni.

4 C OMPARISON W ITH O BSERVATIONS

Using our 3D Monte Carlo radiative transfer code ARTIS (Kromer
& Sim 2009; Sim 2007), we calculate synthetic observables for
the ejecta. To this end, we re-map the abundance and density

MNRAS 450, 3045–3053 (2015)
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Supernova modelling
Considerations:

• Time-dependence

• Large velocities

• Homologous flow (i.e. not 
coupled dynamics)

• Multi-dimensional

• NLTE

• Metal-rich

Monte Carlo RT:

Ø Easy to track time on trajectories

Ø Mixed frame approach makes 
easy; line blending

Ø Pure radiation (radiative 
equilibrium)

Ø 3D grid easy

Ø Most serious challenge 
(estimators for rates)



Light curve modelling
Lucy (2005), SEDONA/ARTIS codes

Procedure:

• Define homologous model, including energy source (e.g. based on hydro 
simulation), grid zones and time steps
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Light curve modelling

Simple example; suppose:

• Spherical, uniform density ejecta with constant opacity coefficient

• Energy source from (single isotope) radioactive decay (inner half of ejecta)

• Compute light curve for 2 – 100 days after explosion

dN(t)

dt
= �N0

t0
exp (�t/t0)

t = �t0 ln z

vout

vsource =
1

2
vout

1

dN(t)

dt
= �N0

t0
exp (�t/t0)

t = �t0 ln z

vout

vsource =
1

2
vout

1



Light curve modelling
Lucy (2005), SEDONA/ARTIS codes

Procedure:

• Define homologous model, including energy source (e.g. based on hydro 
simulation), grid zones and time steps

• Inject energy packets to make a ensemble that represents the injection process.

• Use radiative equilibrium MC algorithm to simulate the propagation of an 
ensemble of energy packets (“photon bundles”)
• Indivisible energy packet algorithm (e.g. Abbott & Lucy 1985 …Lucy 2005) 



Light curve modelling

Injecting packets - use random numbers to select 

• time of injection

• Location of injection

• Initial direction



Light curve modelling

Time of injection:

• E.g. for radioactive decays

• Which is easy to sample a time using a random number 

• Convenient to restrict decay times to duration of simulation

dN(t)

dt
= �N0

t0
exp (�t/t0)

t = �t0 ln z

1

dN(t)

dt
= �N0

t0
exp (�t/t0)

t = �t0 ln z

1



Light curve modelling

Location of injection:

• For homologous expansion the outer boundary is located at:

• Similarly,  

• So select random starting radius for packet inside source region by sampling 
volume at the time of injection:

dN(t)

dt
= �N0

t0
exp (�t/t0)

t = �t0 ln z

vout

vsource =
1

2
vout

Rsource = vsourcet
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Light curve modelling

Direction of injection:

• For our simple problem, sufficient to specify direction cosine:

• Assuming that emission is isotropic in fluid frame, can randomly select  

• Then in observer frame, angle aberration gives
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Light curve modelling
Lucy (2005), SEDONA/ARTIS codes

Procedure:

• Define homologous model, including energy source (e.g. based on hydro 
simulation), grid zones and time steps

• Inject energy packets to make a ensemble that represents the injection process.

• Use radiative equilibrium MC algorithm to simulate the propagation of an 
ensemble of energy packets (“photon bundles”)
• Indivisible energy packet algorithm (e.g. Abbott & Lucy 1985 …Lucy 2005) 



Light curve modelling

Propagation:

• Once a packet in injected into the simulation box its subsequent propagation can 
be followed using a standard MCRT “random walk” algorithm:

1. Compute three time intervals:
• To reach grid zone boundary
• To reach end of current time step
• To reach (randomly selected) interaction point

2. Select shortest of these three distances and accordingly:
• Move into next grid zone
• Move on to next time step [or store and come back]
• Simulate the interaction

3. Rinse and repeat…until packet leaves simulation (or reach final time step)



Light curve modelling

Time intervals for our simple example:

