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The	  radia/ve	  transfer	  problem	  

The	  general	  radia6ve	  transfer	  problem	  describes	  the	  interac6on	  
between	  radia6on	  and	  maFer.	  It	  is	  a	  very	  general	  problem	  with	  
applica6ons	  in	  all	  sciences…	  

Generally	  described	  by	  the	  following	  equa6on	  (RTE)	  

Rate	  of	  change	  
of	  the	  intensity	  
of	  the	  radia6on	  

field	  

Sinks:	  removal	  
of	  radia6on	  

due	  to	  
interac6on	  
with	  maFer	  

Source	  terms:	  
crea6on	  of	  
radia6on	  



Starlight	  and	  interstellar	  dust	  

•  dust	  is	  very	  efficient	  in	  absorbing	  
and	  scaFering	  UV/op6cal	  radia6on	  

•  re-‐emits	  thermal	  energy	  in	  the	  
MIR,	  FIR	  and	  submm	  

•  30	  to	  50%	  of	  the	  starlight	  in	  the	  
Universe	  is	  absorbed	  by	  dust	  !	  



Fritz	  et	  al.	  2012	  



A	  tough	  problem…	  

•  6D	  problem:	  3	  space	  +	  2	  direc6on	  +	  1	  wavelength	  dimension.	  
100	  grid	  points	  in	  every	  dimension	  implies	  1012	  points…	  

•  strongly	  non-‐linear	  problem	  

•  non-‐local	  problem	  
§  in	  space:	  propaga6on	  of	  photons	  across	  the	  domain	  
§  in	  direc6on:	  scaFering	  couples	  the	  intensity	  in	  all	  direc6ons	  
§  in	  wavelength:	  absorp6on/re-‐emission	  changes	  wavelength	  

•  o`en	  to	  be	  used	  to	  model	  observed	  data	  
§  problem	  of	  fiang	  data	  (i.e.	  op6miza6on	  problem)	  
§  projec6on	  effects	  



SKIRT	  
(Stellar	  Kinema6cs	  Including	  Radia6ve	  Transfer)	  

Baes	  et	  al.	  2003,	  2011	  



Monte	  Carlo	  radia/ve	  transfer	  

•  A	  large	  number	  of	  photon	  packages	  
are	  followed	  individually	  through	  the	  
dusty	  medium.	  

•  The	  trajectory	  of	  each	  photon	  
package	  is	  determined	  by	  (pseudo)	  
random	  numbers.	  

•  The	  radia6on	  field	  is	  reconstructed	  by	  
classifying	  the	  photon	  packages	  by	  
posi6on,	  propaga6on	  direc6on,	  
wavelength…	  

•  probabilis6c	  simula6on	  method	  
(does	  not	  “solve”	  the	  radia6ve	  
transfer	  equa6on)	  



Weighted	  Monte	  Carlo	  RT	  

SKIRT	  is	  a	  weighted	  Monte	  Carlo	  code:	  contains	  many	  dirty/clever	  tricks	  
to	  make	  the	  simula6ons	  more	  efficient.	  For	  example	  

Escape without interaction

Scattered towards observer

Scattered away from observer
= absorbed

Photon trajectory

Simple Monte Carlo

Weighted Monte Carlo

Forced scattering absorption

Peel-off: scattered photons
= absorbed

Peel-off: direct photons

•  biased	  emission:	  preferen6ally	  shoot	  
photons	  to	  interes6ng	  direc6ons	  

•  forced	  scaLering:	  don’t	  waste	  photons	  
that	  leave	  the	  system	  without	  interac6ng	  

•  peel-‐off	  technique:	  dras6cally	  increase	  
the	  signal-‐to	  noise	  in	  observed	  images/
SEDs	  

•  con/nuous	  absorp/on:	  absorb	  along	  the	  
ray	  instead	  of	  at	  one	  single	  loca6on	  

•  polychroma/sm:	  shoot	  photon	  packages	  
that	  contain	  photons	  at	  many	  different	  
wavelengths	  



204 M. Juvela and P. Padoan: Dust emission from inhomogeneous interstellar clouds

λ21,4I    (    )λ21,1I    (    )Δ λ22,4I    (    )Δ

λ1I  (    )2ΔI (    )λ11Δ

Δ

Fig. 1. A schematic view of the tree structure used in the library
method. At each level the intensity of the incoming radiation at one
wavelength is examined and each subnode corresponds to a di⇤erent
intensity interval, �I. The leaves of the tree correspond to a unique
combination of intensity values at the reference wavelengths and they
hold the corresponding emission spectrum. Once the intensity of the
incoming radiation is known at reference wavelengths, the emission
can be read from the tree.

if absorbed dust emission is important (e.g. close to strong
sources or in very opaque regions) iteration is needed.

