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Figure 6:

Examples illustrating the current state of the art in fitting dust radiative transfer models to images of galaxies. The
left panels show the observed images; the corresponding panels on the right are the fits to these images. (a) A
clumpy three-dimensional (3D) spiral galaxy model fit to a Hubble Space Telescope B-band image of the
prototypical edge-on spiral galaxy NGC 891 (Schechtman-Rook, Bershady & Wood 2012). (b) A 2D disc galaxy
model fit to a Sloan Digital Sky Survey g-band image of NGC 4565 (De Looze et al. 2012a) using a fully
automatic fitting based on genetic algorithms (De Geyter et al. 2013). (c) A detailed 2D model for the Sombrero
galaxy, fit to a V-band image (De Looze et al. 2012b). (d) A 3D clumpy disc model fit to an R-band image of the
edge-on low surface brightness galaxy UGC 7321 (Matthews & Wood 2001).

field that is scattered in the layer will be poor and the scattered light images inaccurate. Therefore, the
discretization step often includes running the RT code before the start of the modeling to verify that
expected features are present in the image or SED and that changes/refinement do not influence the
overall appearance of the object.

6.3 Comparison of Models and Data
Once the model images or SEDs have been calculated, the results should be convolved with the beam
of the observed instruments/telescopes, and the sampling should be made equal (pixel size for images).
It is important to apply detection limits, especially when studying faint structures. For interferomet-
ric observations, the incomplete coverage of all spatial scales implies that the comparison should be
performed in the (u,v) plane rather than the spatial plane to achieve the highest fidelity. Calibration

30 Steinacker, Baes, & Gordon

Steinacker et al (2013)
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For dust in LTE, emissivities are given by

For lines, need to take into account gas velocities, line 
profiles, level populations, etc.

In this lecture we focus on dust radiative transfer

Dust versus Gas

⌫B⌫(T )
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Composition:
  - Silicates
  - Carbon
  - Water
  - Organic molecules

Sizes from nm to mm
Forsterite crystal from Comet Wild 2 (NASA)

Astrophoto.com

Saturday, August 22, 15



Thomas RobitailleSAMCSS Summer School 2015

Opacity to extinction

Albedo

Steinacker et al. (2003)

Scattering Phase Function

Saturday, August 22, 15



Thomas RobitailleSAMCSS Summer School 2015

Wavelength

0.1µm 1mm1µm 10µm 100µm

Saturday, August 22, 15



Thomas RobitailleSAMCSS Summer School 2015

Wavelength

0.1µm 1mm1µm 10µm 100µm

Stellar Radiation

Saturday, August 22, 15



Thomas RobitailleSAMCSS Summer School 2015

Wavelength

0.1µm 1mm1µm 10µm 100µm

Extinction

Stellar Radiation

Saturday, August 22, 15



Thomas RobitailleSAMCSS Summer School 2015

Wavelength

0.1µm 1mm1µm 10µm 100µm

Scattering

Extinction

Stellar Radiation

Saturday, August 22, 15



Thomas RobitailleSAMCSS Summer School 2015

Thermal Emission
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Thermal EmissionT=300K T=30K T=3K
(Microwave Background)

T~1600K
(sublimation)
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Monte-Carlo Radiative Transfer:

Propagate many photon packets by randomly sampling from probability density 
functions for directions, frequencies, path lengths, interactions.
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Propagating photon packets on a grid

If density is constant, optical 
depth is proportional to distance.

For arbitrary 3-d model, not trivial!

We therefore split density structure 
into cells of constant density
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Naive algorithm: count energy 
absorbed in each cell

In equilibrium, energy emitted 
should be equal to energy 
absorbed!

Radiative Equilibrium: Computing temperatures
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We can then convert specific absorbed energy rate to 
temperature:

... but emissivity depends on temperature:

so once we have computed temperature, need to start over until 
temperature converges!

Alternatively, adjust emissivity on-the-fly (Bjorkman & Wood, 2001)

dIx,y,z,�,⇤,⇥
ds

=� �x,y,z,⇥Ix,y,z,�,⇤,⇥ + jx,y,z,�,⇤,⇥(T )

4� P(T )T
4 = Ȧ

Radiative Equilibrium: Computing temperatures
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Lucy (1999) algorithm: count 
possible energy absorbed in 
each cell

= P(absorption) x E_photon

Every cell crossing counts

Radiative Equilibrium: Computing temperatures
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Computing SEDs/Images
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Photon binning
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1 photon contributes to a single pixel, wavelength, and viewing angle

Photon binning
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“Peeling-off”
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“Peeling-off”

W = P (✓,�) · e�⌧escape
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“Peeling-off”
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Every photon contributes multiple times to all viewing angles

“Peeling-off”
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“Raytracing”

S⌫

I⌫(⌧⌫) = I⌫(0)e
�⌧⌫ +

Z ⌧⌫

0
S⌫(t⌫)e

�(⌧⌫�t⌫)dt⌫
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“Raytracing”

S⌫

I⌫(⌧⌫) = I⌫(0)e
�⌧⌫ +

Z ⌧⌫

0
S⌫(t⌫)e

�(⌧⌫�t⌫)dt⌫

Can solve all wavelengths at the same time, very efficient!
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The downside of raytracing is that in the case of non-
isotropic scattering, the source function can take up a LOT 
of memory:

But for source and thermal emission, and for isotropic 
scattering, raytracing is very efficient.

“Raytracing”

S⌫(✓,�, x, y, z)
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275s387s130s
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Binned
275s387s130s
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Binned “Peeling-off”
275s387s130s
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Binned “Peeling-off” “Raytracing”
275s387s130s
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6x1014 m (4000 AU)

1 - 3 µm 20 - 60 µm 400 - 800 µm
Scattered light + extinction Warm dust Cool dust

Analytical model of a Young Stellar Object
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Note on Parallelization

Monte-Carlo radiative transfer is extremely efficient in 
parallel (“embarrasingly parallel”)

Parallelization is easiest and most efficient with the Lucy 
(1999, A&A 344, 282) algorithm for temperature calculation, 
since the path lengths can be computed on separate cores 
and combined at the end of the iteration.

Simply split up photons by processes!
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+97 more

and similarly for SEDs and images

Parallelization can provide 
significant speedups!
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