
呂聖元 / Sheng-Yuan Liu 

中研院天文及天文物理研究所


Academia Sinica Institute of Astronomy and Astrophysics

NCTS-TCA Summer Student Program 2026 
Mini-Workshop 

Radiative Processes and Transport



Astronomy and Astrophysics  
an Observational Science

https://cdn.shopify.com/s/files/1/0742/7719/1954/files/famous_astronomers_1024x1024.jpg?v=1682805109



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation

EM wave

X-ray

ultraviolet


optical

infrared


submillimeter

radio



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation

EM wave Particles/Sample

X-ray

ultraviolet


optical

infrared


submillimeter

radio

cosmic ray

neutrino


meteorites

planetary exploration


cometary dust



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation

EM wave Particles/Sample Gravitation wave

X-ray

ultraviolet


optical

infrared


submillimeter

radio

cosmic ray

neutrino


meteorites

planetary exploration


cometary dust



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation

EM wave Particles/Sample Gravitation wave

X-ray

ultraviolet


optical

infrared


submillimeter

radio

cosmic ray

neutrino


meteorites

planetary exploration


cometary dust

Multi-Messenger (and Transient/Time Domain) Astronomy



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation

EM wave Particles/Sample Gravitation wave

X-ray

ultraviolet


optical

infrared


submillimeter

radio

cosmic ray

neutrino


meteorites

planetary exploration


cometary dust

Multi-Messenger (and Transient/Time Domain) Astronomy



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation

EM wave Particles/Sample Gravitation wave

X-ray

ultraviolet


optical

infrared


submillimeter

radio

cosmic ray

neutrino


meteorites

planetary exploration


cometary dust

Multi-Messenger (and Transient/Time Domain) Astronomy

Translating observables (radiation) 
into physical parameters



Astronomy and Astrophysics  
an Observational Science

Observation

Theory

Computation

EM wave Particles/Sample Gravitation wave

X-ray

ultraviolet


optical

infrared


submillimeter

radio

cosmic ray

neutrino


meteorites

planetary exploration


cometary dust

Multi-Messenger (and Transient/Time Domain) Astronomy

Translating observables (radiation) 
into physical parameters

Q



Electromagnetic Wave and Atmospheric Window

https://gisgeography.com/atmospheric-window/



Solar Radiation Spectrum 
as a Blackbody 

https://physics.stackexchange.com/questions/130209/how-can-it-be-that-the-sun-emits-more-than-a-black-body



Radiation at Multiple Wavelengths - 
Blackbody Radiation and Planck’s Law

Appendix B: The Properties of Bν(T)

(1) Monotonic increase 
with T. 

(2) Peak (∂Bλ/∂λ|λ = λmax = 
0): λmaxT = 0.29 cm 
deg (Wien 
displacement law). 

(3)  hν << kT ⇒ Bν(T) ~ 
(2ν2/c2)kT (Rayleigh-
Jeans law) 

(4)  
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Radiation at multiple wavelengths - 
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Bν(T ) = 2hν3

c2
1

ehν/kBT − 1

Bν(T ) = 2ν2kBT
c2

Bν(T ) = 2hν3

c2 e− h ν
kBT

Units in radio observations :

• Brightness temperature: K

• Flux density: Jansky (  )= 10−23 erg s−1 cm−2 Hz−1 = 10−26 W m−2 Hz−1

Radiation Fundamentals
• specific intensity:  


• 

• or Intensity

• or Brightness 

• flux density: 




• flux: 


• power: 

Iν
dE = Iν(ω) dσ cosθ dω dν dt

Sν (or Fν) = ∫ Iν(ω) cosθ dω

F = ∫ Sν dν

P = ∫ F dσ
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Observations at multiple EM wavelengths 

https://asd.gsfc.nasa.gov/archive/mwmw/mmw_images.html
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Observations at multiple EM wavelengths 
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CHAPTER 5  • Light 113

 How does light tell us what things are made of?
We have just seen how different viewing conditions lead to different 
types of spectra, so it is time to discuss why. Let’s start with absorption 
and emission line spectra. As we’ll see, the lines in these spectra can tell 
us what distant objects are made of.

Energy Levels in Atoms To understand why we sometimes see emis-
sion and absorption lines, we must first discuss a strange fact about elec-
trons in atoms: The electrons can have only particular amounts of en-
ergy, and not other energies in between. As an analogy, suppose you’re 
washing windows on a building. If you use an adjustable platform to 

reach high windows, you can 
stop the platform at any height 
above the ground. But if you use 
a ladder, you can stand only at 

particular heights—the heights of the rungs of the ladder—and not at 
other heights in between. The possible energies of electrons in atoms are 
like the possible heights on a ladder. Only a few particular energies are 
possible, and energies between these special few are not possible. The 
possible energies are known as the energy levels of an atom.

Continuous Spectrum

in
te

ns
ity

wavelength

hot light
source prism

The spectrum shows a smooth,
continuous rainbow of light.

The light bulb produces light
of all visible wavelengths
(colors).

A graph of the spectrum is also
continuous; notice that intensity varies
slightly at different wavelengths.

Absorption Line Spectrum

in
te
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wavelength
hot light
source

cloud of
gas

prism

We see dark absorption lines where
the cloud has absorbed light of specific
wavelengths (colors).

The graph shows a dip in intensity at
the wavelength of each absorption line.

If light from a hot source passes through a cooler gas
cloud, atoms in the cloud absorb light at wavelengths
determined by the cloud’s composition and temperature.

in
te

ns
ity

wavelength

Emission Line Spectrum

cloud of
gas

prism

We see bright emission lines at specific
wavelengths (colors), but no other light.

The graph shows an upward spike at
the wavelength of each emission line.

The atoms in a warm gas cloud emit light only at specific
wavelengths (colors) determined by the cloud’s
composition and temperature.

a

b

c

▲ FIGURE 5.8
These diagrams show examples of the conditions under which we 
see the three basic types of spectra.

Electrons in atoms can have only 
particular amounts of energy, and not 
other energies in between.

