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Overview:	  
•  Brief	  introducDon	  to	  supernovae	  

•  ObservaDons	  to	  study	  

•  ConsideraDons	  for	  modelling	  radiaDon	  transport	  for	  supernovae	  
•  Suitability	  of	  MCRT	  techniques	  

•  Light	  curve	  calculaDons	  
•  Simple	  1D	  example	  

•  Spectrum	  calculaDon	  
•  TARDIS	  code	  
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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

5

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	  
Considera=ons:	  
	  
•  Time-‐dependence	  

•  Large	  velociDes	  

•  Homologous	  flow	  (i.e.	  not	  
dynamics)	  

	  

Monte	  Carlo	  RT:	  
	  
Ø  Easy	  to	  track	  Dme	  on	  trajectories	  

Ø  Mixed	  frame	  approach	  makes	  
easy;	  line	  blending	  

Ø  Pure	  radiaDon	  (radiaDve	  
equilibrium)	  



Homologous	  flow	  
normally	  established	  within	  seconds	  to	  hours	  

r = v t
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r = v t

ρ = ρ0 (t / t0 )
−3
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Ø  Easy	  to	  track	  Dme	  on	  trajectories	  

Ø  Mixed	  frame	  approach	  makes	  
easy;	  line	  blending	  

Ø  Pure	  radiaDon	  (radiaDve	  
equilibrium)	  
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Mul=-‐dimensional	  
departures	  from	  sphericity	  large	  in	  some	  models	  

Flash	  Centre	  simulaDon	  (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
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Supernova	  modelling	  
Considera=ons:	  
	  
•  Time-‐dependence	  

•  Large	  velociDes	  

•  Homologous	  flow	  (i.e.	  not	  
dynamics)	  

	  
•  MulD-‐dimensional	  

•  NLTE	  
	  
•  Metal-‐rich	  

	  

Monte	  Carlo	  RT:	  
	  
Ø  Easy	  to	  track	  Dme	  on	  trajectories	  

Ø  Mixed	  frame	  approach	  makes	  
easy;	  line	  blending	  

Ø  Pure	  radiaDon	  (radiaDve	  
equilibrium)	  

Ø  3D	  grid	  easy	  

Ø  Most	  serious	  challenge	  
(esDmators	  for	  rates)	  



Light	  curve	  modelling	  
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Procedure:	  
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Light	  curve	  modelling	  
	  

Simple	  example;	  suppose:	  
	  
•  Spherical,	  uniform	  density	  ejecta	  with	  constant	  opacity	  coefficient	  

•  Energy	  source	  from	  (single	  isotope)	  radioac=ve	  decay	  (inner	  half	  of	  ejecta)	  

•  Compute	  light	  curve	  for	  2	  –	  100	  days	  aYer	  explosion	  
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Light	  curve	  modelling	  
	  

Injec=ng	  packets	  -‐	  use	  random	  numbers	  to	  select	  	  
	  
•  Dme	  of	  injecDon	  

•  LocaDon	  of	  injecDon	  

•  IniDal	  direcDon	  



Light	  curve	  modelling	  
	  

Time	  of	  injec=on:	  
	  
•  E.g.	  for	  radioac=ve	  decays	  

•  Which	  is	  easy	  to	  sample	  a	  =me	  using	  a	  random	  number	  	  

•  Convenient	  to	  restrict	  decay	  =mes	  to	  dura=on	  of	  simula=on	  
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Light	  curve	  modelling	  
	  

Loca=on	  of	  injec=on:	  
	  
•  For	  homologous	  expansion	  the	  outer	  boundary	  is	  located	  at:	  

•  Similarly,	  	  	  

•  So	  select	  random	  star=ng	  radius	  for	  packet	  inside	  source	  region	  by	  sampling	  
volume	  at	  the	  =me	  of	  injec=on:	  
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Light	  curve	  modelling	  
	  

Direc=on	  of	  injec=on:	  
	  
•  For	  our	  simple	  problem,	  sufficient	  to	  specify	  direc=on	  cosine:	  