3. Tests of the library method

3.1. The model clouds and the dust model

We will now estimate the accuracy of the approximate method
described in Sect. 2.2. The method is based on the discretiza-
tion of the incoming intensity into bins for which the cor-
responding dust emission spectrum is only computed for the
average spectrum. The accuracy can therefore always be im-
proved by selecting a finer discretization and/or including more
reference wavelengths. In order to obtain a significant advan-
tage over the direct solution, the total number of spectrum bins
must, however, be much less than the number of cells in the
model.

In this paper, we limit the study to starless clouds heated by
the interstellar radiation field. We take as a test case an MHD
simulation which is the model C from Juvela et al. (2001). The
model is both supersonic and super-Alfvénic with acoustic and
Alfvénic Mach numbers M ⇤ MA ⇤ 10. The MHD simulation
included self-gravity.

The dust model is taken from Li & Draine (2001) and
includes silicate grains (sizes a > 3.5 Å), graphite grains
(a >⌃ 50 Å) and PAHs (from a = 3.5 Å to ⌃50 Å). The PAH
properties correspond to cold neutral medium. The grain size
distributions are the same as in Li & Draine (2001). The only
di⇤erence is the way PAH and graphite grain populations are
joined. Instead of a gradual change in the description of ab-
sorption coe⌅cient (Li & Draine 2001, Eq. (2)) we only join

Table 1. Parameters of the model clouds used in the testing: name
of the model, average density assuming linear size L = 6 pc, and the
average and maximum values of visual extinction seen towards the
direction for which the dust emission was computed.

model name ⇥n⌅ ⇥AV⌅ AMAX
V

[cm⇧3]
C0 320 2.76 24.6
C1 1280 11.04 98.5
C2 5120 44.16 394.0

the grain size distributions smoothly around 40 µm. The optical
properties are taken from the files available through the web-
site of B. Draine. The original references are Laor & Draine
(1993) for graphite and silicate grains and Li & Draine (2001)
for the PAH properties.

At this point, we are interested in the di⇤erences between
the two methods (i.e. direct solution and the library method)
and not in the absolute accuracy. Therefore, the number of
grain size intervals (⌃10), grain energies (<300) and simu-
lated frequencies (⌃100) were kept to a minimum that still
reproduces the Li & Draine (2001) spectra for di⇤use ISM
within ⌃10% accuracy over the studied wavelength range, 5–
300 µm. The largest di⇤erences result from a di⇤erent method
used to join the PAH and graphite grain populations around
grain size 40 µm. The interstellar radiation field adopted is from
Mathis et al. (1983).

The original cloud model represented a cloud with a linear
size ⌃6 pc and a mean density of 320 cm⇧3. For these param-
eters, the average column density is N(H2) = 5.9 � 1021 cm⇧2

and the corresponding average visual extinction is AV = 2.8m.
The cloud is inhomogeneous and the extinction varies depend-
ing on the line of sight. In the following, extinction and infrared
spectra are only calculated toward one direction. The range of
extinctions is AV = 0.31⇧24.6. Higher extinction means larger
variations in intensity. In our library method, this should lead
to larger errors, at least if the library always contains the same
number of intensity intervals.

We created two new models by scaling the densities of the
original model. For the radiative transfer problem, the relevant
parameter is the column density rather than the volume density
and the results of the tests are equally applicable to smaller and
correspondingly denser sources. The parameters of the models
are listed in Table 1. The visual extinction is in all cases well
below 1000m and dust emission can be solved without iteration
(see Sect. 2.1).