M05_BENN6431_08_SE_C05_pp105-135.indd   113 21/09/16   3:06 PM

Image Credit: Bennett, Donahue, Schneider, Voit
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No. 1, 2004 SUBMILLIMETER ARRAY L5

Fig. 4.—First image obtained with the full eight element array on 2003 November 12 of the 1.3 mm thermal surface emission and CO (2–1) atmospheric
absorption from Mars at a spatial resolution of 3!. At the time of observations the apparent diameter of Mars was 13!.3. The absorption-line profiles are pressure
broadened and can be used to infer the vertical distribution of CO and temperature in the atmosphere. This image was made by M. Gurwell.

correlator chips. These correlator boards were built by MIT-
Haystack as part of the Mark IV correlator project (Whitney
2004). Hence, a minimum of two chips can be devoted to each
baseband correlation. With 512 lags per correlator chip, a data
rate demultiplex factor of 4 (the correlator clock rate is
52 MHz), and a factor of 2 for calculating both amplitude and
phase, 128 spectral channels are obtained per baseband. Thus,
if the full bandwidth is covered, a spectral resolution of
812.5 kHz is obtained. For full polarization measurements with
all four stokes parameters, the spectral resolution would be a
factor of 2 worse or 1.625 MHz. If fewer numbers of basebands
are processed, more correlator chips can be used per baseband
to achieve higher spectral resolutions. For example, if only one
baseband per block is processed, 16 chips can be used on each
baseband, achieving 101.6 kHz resolution. Furthermore, dif-
ferent basebands can be processed with different spectral res-
olutions, and the individual blocks can be tuned to different
positions within the passband. By reprogramming the correlator
boards to put more chips on a baseband, even higher spectral
resolutions can be achieved.
When the SMA is linked to JCMT and CSO for joint in-

terferometry beginning in 2005, the correlator will be able to
process the full bandwidth on all 45 baselines with one receiver.
Dual band capability could be achieved by reducing the number
of baselines or bandwidth.

3. CALIBRATION OF THE INSTRUMENT
In order to operate the SMA as an interferometer, many system

performance calibrations must be done. As previously described,

the surfaces of the telescopes are set by holographic measure-
ments, and the efficiencies of the telescopes are checked by
observing planets and their satellites. The pointing models for
the telescopes are determined first with data from optical guide-
scopes mounted behind holes in the primary reflectors (Patel
2000; Patel & Sridharan 2004). Typically, positions of more than
100 stars are measured throughout the sky, and 19-parameter
pointing models are determined in order to correct for the col-
limation, tilt, sag, and encoder offsets. The residuals after the fit
are typically 1!–2! rms in each axis. While the pointing is stable
on the order of days, there are long-term drifts in the tilt com-
ponents of the telescopes, which might be associated with the
stability of the antenna pads. After the optical pointing models
have been determined, the alignment of the radio and optical
axes of each telescope is checked by radio pointing on planets.
During observations, pointing of the telescopes is verified and
further improved by measurements of nearby strong continuum
sources. Pointing measurements also can be made interfero-
metrically by noding the antennas and analyzing the changes in
fringe amplitude. The coordinates of the array elements are de-
termined from the visibility phase measurements on strong qua-
sars tracked over wide ranges of hour angle. Typically, the base-
line data are taken at 230 GHz, and the antenna locations can
be determined to an accuracy of 0.1–0.2 of a wavelength, or
about 0.2 mm. Finally, the gain and phase of the array are tracked
in real time by observing a nearby quasar interleaved with the
program sources. Flux and passband calibrations are also done
in standard fashion by observing planets.

Ho et al. (2004)



The Spcifii Intensity and I t s  Moments 3 
or 

If we regard the sphere S, as fixed, then 

constant 
F =  

r2 * 

This is merely a statement of conservation of energy. 

1.3 THE SPECIFIC INTENSITY AND ITS MOMENTS 

Definition of Specific Intensity or Brightness 

The flux is a measure of the energy carried by all rays passing through a 
given area. A considerably more detailed description of radiation is to give 
the energy carried along by individual rays. The first point to realize, 
however, is that a single ray carries essentially no energy, so that we need 
to consider the energy carried by sets of rays, which differ infinitesimally 
from the given ray. The appropriate definition is the following: Construct 
an area dA normal to the direction of the given ray and consider all rays 
passing through dA whose direction is within a solid angle di2 of the given 
ray (see Fig. 1.2). The energy crossing dA in time dt and in frequency 
range dv is then defined by the relation 

dE= I,,& dtdQdv,  (1 4 
where I,  is the specific intensity or brightness. The specific intensity has the 

Figure 1.2 Geometry for nonnally incident mys. 

• Specific Intensity  : 


• or Intensity, or Brightness, or Brightness Temperature

• rate of energy transport, along a particular direction, per unit area, per unit solid angle, and per 

unit frequency

• conserved along a ray through free space


• unit: e.g.  or 


• Flux Density  (or ) : 


• Flux  : 


• energy per time per area, depends on the relative position of source and the observer


• Power  :  


• or Luminosity

• energy per time given off by a source

Iν dE = Iν dσ cosθ dω dν dt

erg s−1 cm−2 Hz−1 Sr−1 W m−2 Hz−1 Sr−1

Sν Fν ∫ Iν(ω cos(θ) dω

F ∫ Sν dν

P ∫ F dσ
Image Credit: Rybicki and Lightman

Radiation Fundamentals: 
How bright is it?



Radiative Transfer (of EM wave)

κν
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Radiative Transfer (of EM wave)
• Basic equation of (radiative) transfer


• 


•  : emission coefficient


• : absorption or extinction coefficient ( ) = where  is the mass absorption coefficient


• Both  and  are functions of intrinsic properties and physical conditions of the medium


• 


•  ; , where  is the optical depth


dIν = jν ds − αν Iν ds
jν
αν cm−1 κνρ κν

jν αν
dIν

ανds
= − Iν +

jν
αν

Sν ≡
jν
αν

dτν ≡ αν ds τν

dIν

dτ
= − Iν + Sν



Radiative Transfer (of EM wave)
Radiation Fundamentals

ν2ν1

Iω(ν1) Iω(ν2)

s

• equation of (radiative) transfer:


•  with   


• a general solution (considering a one dimension plane parallel slab geometry)


•

dIω

dνω
= Iω − Sω dνω = − σω ds

Iω(ν1) = Iω(ν2) e−(ν2−ν1) + ∫
ν2

ν1

S(t)ω e−(t−ν1) dt

• Differential form


• 


• A general solution in integral form (considering a one dimension plane parallel slab geometry)


• 


• The above equation can be fully solved if is known. However,   generally depends on the (local) 

radiation field, namely, the emission and absorption properties of the material may depend on . 