• To reach (the only!) grid zone boundary, starting from 

n

vout

✓

2

n

vout

✓

µ↵ = �1 + 2z

µobs =
µ↵ + �

1 + µ↵�

� =
v

c
=

r

ct

r0 , t0

vout(

2

n

vout

✓

µ↵ = �1 + 2z

µobs =
µ↵ + �

1 + µ↵�

� =
v

c
=

r

ct

r0 , t0

vout(

2

n

v o
u
t

✓

µ ↵
=
�
1
+
2z

µ o
b
s
=

µ ↵
+
�

1
+
µ ↵

�

�
=

v c
=

r
ct

r 0
,
t 0

v o
u
t
(t
0
+
�
t b
)

2

c�
t
b

3

…solve for the time interval needed to 
reach boundary, 
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Light curve modelling

Time intervals for our simple example:

• To reach end of time step is even simpler:

c�tb

v2out(t0 +�tb)
2 = r20 + c2�t2b + 2r0cµ�tb

�tt = Tnext � t0
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Light curve modelling

Time intervals until interaction:

• Use random number to draw optical depth to interaction point:

• Convert this to a photon travel time to interaction point:

c�tb
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�tt = Tnext � t0

⌧ = � ln z
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Light curve modelling

Time intervals until interaction:
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In observer frame
(Doppler factor)



Light curve modelling

Decision:

• Knowing:

…select the shortest:

c�tb

v2out(t0 +�tb)
2 = r20 + c2�t2b + 2r0cµ�tb

�tt = Tnext � t0

⌧ = � ln z

�ti =
⌧

c

�tb , �tt , �ti

3

c�tb

v2out(t0 +�tb)
2 = r20 + c2�t2b + 2r0cµ�tb

�tt = Tnext � t0

⌧ = � ln z

�ti =
⌧

c

�tb , �tt , �ti

3

Move packet to boundary and cross into new 
zone (or flag it as having escaped)
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Move packet to position for end of time step 
and then proceed to next time step: fluid 
properties (e.g. density                  ) will change; 
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Light curve modelling

Complex part, where codes differ in detail, but same general idea:

Radiative equilibrium             “effective” scattering (Lucy 1999, 2005);
conserve radiative energy in fluid frame

E.g. for grey opacity with isotropic emission, just need Lorentz 
transformations of packet energy:

So that in interaction:

Move packet to interaction point and undergo 
fluid interaction
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Aberration of angles

Complex part, where codes differ in detail, but same general idea:

Radiative equilibrium             “effective” scattering (Lucy 1999, 2005);
conserve radiative energy in fluid frame

E.g. for grey opacity with isotropic emission, just need Lorentz 
transformations of packet energy:

So that in interaction:

Move packet to interaction point and undergo 
fluid interaction
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Isotropic
(in fluid frame)



Light curve modelling

Note: correct application of frame transformations is needed for:
• Advection in optically-thick regime
• Work done on ejecta by radiation
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Light curve modelling

Note: correct application of frame transformations is needed for:
• Advection in optically-thick regime
• Work done on ejecta by radiation
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Light curve modelling

Propagation:

• Once a packet in injected into the simulation box its subsequent propagation 
can be followed using a standard MCRT “random walk” algorithm:

1. Compute three time intervals:
• To reach grid zone boundary
• To reach end of current time step
• To reach (randomly selected) interaction point

2. Select shortest of these three distances and accordingly:
• Move into next grid zone
• Move on to next time step [or store and come back]
• Simulate the interaction

3. Rinse and repeat…until packet leaves simulation (or reach final time step)
• Record properties of escaping packets: bin to make light curve
• Can also use more sophisticated estimators to make light curve…



Light curve modelling

Example toy code: result of code



Light curve modelling

Example toy code: result of code



Light curve modelling
Simplifications made today:

• (Minor) Energy source: can be easily generalized for other internal 
energy sources

• (Minor) Uniform density / spherical: just need to identify 
boundaries

• (Minor) Need to consider radiation energy already present at start 
of simulation (initial conditions)

• (Major) Realistic calculations need non-grey opacities: commonly 
will involve use of Sobolev line-opacities and continuum; ideally 
non-LTE

• (Major) Need detailed interaction microphysics: frequency 
redistribution, thermalisation etc.