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

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

Propaga=on:	  
	  
•  Once	  a	  packet	  in	  injected	  into	  the	  simulaDon	  box	  its	  subsequent	  propagaDon	  can	  

be	  followed	  using	  a	  standard	  MCRT	  “random	  walk”	  algorithm:	  

1.   Compute	  three	  =me	  intervals:	  
•  To	  reach	  grid	  zone	  boundary	  
•  To	  reach	  end	  of	  current	  Dme	  step	  
•  To	  reach	  (randomly	  selected)	  interacDon	  point	  

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

3.   Rinse	  and	  repeat…un=l	  packet	  leaves	  simula=on	  (or	  reach	  final	  Dme	  step)	  



Light	  curve	  modelling	  
	  

Time	  intervals	  for	  our	  simple	  example:	  
	  

•  To	  reach	  (the	  only!)	  grid	  zone	  boundary,	  star=ng	  from	  	  
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…solve	  for	  the	  =me	  interval	  needed	  to	  
reach	  boundary,	  	  
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Light	  curve	  modelling	  
	  

Time	  intervals	  for	  our	  simple	  example:	  
	  

•  To	  reach	  end	  of	  =me	  step	  is	  even	  simpler:	  
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Light	  curve	  modelling	  
	  

Time	  intervals	  un=l	  interac=on:	  
	  

•  Use	  random	  number	  to	  draw	  op=cal	  depth	  to	  interac=on	  point:	  

•  Convert	  this	  to	  a	  photon	  travel	  =me	  to	  interac=on	  point:	  
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Light	  curve	  modelling	  
	  

Time	  intervals	  un=l	  interac=on:	  
	  

•  Use	  random	  number	  to	  draw	  op=cal	  depth	  to	  interac=on	  point:	  

•  Convert	  this	  to	  a	  photon	  travel	  =me	  to	  interac=on	  point:	  
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In	  observer	  frame	  
(Doppler	  factor)	  



Light	  curve	  modelling	  
	  

Decision:	  
	  

•  Knowing:	  

	  
…select	  the	  shortest:	  
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Move	  packet	  to	  boundary	  and	  cross	  into	  new	  
zone	  (or	  flag	  it	  as	  having	  escaped)	  
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Move	  packet	  to	  posiDon	  for	  end	  of	  Dme	  step	  
and	  then	  proceed	  to	  next	  Dme	  step:	  fluid	  
properDes	  (e.g.	  density	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  will	  change;	  	  
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Light	  curve	  modelling	  
	  

Complex	  part,	  where	  codes	  differ	  in	  detail,	  but	  same	  general	  idea:	  
	  
Radia=ve	  equilibrium	  	  	  	  	  	  	  	  	  	  	  	  	  “effec=ve”	  scafering	  (Lucy	  1999,	  2005);	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  conserve	  radia=ve	  energy	  in	  fluid	  frame	  
	  
	  
E.g.	  for	  grey	  opacity	  with	  isotropic	  emission,	  just	  need	  Lorentz	  
transforma=ons	  of	  packet	  energy:	  
	  
	  
	  
So	  that	  in	  interac=on:	  
	  
	  
	  
	  

Move	  packet	  to	  interacDon	  point	  and	  
undergo	  fluid	  interacDon	  
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Aberra=on	  of	  angles	  

Complex	  part,	  where	  codes	  differ	  in	  detail,	  but	  same	  general	  idea:	  
	  
Radia=ve	  equilibrium	  	  	  	  	  	  	  	  	  	  	  	  	  “effec=ve”	  scafering	  (Lucy	  1999,	  2005);	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  conserve	  radia=ve	  energy	  in	  fluid	  frame	  
	  
	  
E.g.	  for	  grey	  opacity	  with	  isotropic	  emission,	  just	  need	  Lorentz	  
transforma=ons	  of	  packet	  energy:	  
	  
	  
	  
So	  that	  in	  interac=on:	  
	  
	  
	  
	  