Hence, given the physical condition , one needs to solve   numerically and iteratively.

dIν

dτ
= − Iν + Sν

Iν(τ1) = Iν(τ2) e−(τ2−τ1) + ∫
τ2

τ1

Sν(t) e−(t−τ1)dt

Sν

Iν

Iν
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Radiative Transfer (of EM wave)
• Differential form


• 


• A general solution in integral form (considering a one dimension plane parallel slab geometry)


• 


• The above equation can be fully solved if  is known. However,   generally depends 

on the (local) radiation field. Namely, the emission and absorption properties of the medium 

depend on . Hence, given the physical condition, one needs to solve  and  numerically and 

iteratively.

dIν

dτ
= − Iν + Sν

Iν(τ1) = Iν(τ2) e−(τ2−τ1) + ∫
τ2

τ1

Sν(t) e−(t−τ1)dt

Sν Sν( ≡ jv/αv)

Iν Iν Sν



Radiative Transfer (of EM wave)
• Differential form


• 


• A general solution in integral form (considering a one dimension plane parallel slab geometry)


• 


• Think about special cases

• No foreground emission term, namely, first term only

• No background emission term, namely, second term only

• constant source function in optically thick case vs. optically thin case

dIν

dτ
= − Iν + Sν

Iν(τ1) = Iν(τ2) e−(τ2−τ1) + ∫
τ2

τ1

Sν(t) e−(t−τ1)dt

Q
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Radiative Processes (of EM wave)

Continuum

(SED: spectral Energy Distribution)

Line

(Intensity, Frequency Center and 

Width, or Profile )

Thermal

(characterized by a single 

(kinetic) temperature)

Free-Free

Dust


Inverse Compton Scattering
Atomic (Recombination)


Molecular/Ionic Line

Non-Thermal

(characterized NOT by a single 

(kinetic) temperature) but 
energy distribution, e.g.)

Synchrotron Maser



(Almost)Thermal 
Blackbody Radiation

Spectral Energy Distribution (in radio regime)



The Power Spectrum (in radio regime)



The Power Spectrum (in radio regime)

First radio image of the Moon taken with a 12-meter ALMA antenna. The optical image at left shows 
the sunlight reflected by the Moon’s surface, whereas the radio image shows the physical temperature 
distribution of the Moon. The ALMA image clearly shows the temperature distribution of the Moon, 
including weak radio emission from the dark side of the Moon.
(Source: https://public.nrao.edu/gallery/moon-as-seen-by-alma/)

https://public.nrao.edu/gallery/moon-as-seen-by-alma/


Thermal Bremsstrahlung 
Radiation

(charged particles 
moving in ionized gas) 

Spectral Energy Distribution (in radio regime)



Radiative Process (Free-Free)Radiation Mechanisms

Bremsstrahlung (free–free)

e-

p+

Ionized gas: 
e.g., H II region 
Intracluster medium

Synchrotron (magnetic 
bremsstrahlung)

B

e-

Supernovae 
AGN jet

Radiation ⇔ Acceleration of electric charge

Image Credit: Hiro Hirashita



Orion Nebula (in radio regime)
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Spectral Energy Distribution (in radio regime)
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Spectral Energy Distribution (in radio regime)

Thermal 
(Almost Blackbody) 
Greybody Radiation
(by dust particles)



Bok Globule B68

Alves et al. (2001)

https://www.nature.com/articles/35051509


Nielbock et al. (2012) A&A

Bok Globule B68



Bok Globule B68
Recall radiative transfer:


(1) hot background vs. cold foreground + (2) optical depth+ (3) filling factor

Nielbock et al. (2012)

https://www.aanda.org/articles/aa/abs/2012/11/aa19139-12/aa19139-12.html


scattered IR light by (large) dust in cold dense cores 



Radiative Process (Thermal Dust)
• 	dust extinction (absorption + scattering) and (nearly BB) emission

INTERSTELLAR DUST: OBSERVED PROPERTIES 237

Figure 21.1 Extinction versus inverse wavelength λ−1 on a typical sightline in the
local diffuse ISM. The inset shows the extinction at λ > 2µm.

characterize the attenuating effects of dust by the “extinction” Aλ at wavelength λ.
The extinction Aλ – measured in “magnitudes” – is defined by

Aλ

mag
= 2.5 log10

[
F 0
λ/Fλ

]
, (21.1)

where Fλ is the observed flux from the star, and F 0
λ is the flux that would have been

observed had the only attenuation been from the inverse square law. The extinction
measured in magnitudes is proportional to the optical depth:

Aλ

mag
= 2.5 log10 [e

τλ ] = 1.086 τλ . (21.2)

21.1.1 The Reddening Law

A typical “extinction curve” – the extinction Aλ as a function of wavelength or
frequency — is shown in Figure 21.2, showing the rapid rise in extinction in the
vacuum ultraviolet. Because the extinction increases from red to blue, the light
reaching us from stars will be “reddened” owing to greater attenuation of the blue

Webb et al. (2017)
Draine (Physics of Interstellar and Intergalactic Medium)



Radiative Process (Thermal Dust)

Nielbock et al. (2012)

M. Nielbock et al.: EPoS: The dust temperature and density distributions of B68

Fig. 3. Image gallery of B68 Herschel and archival data covering a wide range of wavelengths. The instruments and wavelengths at which the
images were obtained are indicated in the white annotation boxes. Each image has an arbitrary flux density scale, whose settings are given in
Table 2. They were chosen to facilitate a comparison of the morphology. The maps are centred on RA = 17h22m39s, Dec = 23◦50′00′′ and have a
field of view of 7′ × 7′. All coordinates in this manuscript are based on the J2000.0 reference frame. The corresponding beam sizes are indicated
in the inserts. Contours of the LABOCA data obtained at λ = 870 µm show flux densities of 30, 50, 150, 250, 350, and 450 mJy/beam and are
superimposed for comparison. The black and white crosses indicate the position of the point source at the tip of the trunk.
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Fig. 4. Dust opacities taken from Ossenkopf & Henning (1994) (co-
agulated, with thin ice mantles, nH = 105 cm−3) and from Cardelli
et al. (1989), derived by using a gas-to-dust ratio of 150 (Sodroski
et al. 1997). Different ratios of NH/Aλ have been used (Vuong et al.
2003; Güver & Özel 2009; Martin et al. 2012) when applying Eqs. (3)
and (4). The insert shows an enlargement of the range covered by the
JHK bands.

the James Clerk Maxwell Telescope (JCMT) at Mauna Kea,
Hawaii, USA, in our analysis. These data were retrieved from

Table 2. Intensity cuts of the 12 images in Fig. 3.