3.2. The size of the library

With discretization reduced to 323 cells, the emission spectra
can be calculated directly within a reasonable time, and com-
parison with spectra computed with the method introduced in
Sect. 2.2 makes it possible to directly estimate the errors caused
by the library method. The radiation field is simulated using
the same set of random numbers, and therefore the quoted er-
rors reflect only the accuracy of the approximation. The incom-
ing intensity is estimated with Monte Carlo methods, and the

Juvela	  &	  Padoan	  2003	  

Non-‐equilibrium	  dust	  emission	  

Baes	  et	  al.	  2011	  

Different	  approaches	  possible	  
•  brute	  force	  calcula6on	  
•  template	  approach	  
•  dynamical	  library	  approach	  	  



Adap/ve	  grids	  

Goal:	  limit	  number	  of	  dust	  
cells	  for	  complex	  models	  
•  Face-‐on	  spiral	  galaxies	  
•  Compact	  dust	  clumps	  
•  Results	  from	  hydro-‐	  

dynamic	  simula6ons	  

SaUly	  et	  al.	  in	  prep	  

Recently	  added	  ocFree	  grid	  
•  Geometric	  or	  barycentric	  

subdivision	  
•  Neighbor	  search	  to	  

speed	  up	  calcula6on	  of	  
photon	  paths	  



Inverse	  radia/ve	  transfer	  

Model	  a	  par6cular	  real	  galaxy	  by	  fiang	  radia6ve	  transfer	  models	  to	  
observa6onal	  data	  (SED,	  images,…).	  	  	  
	  
Major	  complica/ons	  

•  Star-‐dust	  geometry:	  large	  number	  of	  parameters	  to	  be	  fiFed	  
o  Intrinsic	  geometry	  
o  Orienta6on	  
o  Dust	  proper6es	  

•  Run-‐6me	  for	  a	  single	  simula6on	  (i.e.	  a	  single	  point	  in	  the	  
mul6-‐dimensional	  parameter	  space)	  is	  considerable	  

•  Memory	  requirements	  as	  well…	  
•  Monte	  Carlo	  noise	  makes	  fiang	  more	  complicated	  



V-‐band	  image	  

V-‐band	  model	  

Baes	  et	  al.	  2011	  
De	  Looze	  et	  al.	  2012a	  



De	  Looze	  et	  al.	  2012b	  



FitSKIRT	  

De	  Geyter	  et	  al.	  2012,	  submiLed	  

Tool	  to	  fit	  parametric	  3D	  models	  to	  a	  set	  of	  UV/op6cal/NIR	  images.	  
•  couples	  the	  SKIRT	  radia6ve	  transfer	  code	  to	  a	  gene6c	  

algorithm	  op6miza6on	  rou6ne	  	  
•  (almost)	  fully	  automated	  and	  unbiased	  



Realis/c	  imaging	  of	  simulated	  galaxies	  
Building	  an	  adap6ve	  dust	  density	  
grid	  from	  the	  heavily	  overlapping	  
SPH	  gas	  par6cles	  requires	  special	  
care	  to	  limit	  computa6on	  6me	  
(this	  galaxy	  has	  410k	  star	  par6cles	  
and	  190k	  gas	  par6cles)	  

Rahimi	  &	  Kawata	  2012	  

Major	  challenges	  for	  the	  future:	  
•  Derive	  appropriate	  recipe	  to	  

calculate	  dust	  distribu6on	  from	  the	  
SPH	  gas	  proper6es	  (density,	  
metallicity,	  temperature)	  

•  Resolu6on	  effects	  !	  
•  Parallelliza6on…	  

Stars	   Dust	  

Simulated	  image	  



EAGLE	  
•  Forthcoming	  large-‐scale	  cosmological	  hydrodynamic	  simula6on	  
•  includes	  stars,	  gas,	  dark	  maFer,	  star	  forma6on,	  AGN	  and	  SN	  feedback,…	  

	  à	  tens	  of	  thousands	  of	  simulated	  galaxies	  !!	  

•  Objec6ve:	  validate	  physical	  
assump6ons	  by	  comparing	  
simula6on	  results	  with	  the	  
observable	  universe	  

•  But:	  simula6on	  provides	  
informa6on	  not	  always	  directly	  
available	  to	  observers	  

•  Solu6on:	  generate	  images	  from	  
the	  simula6on	  data,	  and	  analyze	  
those	  with	  the	  same	  methods	  
used	  by	  observers	  

Camps	  et	  al.,	  in	  prep	  



If	  you	  are	  simula6ng	  dusty	  galaxies,	  
AGNs,	  circumstellar	  discs,	  molecular	  
clouds…	  and	  you	  want	  to	  know	  how	  
these	  systems	  look	  at	  UV	  to	  submm	  
wavelengths,	  come	  and	  talk	  to	  me.	  

	  
	  

Thanks	  to	  my	  collaborators…	  
	  

Thank	  you	  for	  your	  aFen6on	  !	  
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