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



Light	  curve	  modelling	  
	  

Note:	  correct	  applica=on	  of	  frame	  transforma=ons	  is	  needed	  for:	  
•  Advec=on	  in	  op=cally-‐thick	  regime	  
•  Work	  done	  on	  ejecta	  by	  radia=on	  
	  
	  
	  



Light	  curve	  modelling	  
	  

Note:	  correct	  applica=on	  of	  frame	  transforma=ons	  is	  needed	  for:	  
•  Advec=on	  in	  op=cally-‐thick	  regime	  
•  Work	  done	  on	  ejecta	  by	  radia=on	  
	  
	  
	  



Light	  curve	  modelling	  
	  

Note:	  correct	  applica=on	  of	  frame	  transforma=ons	  is	  needed	  for:	  
•  Advec=on	  in	  op=cally-‐thick	  regime	  
•  Work	  done	  on	  ejecta	  by	  radia=on	  
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Light	  curve	  modelling	  
	  

Propaga=on:	  
	  
•  Once	  a	  packet	  in	  injected	  into	  the	  simula=on	  box	  its	  subsequent	  propaga=on	  

can	  be	  followed	  using	  a	  standard	  MCRT	  “random	  walk”	  algorithm:	  

1.   Compute	  three	  =me	  intervals:	  
•  To	  reach	  grid	  zone	  boundary	  
•  To	  reach	  end	  of	  current	  =me	  step	  
•  To	  reach	  (randomly	  selected)	  interac=on	  point	  

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

3.   Rinse	  and	  repeat…un=l	  packet	  leaves	  simula=on	  (or	  reach	  final	  =me	  step)	  
•  Record	  proper=es	  of	  escaping	  packets:	  bin	  to	  make	  light	  curve	  
•  Can	  also	  use	  more	  sophis=cated	  es=mators	  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	  
	  

Simplifica=ons	  made	  today:	  
	  
•  (Minor)	  Energy	  source:	  can	  be	  easily	  generalized	  for	  other	  internal	  

energy	  sources	  

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

•  (Major)	  RealisDc	  calculaDons	  need	  non-‐grey	  opaciDes:	  commonly	  
will	  involve	  use	  of	  Sobolev	  line-‐opaciDes	  and	  conDnuum;	  ideally	  
non-‐LTE	  

•  (Major)	  Need	  detailed	  interacDon	  microphysics:	  frequency	  
redistribuDon,	  thermalisaDon	  etc.	  

	  



Spectral	  modelling	  
	  

Context:	  
	  
•  Wider	  variety	  of	  approaches	  

•  State-‐of-‐the-‐art	  codes	  will	  couple	  to	  a	  light	  curve	  approach;	  
simpler	  impose	  luminosity	  

S=ll	  need	  to	  consider:	  
	  
•  Homologous	  flow	  (i.e.	  not	  dynamics)	  
	  
•  RealisDc	  opacity	  
	  
•  NLTE	  
	  



Snap-‐shot	  spectral	  modelling	  
Mazzali	  &	  Lucy	  (1993),	  various	  later	  (e.g.	  TARDIS)	  

OpDcally	  thick	  
core	  

Atmosphere	  (assumed	  
where	  features	  form)	  

Inner	  /	  outer	  
simulaDon	  
boundaries	  



Snap-‐shot	  spectral	  modelling	  
Mazzali	  &	  Lucy	  (1993),	  various	  later	  (e.g.	  TARDIS)	  

OpDcally	  thick	  
core	  



Snap-‐shot	  spectral	  modelling	  
Mazzali	  &	  Lucy	  (1993),	  various	  later	  (e.g.	  TARDIS)	  

OpDcally	  thick	  
core	  



Snap-‐shot	  spectral	  modelling	  
Mazzali	  &	  Lucy	  (1993),	  various	  later	  (e.g.	  TARDIS)	  

OpDcally	  thick	  
core	  



Snap-‐shot	  spectral	  modelling	  
Mazzali	  &	  Lucy	  (1993),	  various	  later	  (e.g.	  TARDIS)	  