Low cut High cut
Image label (MJy sr−1) (MJy sr−1)

DSS2 red 4900∗ 10 000∗
IRAC 3.6 µm 0.4 2.1
IRAC 8.0 µm 15.3 17.9
WISE 12 µm 13.6 14.2
MIPS 24 µm 0.0 0.4
PACS 100 µm 20.3 30.5
PACS 160 µm 7.4 42.0
SPIRE 250 µm 4.1 69.7
SPIRE 350 µm 2.0 50.4
SPIRE 500 µm 0.5 25.1
LABOCA 870 µm 0.0 6.7
SIMBA 1200 µm 0.0 4.1

Notes. (∗) Counts per pixel.

the SCUBA Legacy Catalogues. The maps are not shown here,
but have already been presented in di Francesco et al. (2008).

Observations at a wavelength of 1.2 mm were obtained
with the SEST Imaging Bolometer Array (SIMBA) mounted at
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the Swedish-ESO Submillimetre Telescope (SEST) at La Silla,
Chile. Standard reduction methods were applied as illustrated
in Chini et al. (2003). For a detailed description of the data re-
duction, we refer to Bianchi et al. (2003). The map was also
presented by Nyman et al. (2001).

Mid-infrared data obtained at λ = 12 µm were taken from the
data archive of the Wide-field Infrared Survey Explorer (WISE,
Wright et al. 2010).

3. Modelling

3.1. Optical-depth-averaged dust temperature and column
density maps from SED fitting

In a first step, we use the calibrated dust emission maps at the
various wavelengths to extract for each image pixel an SED with
up to eight data points between 100 µm and 1.2 mm. For this
purpose, they were prepared in the following way:

1. registered to a common coordinate system;
2. regridded to the same pixel scale;
3. converted to the same physical surface brightness;
4. background levels subtracted;
5. convolved to the SPIRE 500 µm beam.

All these steps are described in detail in Launhardt et al. (in
prep.). Nevertheless, we explain a few crucial procedures in
more detail here. For all maps, the flux density scale was con-
verted to a common surface brightness using convolution kernels
of Aniano et al. (2011). In addition, we have applied a extended
emission calibration correction to the SPIRE maps as recom-
mended by the SPIRE Observers Manual.

The residual background offset levels to be subtracted from
the individual maps were determined by an iterative scheme that
uses Gaussian fitting and σ clipping to the noise spectrum inside
a common map area that was identified as being “dark” relative
to the dust emission and relatively free of 12CO (2–1) emission.
During each iteration, the flux range was extended until the dis-
tribution deviated from the Gaussian profile. This was only fea-
sible because of the selection criterion of an isolated prestellar
core.

The remaining emission seen by a given map pixel is then
given by

S ν(ν) = Ω
(
1 − e−τ(ν)

) (
Bν(ν, Td) − Ibg(ν)

)
(5)

with

τ(ν) = NHmH
Md

MH
κd(ν) (6)

where S ν(ν) is the observed flux density at frequency ν, Ω the
solid angle from which the flux arises, τ(ν) the optical depth in
the cloud, Bν(ν, Td) the Planck function, Td the dust temperature,
Ibg(ν) the background intensity, NH = 2×N(H2)+N(H) the total
hydrogen atom column density, mH the hydrogen mass, Md/MH
the dust-to-hydrogen mass ratio, and κd(ν) the dust opacity. For
the purpose of this paper, we assume Td and κd(ν) to be constant
along the LoS and discuss the uncertainties and limitations of
this approach in Launhardt et al. (in prep.).

The fluxes of the radiation background Ibg(ν) and the instru-
mental contributions from the warm telescope mirrors were re-
moved during the background subtraction described above. Its
exact values are unknown, but Ibg(ν) is dominated by contribu-
tions from the cosmic infrared and microwave backgrounds, as
well as the diffuse galactic background. A detailed investigation
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Fig. 5. Spectral energy distributions at four selected positions across
B68. The dots represent 10′′ ×10′′ pixel values extracted from the maps
that are used for the modified black body fitting. The solid curves are
the SEDs fitted for a given dust temperature and column density.

shows that Ibg $ Bν(10 K), so that neglecting this contribution
introduces a maximum uncertainty of 0.2 K to the final dust tem-
perature estimate.

For the dust opacity, κd(ν), we use the tabulated values listed
by Ossenkopf & Henning (1994)4 for mildly coagulated (105 yrs
coagulation time at gas density 105 cm−3) composite dust grains
with thin ice mantles. The resulting optical depth averaged dust
temperature and column density maps are presented in Sect. 4.3.
They provide an accurate estimate to the actual dust temperature
and column density of the outer envelope, where the emission
is optically thin at all wavelengths and LoS temperature gradi-
ents are negligible. Towards the core centre, where cooling and
shielding can produce significant LoS temperature gradients and
the observed SEDs are therefore broader than single-temperature
SEDs, the central dust temperatures are overestimated and the
column density is underestimated. Since this effect gradually in-
creases from the edges to the centre of the cloud, the resulting
radial column density profile mimics a slope that is shallower
than the actual underlying radial distribution.

This procedure is illustrated in Fig. 5, where the SEDs based
on the map pixel fluxes at four positions in the B68 maps are
plotted and fitted. This process includes an iterative colour cor-
rection for each of the derived temperatures. We chose four ex-
emplary locations that cover the full temperature range, i.e. at
the peak of the column density, at the tip of the southeastern
extension (the trunk) within the faint extension to the south-
west where the 870 µm map has a faint local maximum, and
towards the southern edge of B68 (see Fig. 6). The fits to the
SEDs demonstrate that the flux levels are very consistent with a
flux distribution of a modified Planck function. Only the 100 µm
data are generally too high for the coldest temperatures, which
we attribute to contributions from higher temperature compo-
nents along the LoS. We have assigned a reduced weight in the
single-temperature SED fitting to them. The reason for them be-
ing at a similar level irrespective of the map position is related
to the small flux density contrast in the 100 µm map (Table 2).
Also physical effects like stochastic heating of very small grains
(VSGs) may play a role, but dealing with these issues is beyond
the scope of this paper.