OpDcally	  thick	  
core	  

Need	  to	  iterate	  on	  atmosphere	  properDes	  (ionizaDon,	  temperatures)	  



Snap-‐shot	  spectral	  modelling	  
Mazzali	  &	  Lucy	  (1993),	  various	  later	  (e.g.	  TARDIS)	  

Propaga=on	  (as	  before,	  but	  no	  =me	  steps):	  
	  

1.   Compute	  three	  =me	  intervals:	  
•  To	  reach	  grid	  zone	  boundary	  
•  To	  reach	  (randomly	  selected)	  interac=on	  point	  

2.   Select	  shortest	  of	  these	  three	  distances	  and	  accordingly:	  
•  Move	  into	  next	  grid	  zone	  
•  Simulate	  the	  interac=on	  

3.   Rinse	  and	  repeat…un=l	  packet	  leaves	  simula=on	  



Non-‐grey	  opacity	  
	  



Non-‐grey	  opacity	  
	  

Finding	  interac=on	  points	  for	  MCRT	  method:	  
	  
•  Need	  to	  be	  able	  to	  compute	  rate	  at	  which	  opDcal	  depth	  is	  

accumulated	  by	  propagaDng	  MC	  packet	  

•  Was	  trivial	  for	  grey	  opacity	  assumed	  in	  light	  curve	  above…	  

•  …but	  sDll	  easily	  accomplished	  thanks	  to	  condiDons	  /	  
approximaDons	  appropriate	  to	  homologous	  supernovae	  ejecta	  
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Non-‐grey	  opacity	  
	  

Pinto	  &	  Eastman	  2000	  



Photons	  in	  expanding	  media	  
	  



Photons	  in	  expanding	  media	  
	  

✏after
ff

= ✏before
ff

✏after = ✏before
(1� µbefore

obs

�)

(1� µafter

obs

�)

dE
dt

= �E

t

✏(t) = ✏(t
0

)

t
0

t

⌫
ff

= ⌫
obs

(1� µ
obs

�)

d⌫
ff

ds
= �⌫

obs

c

d
ds

(µ
obs

v(r))

d⌫
ff

ds
= �⌫

obs

c

✓
v(r)

r
(1� µ2

) + µ2

dv(r)
dr

◆

d⌫
ff

ds
= �⌫

obs

ct

4



Photons	  in	  expanding	  media	  
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Fluid-‐frame	  frequency	  evolves	  in	  remarkably	  simple	  way	  for	  radial	  velociDes:	  
	  
	  
	  
	  
Use	  cosine	  rule	  to	  differenDate	  direcDon	  cosine	  along	  a	  path:	  
	  
	  
	  
	  
Provided	  speed	  increases	  outward,	  always	  negaDve!	  For	  homologous	  flow,	  
even	  simpler:	  independent	  of	  posiDon	  and	  direcDon:	  
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Photons	  in	  expanding	  media	  
	  

Implica=on:	  	  
	  
•  Fluid-‐frame	  frequency	  of	  a	  propagaDng	  packet	  evolves	  at	  a	  constant	  rate	  

to	  the	  red	  

•  Will	  successively	  Doppler-‐shio	  in	  and	  out	  of	  resonance	  with	  line	  transiDons	  
in	  (inverse)	  frequency	  order	  

	  
	  
	  
	  
	  
	  



Sobolev	  approxima=on	  

Sobolev	  approxima=on:	  	  
	  
•  SimplificaDon	  for	  dealing	  with	  line	  opacity	  in	  high	  velocity-‐gradient	  flows	  

	  
	  
	  
	  
	  
	  



Sobolev	  approxima=on	  

Sketch	  deriva=on	  (Sobolev	  1957;	  see	  e.g.	  Lamers	  &	  Cassinelli	  1999):	  	  
The	  absorpDon	  coefficient	  for	  a	  bound-‐bound	  line	  can	  be	  wrigen:	  
	  
	  
	  
The	  opDcal	  depth	  traversed	  by	  a	  photon	  along	  a	  short	  path	  is:	  
	  
	  
So	  integraDng	  along	  a	  path	  element	  
	  
	  
	  
Use	  fact	  that	  frequency	  and	  path-‐length	  are	  related	  in	  flow	  
	  
	  
	  
If	  resonance	  region	  is	  small	  
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Sobolev	  approxima=on	  

ResulDng	  opDcal	  depth	  for	  homologous	  flow:	  
	  
	  
	  
	  
	  
Leads	  to	  dramaDc	  simplificaDon:	  
•  Easy	  to	  compute	  total	  opDcal	  depth	  accumulated	  by	  packet	  that	  passes	  

through	  resonance	  with	  a	  line	  
•  In	  Sobolev	  limit,	  all	  this	  opacity	  encountered	  in	  spaDally	  small	  region	  

(approximated	  as	  Sobolev	  point	  in	  codes)	  
•  Can	  be	  fairly-‐easily	  generalized	  e.g.	  to	  include	  conDnuum	  opacity	  
•  …together	  with	  conDnuous	  red-‐shioing	  lends	  itself	  to	  simple	  algorithm	  

with	  frequency-‐ordered	  line	  list	  
	  
Issues:	  
•  Overlapping	  lines	  
•  SDll	  need	  good	  level	  populaDons!	  
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Sobolev	  approxima=on	  

Algorithm	  for	  finding	  interacDon	  point	  (only	  lines):	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Line-driven winds with Monte Carlo radiation hydrodynamics 5

once frequency-dependent processes are included, since now pack-
ets with different frequencies accumulate varying amounts of opti-
cal depths on their trajectories.

For the current work, we have conceptually restricted the
wealth of physical radiation–matter interactions that packets may
experience to include only frequency-dependent bound-bound pro-
cesses, which we treat as resonant scatterings. All continuum pro-
cesses are neglected, apart from Thomson scattering, which is in-
corporated approximately by reducing the mass of the central star
as outlined in Section 2.1. With respect to the Monte Carlo scheme,
the challenge lies in identifying the total optical depth packets ac-
cumulate along their trajectories due to line interactions. The diffi-
culties arise due to the relativistic Doppler effect, which constantly
shifts the packet frequency in and out of resonance with line tran-
sitions. Thus, an integration over the physical conditions along the
entire packet trajectory would be required to determine the line op-
tical depth. Fortunately, the conditions in line-driven stellar winds
are suitable for the use of the so-called Sobolev approximation (af-
ter Sobolev 1960, see also Lamers & Cassinelli 1999, for a sum-
mary) which reduces the computational effort in the line interac-
tion procedure tremendously (see, e.g., Pauldrach et al. 1986, for a
discussion of the applicability of the Sobolev approximation). The
optical depth determination is now a purely local problem, only de-
pending on the physical conditions at the so-called Sobolev point,
rs. At this location, the packet frequency in the CMF coincides with
the rest-frame frequency of the line transition. In addition to simpli-
fying the optical depth calculation, the Sobolev approximation also
facilitates the handling of a large number of possible atomic line
transitions. Since the line-profile is formally replaced by a delta
function around the rest-frame frequency, no line overlaps occur in
frequency space in this approximation. Thus, at all times, the line
transition a packet comes into resonance with next may be unam-
biguously identified.

For calculating the location of the line-interaction events,
packets experience, we adopt and simplify the optical depth sum-
mation approach of Mazzali & Lucy (1993). On its trajectory, a
packet propagates freely to the Sobolev point of the next line in-
teraction it comes into resonance with. Each time such a resonance
point is reached, the optical depth is incremented instantaneously
by the full line optical depth of the corresponding transition. The
packet undergoes an interaction once the value drawn in (11) is
surpassed by the optical depth accumulated. If this occurs during
the instantaneous increases at one of the Sobolev points, the packet
undergoes a resonant line interaction, otherwise it may leave the
current grid cell uninterrupted. Figure 1, inspired by Mazzali &
Lucy (1993), illustrates this optical depth accumulation scheme.
This procedure may be easily extended to include additional inter-
action types, in particular frequency-independent processes, such
as Thomson scatterings (see Mazzali & Lucy 1993), but for the
current work we have omitted to do so.