4 ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/291/943
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more detail here. For all maps, the flux density scale was con-
verted to a common surface brightness using convolution kernels
of Aniano et al. (2011). In addition, we have applied a extended
emission calibration correction to the SPIRE maps as recom-
mended by the SPIRE Observers Manual.
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the individual maps were determined by an iterative scheme that
uses Gaussian fitting and σ clipping to the noise spectrum inside
a common map area that was identified as being “dark” relative
to the dust emission and relatively free of 12CO (2–1) emission.
During each iteration, the flux range was extended until the dis-
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with
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where S ν(ν) is the observed flux density at frequency ν, Ω the
solid angle from which the flux arises, τ(ν) the optical depth in
the cloud, Bν(ν, Td) the Planck function, Td the dust temperature,
Ibg(ν) the background intensity, NH = 2×N(H2)+N(H) the total
hydrogen atom column density, mH the hydrogen mass, Md/MH
the dust-to-hydrogen mass ratio, and κd(ν) the dust opacity. For
the purpose of this paper, we assume Td and κd(ν) to be constant
along the LoS and discuss the uncertainties and limitations of
this approach in Launhardt et al. (in prep.).

The fluxes of the radiation background Ibg(ν) and the instru-
mental contributions from the warm telescope mirrors were re-
moved during the background subtraction described above. Its
exact values are unknown, but Ibg(ν) is dominated by contribu-
tions from the cosmic infrared and microwave backgrounds, as
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B68. The dots represent 10′′ ×10′′ pixel values extracted from the maps
that are used for the modified black body fitting. The solid curves are
the SEDs fitted for a given dust temperature and column density.

shows that Ibg $ Bν(10 K), so that neglecting this contribution
introduces a maximum uncertainty of 0.2 K to the final dust tem-
perature estimate.

For the dust opacity, κd(ν), we use the tabulated values listed
by Ossenkopf & Henning (1994)4 for mildly coagulated (105 yrs
coagulation time at gas density 105 cm−3) composite dust grains
with thin ice mantles. The resulting optical depth averaged dust
temperature and column density maps are presented in Sect. 4.3.
They provide an accurate estimate to the actual dust temperature
and column density of the outer envelope, where the emission
is optically thin at all wavelengths and LoS temperature gradi-
ents are negligible. Towards the core centre, where cooling and
shielding can produce significant LoS temperature gradients and
the observed SEDs are therefore broader than single-temperature
SEDs, the central dust temperatures are overestimated and the
column density is underestimated. Since this effect gradually in-
creases from the edges to the centre of the cloud, the resulting
radial column density profile mimics a slope that is shallower
than the actual underlying radial distribution.

This procedure is illustrated in Fig. 5, where the SEDs based
on the map pixel fluxes at four positions in the B68 maps are
plotted and fitted. This process includes an iterative colour cor-
rection for each of the derived temperatures. We chose four ex-
emplary locations that cover the full temperature range, i.e. at
the peak of the column density, at the tip of the southeastern
extension (the trunk) within the faint extension to the south-
west where the 870 µm map has a faint local maximum, and
towards the southern edge of B68 (see Fig. 6). The fits to the
SEDs demonstrate that the flux levels are very consistent with a
flux distribution of a modified Planck function. Only the 100 µm
data are generally too high for the coldest temperatures, which
we attribute to contributions from higher temperature compo-
nents along the LoS. We have assigned a reduced weight in the
single-temperature SED fitting to them. The reason for them be-
ing at a similar level irrespective of the map position is related
to the small flux density contrast in the 100 µm map (Table 2).
Also physical effects like stochastic heating of very small grains
(VSGs) may play a role, but dealing with these issues is beyond
the scope of this paper.

4 ftp://cdsarc.u-strasbg.fr/pub/cats/J/A+A/291/943
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Radiative Process (Thermal Dust)

Kauffmann et al. (2008)

J. Kauffmann et al.: MAMBO mapping of Spitzer c2d small clouds and cores, Online Material p 14

Appendix A: Dust emission properties

This appendix summarises formulas to convert the observed
flux density of dust emission into column densities and masses.
These are evaluated for the standard assumptions for dust prop-
erties made by the c2d collaboration. The discussion presented
here is intended to serve as a future reference for the c2d project.

A.1. Molecular weight

As one usually wishes to express column densities in terms
of particles per area, the molecular weight needs to be intro-
duced into the equations. The molecular weight per hydrogen
molecule, µH2 , is defined via µH2 mHN(H2) = M; here M is
the total mass contained in a volume with N(H2) hydrogen
molecules, and mH is the H-atom mass. It can be calculated
from cosmic abundance ratios. For hydrogen, helium, and met-
als the mass ratios areM(H)/M ≈ 0.71,M(He)/M ≈ 0.27, and
M(Z)/M ≈ 0.02, respectively, whereM = M(H) +M(He) +
M(Z) (Cox 2000). As N(H) = 2N(H2),M(H) = mHN(H),

µH2 =
M

mHN(H2)
=

2M
mHN(H)

=
2M
M(H)

≈ 2.8. (A.1)

Note the difference to the mean molecular weight per free parti-
cle, µp, defined via µpmHN =M, whereN ≈ N(H2)+N(He) for
gas with all H in molecules. As the helium contribution is domi-
nated by 4He, and each H2 molecule has a weight of two hydro-
gen atoms,N(H2) =M(H)/(2mH) andN(He) =M(He)/(4mH).
Thus

µp =
M

mH[N(H2) +N(He)]
(A.2)

=
M

mH[M(H)/(2mH) +M(He)/(4mH)]
(A.3)

=
M/M(H)

[1/2 +M(He)/(4M(H))]
(A.4)

≈ 2.37; (A.5)

the classical value of µp = 2.33 holds for an abundance ratio
N(H)/N(He) = 10 and a negligible admixture of metals.