3.6 Monte Carlo estimators

In reconstructing the radiation field characteristics from the ensem-
ble of packet interaction histories, we follow the volume-averaged
estimator approach proposed by Lucy (1999a) and refined in Lucy
(2003, 2005). This formalism aims at reducing the statistical fluctu-
ations inherent to the Monte Carlo approach by increasing the num-
ber of contributions to the packet census. This is best illustrated at
the example of reconstructing the radiative energy. Instead of look-
ing at the instantaneous distribution of packets, a cell-averaged ra-
diation energy density is calculated by accounting for all packets

⌧
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Figure 1. Illustration of the optical depth summation routine. Between the
Sobolev points, the packet propagates freely along its trajectory l. At each
resonance point, the full line optical depth is added instantly. Depending
on the outcome of the random number experiment of Equation (11), de-
termining the optical depth to the next interaction location, a packet either
interacts with a resonance line (case I) or escapes uninterrupted into the next
cell (case II).

whose trajectories intercept the cell and by letting each packet en-
ergy contribute according to the relative dwell time of the packet
in the cell (c.f. Lucy 1999a). Using analogous considerations, esti-
mators for various other radiation field characteristics may be for-
mulated. For the case of frequency-independent processes being
the only interaction channel, adequate estimators have already been
derived and presented in Noebauer et al. (2012). Similar estimators
are also presented by Roth & Kasen (2014).

To determine the radiative acceleration due to spectral line in-
teractions, we consider the energy and momentum transfer in such
an event. Assuming, as already mentioned, that these interactions
occur as resonant scatterings, a packet transfers
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energy and momentum onto the material. Estimators for the radia-
tion force components can be obtained by summing over the trans-
fer terms of all interacting packets. To reduce the statistical fluctua-
tions in these estimators we follow the suggestion of Lucy (1999b)
and include all packets that come into resonance with a line and
weight their contributions with the corresponding interaction prob-
ability given by (1 � e

�⌧s
). Here, ⌧s denotes the Sobolev opti-

cal depth, whose explicit form will be introduced in Section 3.7.
Taking the forward-backward symmetry of the re-emission into ac-
count, thus neglecting all terms that are of odd power in µ

f
0 , the

following estimators for the radiation force due to line interactions
are obtained, assuming isotropic re-emission:
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Combining with the contributions due to continuous processes,
which may be reconstructed employing estimators as presented in
Noebauer et al. (2012), the total radiation force can be calculated
and used in the final splitting step to update the fluid state.
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Packet	  trajectory	  length	  
(figure	  from	  U.	  Noebauer)	  
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Sobolev	  approxima=on	  

Process	  for	  finding	  interacDon	  point	  (generalized	  to	  include	  conDnuum):	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Packet	  trajectory	  length	  
(figure	  from	  Mazzali	  &	  Lucy	  1993)	  
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Line	  interac=on	  events	  

RadiaDve	  equilibrium	  (indivisible	  packets)	  means	  any	  packet	  absorbed	  by	  a	  
line	  transiDon	  must	  be	  re-‐emiged.	  
	  
Extremely	  simple	  to	  use	  resonance	  scagering	  approximaDon:	  

•  In	  homologous	  flow	  Sobolev	  escape	  probabiliDes	  are	  isotropic	  
•  Empirically	  seems	  to	  do	  quite	  well	  for	  opDcal	  spectra	  of	  SNe	  Ia	  

AlternaDve	  schemes	  based	  on	  “down	  branching”	  (Mazzali	  &	  Lucy	  1993)	  and	  
Lucy’s	  (2002,	  2003)	  “macro	  atom”	  /	  “k-‐packet”	  methods	  give	  more	  physical	  
realism	  (second	  lecture).	  
	  