Both molecular weights are applied in different contexts. The
mean molecular weight per free particle, µp, is e.g. used to eval-
uate the thermal gas pressure, P = !kBT/µp, where T , !, and
kB are the gas temperature, density, and Boltzmann’s constant,
respectively. The molecular mass per hydrogen molecule, µH2 , is
needed below to derive particle column densities.

A.2. Radiative transfer

A.2.1. Equation of radiative transfer

The intensity emitted by a medium of temperature T and of op-
tical depth τν at the frequency ν is given by the equation of ra-
diative transfer, which reads

Iν = Bν(T )
(
1 − e−τν

)
(A.6)

in the case of local thermal equilibrium. Here Bν is the Planck
function. For the optical depth,

τν =

∫
κν! ds, (A.7)

where κν is the (specific) absorption coefficient (i.e., per mass) or
dust opacity. If most hydrogen is in molecules, the optical depth
can be related to the column density of molecular hydrogen,

NH2 =

∫
nH2 ds =

∫
!

µH2 mH
ds =

1
µH2 mHκν

∫
κν! ds, (A.8)

and thus

NH2 =
τν

µH2 mHκν
, (A.9)

where nH2 is the particle density of hydrogen molecules. This
reads in a usable form

NH2 = 2.14 × 1025 cm−2 τν

(
κν

0.01 cm2 g−1

)−1

, (A.10)

where the chosen numerical value of κν is characteristic for
wavelength λ ≈ 1 mm. As typical H2 column densities are be-
low 1023 cm2, τν is expected to be by far smaller that 1. Thermal
dust emission in the (sub-)millimetre regime is therefore opti-
cally thin.

For optically thin conditions the equation of radiative trans-
fer can be simplified:

Iν ≈ Bν(T ) τν. (A.11)

As the optical depth is related to the column density (Eq. (A.10)),
Eq. (A.11) relates the observed intensity to the column density.

A.2.2. The planck function

The Planck function reads

Bν(T ) =
2hν3

c2

1
ehν/(kBT ) − 1

, (A.12)

in which c is the speed of light and h is Planck’s constant. In the
Rayleigh-Jeans limit, hν$ kBT , this simplifies to

Bν(T ) =
2ν2

c2 kBT. (A.13)

However, the limiting condition, which reads

λ % 1.44 mm
( T
10 K

)−1

(A.14)

in useful units, is under typical dust temperatures of about 10 K
not fulfilled for observations at about 1 mm wavelength. The
exact value of the Planck function is

Bν(T ) = 1.475 × 10−23W m−2 Hz−1sr−1
( ν
GHz

)3

× 1
e0.0048(ν/GHz)(T/10 K)−1 − 1

(A.15)

in useful units.

A.3. Observed quantities

The received flux per beam is related to the intensity by

Fbeam
ν =

∫
Iν P dΩ, (A.16)

where P is the normalised power pattern of the telescope (i.e.
max[P] = 1). Defining the beam solid angle as the integral

ΩA =

∫
P dΩ, (A.17)
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nated by 4He, and each H2 molecule has a weight of two hydro-
gen atoms,N(H2) =M(H)/(2mH) andN(He) =M(He)/(4mH).
Thus

µp =
M

mH[N(H2) +N(He)]
(A.2)

=
M

mH[M(H)/(2mH) +M(He)/(4mH)]
(A.3)

=
M/M(H)

[1/2 +M(He)/(4M(H))]
(A.4)

≈ 2.37; (A.5)

the classical value of µp = 2.33 holds for an abundance ratio
N(H)/N(He) = 10 and a negligible admixture of metals.

Both molecular weights are applied in different contexts. The
mean molecular weight per free particle, µp, is e.g. used to eval-
uate the thermal gas pressure, P = !kBT/µp, where T , !, and
kB are the gas temperature, density, and Boltzmann’s constant,
respectively. The molecular mass per hydrogen molecule, µH2 , is
needed below to derive particle column densities.

A.2. Radiative transfer

A.2.1. Equation of radiative transfer

The intensity emitted by a medium of temperature T and of op-
tical depth τν at the frequency ν is given by the equation of ra-
diative transfer, which reads

Iν = Bν(T )
(
1 − e−τν

)
(A.6)

in the case of local thermal equilibrium. Here Bν is the Planck
function. For the optical depth,

τν =

∫
κν! ds, (A.7)

where κν is the (specific) absorption coefficient (i.e., per mass) or
dust opacity. If most hydrogen is in molecules, the optical depth
can be related to the column density of molecular hydrogen,

NH2 =

∫
nH2 ds =

∫
!

µH2 mH
ds =

1
µH2 mHκν

∫
κν! ds, (A.8)

and thus

NH2 =
τν

µH2 mHκν
, (A.9)

where nH2 is the particle density of hydrogen molecules. This
reads in a usable form

NH2 = 2.14 × 1025 cm−2 τν

(
κν

0.01 cm2 g−1

)−1

, (A.10)

where the chosen numerical value of κν is characteristic for
wavelength λ ≈ 1 mm. As typical H2 column densities are be-
low 1023 cm2, τν is expected to be by far smaller that 1. Thermal
dust emission in the (sub-)millimetre regime is therefore opti-
cally thin.

For optically thin conditions the equation of radiative trans-
fer can be simplified:

Iν ≈ Bν(T ) τν. (A.11)

As the optical depth is related to the column density (Eq. (A.10)),
Eq. (A.11) relates the observed intensity to the column density.

A.2.2. The planck function

The Planck function reads

Bν(T ) =
2hν3

c2

1
ehν/(kBT ) − 1

, (A.12)

in which c is the speed of light and h is Planck’s constant. In the
Rayleigh-Jeans limit, hν$ kBT , this simplifies to

Bν(T ) =
2ν2

c2 kBT. (A.13)

However, the limiting condition, which reads

λ % 1.44 mm
( T
10 K

)−1

(A.14)

in useful units, is under typical dust temperatures of about 10 K
not fulfilled for observations at about 1 mm wavelength. The
exact value of the Planck function is

Bν(T ) = 1.475 × 10−23W m−2 Hz−1sr−1
( ν
GHz

)3

× 1
e0.0048(ν/GHz)(T/10 K)−1 − 1

(A.15)

in useful units.

A.3. Observed quantities

The received flux per beam is related to the intensity by

Fbeam
ν =

∫
Iν P dΩ, (A.16)

where P is the normalised power pattern of the telescope (i.e.
max[P] = 1). Defining the beam solid angle as the integral

ΩA =

∫
P dΩ, (A.17)
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one can derive a beam-averaged intensity,

〈Iν〉 = Fbeam
ν /ΩA. (A.18)

The beam solid angle can be conveniently approximated for tele-
scopes with a beam profile similar to a Gaussian function,

P(θ) = e−θ
2/(2θ20) (A.19)

(where the angle θ gives the distance from the beam center). The
parameter θ0 is related to the half power beam width of the tele-
scope, θHPBW, via

θ0 =
θHPBW√
8 ln(2)

· (A.20)

For these idealisations the beam solid angle is

ΩA = 2π
∫ ∞

0
P(θ) θ dθ = 2π

∫ ∞

0
e−θ

2/(2θ20)θ dθ (A.21)

= 2πθ20 (A.22)

=
π

4 ln(2)
θ2HPBW. (A.23)

Using the conversion

1 arcsec = 4.85 × 10−6 rad, (A.24)

one obtains

ΩA = 2.665 × 10−11 sr
(θHPBW

arcsec

)2

. (A.25)

The parameter θHPBW does not need to be the real telescope
beam, but depends on the calibration of the data. To give an ex-
ample, some software packages (e.g., MOPSIC) apply scaling
factors to the data (i.e., Fbeam

ν ) when spatially smoothing a map,
so that the beam width to that the calibration refers is equal to
the spatial resolution of the map after smoothing.

For the idealisations made here the average intensity derived
from Eq. (A.18) is a good approximation to the actual intensity
only if the source has an extension of the order of the main lobe
of the telescope. Otherwise radiation received via the side lobes
may have a significant contribution to Fbeam

ν , and the idealisa-
tion of the telescope beam by Gaussian functions is too simple.
Inclusion of the side lobes increases ΩA, and thus reduces 〈Iν〉.
The nature of the average intensity derived in Eq. (A.18) is there-
fore comparable to the one of main beam brightness tempera-
tures used in spectroscopic radio observations. Note that, how-
ever, spatial filtering of bolometer systems effectively reduces
sidelobes. Unfortunately, this reduction depends in details on the
mapping pattern and the source source geometry. It can therefore
not be included here.

A.4. Derivation of conversion laws

A.4.1. Flux per beam and column density

Equations (A.9, A.11, A.18) relate optical depth, column den-
sity, intensity, and the observed flux per beam with each other.
Rearrangement yields

NH2 =
Fbeam
ν

ΩAµH2 mHκνBν(T )
, (A.26)

which reads

NH2 = 2.02 × 1020 cm−2
(
e1.439(λ/mm)−1(T/10 K)−1 − 1

) ( λ
mm

)3

·
(

κν
0.01 cm2 g−1

)−1 (
Fbeam
ν

mJy beam−1

) ( θHPBW

10 arcsec

)−2

(A.27)

in useful units.

A.4.2. Flux and mass

The mass is given by the integral of the column densities across
the source,

M = µH2 mH

∫
NH2 dA. (A.28)

Substitution of Eqs. (A.9, A.11) yields

M =
1

κνBν(T )

∫
Iν dA. (A.29)

The surface element dA is related to the solid angle element dΩ
by dA = d2 dΩ, where d is the distance of the source. Thus

M =
d2

κνBν(T )

∫
Iν dΩ =

d2Fν
κνBν(T )

, (A.30)

where Fν =
∫

Iν dΩ is the integrated flux. This reads

M = 0.12 M'
(
e1.439(λ/mm)−1(T/10 K)−1 − 1

)

×
(

κν
0.01 cm2 g−1

)−1 (
Fν
Jy

) (
d

100 pc

)2 ( λ
mm

)3

(A.31)

in useful units.

A.5. Dust temperature and opacity

Dust temperatures of order 10 K have been predicted for dense
cores since some time. In the past years Zucconi et al. (2001) es-
timated dust temperatures in the range 11 to 6 K for solar neigh-
borhood cores. The gas and dust temperature in these should be
similar (Goldsmith 2001; also see Galli et al. 2002). Gas tem-
peratures of order 10 K are indeed common for dense cores
(e.g., Tafalla et al. 2004). Such temperatures even prevail in
dense cores residing in molecular clouds forming stellar clusters
(i.e., in Perseus; Rosolowsky et al. 2007). Finally, Schnee et al.
(2007b) recently mapped the dust temperature distribution in
TMC-1C using data partially also included in the present work.
They derived dust temperatures of 13 to 5 K, similar to gas tem-
peratures recently derived for L1544 (Crapsi et al. 2007). These
temperatures are lower than those typically inferred from IRAS
(!15 K; Schnee et al. 2005) and ISO data (!10 K; Lehtinen et al.
2005), possibly because these missions primarily probed very
extended emission because of large beams. We therefore here
adopt a temperature of 10 K in absence of protostellar heating.

Figure A.1 illustrates the uncertainty in mass estimates
due to uncertainties in the temperature (based on Eq. (A.31)).
For MAMBO this shows that for actual dust temperatures of
12 to 8 K our assumption of a dust temperature of 10 K will
lead to an error in the mass estimate of factors 0.7 to 1.5, respec-
tively. These increase to factors of 0.6 to 3 for temperatures of
14 to 6 K. The uncertainty significantly decreases with increas-
ing wavelength.J. Kauffmann et al.: MAMBO mapping of Spitzer c2d small clouds and cores, Online Material p 15
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beam, but depends on the calibration of the data. To give an ex-
ample, some software packages (e.g., MOPSIC) apply scaling
factors to the data (i.e., Fbeam

ν ) when spatially smoothing a map,
so that the beam width to that the calibration refers is equal to
the spatial resolution of the map after smoothing.

For the idealisations made here the average intensity derived
from Eq. (A.18) is a good approximation to the actual intensity
only if the source has an extension of the order of the main lobe
of the telescope. Otherwise radiation received via the side lobes
may have a significant contribution to Fbeam

ν , and the idealisa-
tion of the telescope beam by Gaussian functions is too simple.
Inclusion of the side lobes increases ΩA, and thus reduces 〈Iν〉.
The nature of the average intensity derived in Eq. (A.18) is there-
fore comparable to the one of main beam brightness tempera-
tures used in spectroscopic radio observations. Note that, how-
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not be included here.