	  
	  
	  
	  
	  
	  
	  



Example	  implementa=on:	  
TARDIS	  code	  (Kerzendorf	  &	  Sim	  14)	  
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Example	  implementa=on:	  
TARDIS	  code	  (Kerzendorf	  &	  Sim	  14)	  

Mo=va=on:	  
Many	  codes	  currently	  used,	  different	  approximaDons	  
-‐  Goal:	  facilitate	  comparison/tes=ng	  of	  approaches	  
With	  large	  datasets	  need	  for	  code	  that	  can	  make	  trade-‐offs	  between	  speed	  and	  accuracy	  
-‐ 	  Goal:	  open	  source	  flexible	  tool	  using	  established	  methods	  
	  



-‐  Monte	  Carlo	  radiaDve	  transfer	  code	  
-‐  Uses	  well-‐established	  approach	  (Abbog	  &	  Lucy	  ‘85,	  Mazzali	  &	  Lucy	  93,	  Lucy	  

99,	  Mazzali+	  00,	  Lucy	  02,	  03,	  Kasen+06,	  Kromer+09…)	  
-‐  Same	  basic	  algorithm	  as	  described	  above	  

Itera=ve	  calcula=on:	  
-‐  Each	  zone	  has	  “plasma	  state”	  (envisage	  opDons	  from	  LTE	  to	  full	  nLTE	  for	  all	  ions)	  

-‐  From	  this,	  calculate	  opaciDes	  

-‐  RadiaDon	  input	  at	  inner	  boundary	  (currently)	  

-‐  Use	  radiaDon	  propagaDon	  to	  update	  plasma	  state	  

-‐  Once	  soluDon	  converges,	  compute	  spectrum	  	  

What	  does	  TARDIS	  actually	  do?:	  



TARDIS	  needs	  input:	  

•  Luminosity	  and	  epoch	  (based	  on	  observa=on?)	  

•  “Model”	  for	  the	  ejecta	  layers	  being	  studied	  	  

•  Atomic	  database	  (ships	  with	  Kurucz	  line	  list)	  

•  Choices	  for	  how	  to	  treat	  ioniza=on	  /	  excita=on	  

•  Numerical	  parameters	  (number	  of	  Monte	  Carlo	  quanta)	  
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•  Atomic	  database	  (ships	  with	  Kurucz	  line	  list)	  

•  Choices	  for	  how	  to	  treat	  ioniza=on	  /	  excita=on	  

•  Numerical	  parameters	  (number	  of	  Monte	  Carlo	  quanta)	  



“Model”	  for	  the	  ejecta:	  
	  
Plausible	  goal	  of	  fiong	  spectra	  is	  to	  constrain	  the	  density/
composi=on	  of	  the	  layers	  in	  which	  features	  form.	  
	  
TARDIS	  needs	  density	  and	  composi=on	  informa=on	  as	  a	  
func=on	  of	  velocity	  in	  the	  homologous	  phase.	  	  
	  

Currently	  1D	  but	  
otherwise	  fully	  
flexible	  –	  
anything	  from	  
constant	  to	  full	  
radial	  profiles	  of	  
density	  and	  
abundances.	  
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An	  example!	  
	  
	  



TARDIS	  status:	  
	  
On	  public	  release	  (regular	  updates):	  

	  -‐	  Available	  on	  github,	  	  
hgp://tardis.readthedocs.org/	  

	  	  
Development:	  

	  -‐	  Ini=al	  goal	  was	  Ia	  focus:	  choices	  of	  opacity	  and	  ioniza=on	  
	  -‐	  Working	  on	  bound-‐free	  /	  photoioniza=on	  
	  -‐	  Planned	  extension	  to	  post-‐photospheric	  phases	  
	  	  

Acknowledge	  support	  from	  GSoC	  in	  2014	  and	  2015!	  
	  
	  
Ques=ons/contact:	  

	  -‐	  User	  group	  (all	  interested	  can	  subscribe)	  
	  -‐	  s.sim@qub.ac.uk	  and	  wkerzendorf@gmail.com	  	  

	  
	  
	  
	  