A.4. Derivation of conversion laws

A.4.1. Flux per beam and column density

Equations (A.9, A.11, A.18) relate optical depth, column den-
sity, intensity, and the observed flux per beam with each other.
Rearrangement yields

NH2 =
Fbeam
ν

ΩAµH2 mHκνBν(T )
, (A.26)

which reads

NH2 = 2.02 × 1020 cm−2
(
e1.439(λ/mm)−1(T/10 K)−1 − 1

) ( λ
mm

)3

·
(

κν
0.01 cm2 g−1

)−1 (
Fbeam
ν

mJy beam−1

) ( θHPBW

10 arcsec

)−2

(A.27)
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in useful units.
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borhood cores. The gas and dust temperature in these should be
similar (Goldsmith 2001; also see Galli et al. 2002). Gas tem-
peratures of order 10 K are indeed common for dense cores
(e.g., Tafalla et al. 2004). Such temperatures even prevail in
dense cores residing in molecular clouds forming stellar clusters
(i.e., in Perseus; Rosolowsky et al. 2007). Finally, Schnee et al.
(2007b) recently mapped the dust temperature distribution in
TMC-1C using data partially also included in the present work.
They derived dust temperatures of 13 to 5 K, similar to gas tem-
peratures recently derived for L1544 (Crapsi et al. 2007). These
temperatures are lower than those typically inferred from IRAS
(!15 K; Schnee et al. 2005) and ISO data (!10 K; Lehtinen et al.
2005), possibly because these missions primarily probed very
extended emission because of large beams. We therefore here
adopt a temperature of 10 K in absence of protostellar heating.

Figure A.1 illustrates the uncertainty in mass estimates
due to uncertainties in the temperature (based on Eq. (A.31)).
For MAMBO this shows that for actual dust temperatures of
12 to 8 K our assumption of a dust temperature of 10 K will
lead to an error in the mass estimate of factors 0.7 to 1.5, respec-
tively. These increase to factors of 0.6 to 3 for temperatures of
14 to 6 K. The uncertainty significantly decreases with increas-
ing wavelength.
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Appendix A: Dust emission properties

This appendix summarises formulas to convert the observed
flux density of dust emission into column densities and masses.
These are evaluated for the standard assumptions for dust prop-
erties made by the c2d collaboration. The discussion presented
here is intended to serve as a future reference for the c2d project.

A.1. Molecular weight

As one usually wishes to express column densities in terms
of particles per area, the molecular weight needs to be intro-
duced into the equations. The molecular weight per hydrogen
molecule, µH2 , is defined via µH2 mHN(H2) = M; here M is
the total mass contained in a volume with N(H2) hydrogen
molecules, and mH is the H-atom mass. It can be calculated
from cosmic abundance ratios. For hydrogen, helium, and met-
als the mass ratios areM(H)/M ≈ 0.71,M(He)/M ≈ 0.27, and
M(Z)/M ≈ 0.02, respectively, whereM = M(H) +M(He) +
M(Z) (Cox 2000). As N(H) = 2N(H2),M(H) = mHN(H),

µH2 =
M

mHN(H2)
=

2M
mHN(H)

=
2M
M(H)

≈ 2.8. (A.1)

Note the difference to the mean molecular weight per free parti-
cle, µp, defined via µpmHN =M, whereN ≈ N(H2)+N(He) for
gas with all H in molecules. As the helium contribution is domi-
nated by 4He, and each H2 molecule has a weight of two hydro-
gen atoms,N(H2) =M(H)/(2mH) andN(He) =M(He)/(4mH).
Thus

µp =
M

mH[N(H2) +N(He)]
(A.2)

=
M

mH[M(H)/(2mH) +M(He)/(4mH)]
(A.3)

=
M/M(H)

[1/2 +M(He)/(4M(H))]
(A.4)

≈ 2.37; (A.5)

the classical value of µp = 2.33 holds for an abundance ratio
N(H)/N(He) = 10 and a negligible admixture of metals.

Both molecular weights are applied in different contexts. The
mean molecular weight per free particle, µp, is e.g. used to eval-
uate the thermal gas pressure, P = !kBT/µp, where T , !, and
kB are the gas temperature, density, and Boltzmann’s constant,
respectively. The molecular mass per hydrogen molecule, µH2 , is
needed below to derive particle column densities.

A.2. Radiative transfer

A.2.1. Equation of radiative transfer

The intensity emitted by a medium of temperature T and of op-
tical depth τν at the frequency ν is given by the equation of ra-
diative transfer, which reads

Iν = Bν(T )
(
1 − e−τν

)
(A.6)

in the case of local thermal equilibrium. Here Bν is the Planck
function. For the optical depth,

τν =

∫
κν! ds, (A.7)

where κν is the (specific) absorption coefficient (i.e., per mass) or
dust opacity. If most hydrogen is in molecules, the optical depth
can be related to the column density of molecular hydrogen,

NH2 =

∫
nH2 ds =

∫
!

µH2 mH
ds =

1
µH2 mHκν

∫
κν! ds, (A.8)

and thus

NH2 =
τν

µH2 mHκν
, (A.9)

where nH2 is the particle density of hydrogen molecules. This
reads in a usable form

NH2 = 2.14 × 1025 cm−2 τν

(
κν

0.01 cm2 g−1

)−1

, (A.10)

where the chosen numerical value of κν is characteristic for
wavelength λ ≈ 1 mm. As typical H2 column densities are be-
low 1023 cm2, τν is expected to be by far smaller that 1. Thermal
dust emission in the (sub-)millimetre regime is therefore opti-
cally thin.

For optically thin conditions the equation of radiative trans-
fer can be simplified:

Iν ≈ Bν(T ) τν. (A.11)

As the optical depth is related to the column density (Eq. (A.10)),
Eq. (A.11) relates the observed intensity to the column density.

A.2.2. The planck function

The Planck function reads

Bν(T ) =
2hν3

c2

1
ehν/(kBT ) − 1

, (A.12)

in which c is the speed of light and h is Planck’s constant. In the
Rayleigh-Jeans limit, hν$ kBT , this simplifies to

Bν(T ) =
2ν2

c2 kBT. (A.13)

However, the limiting condition, which reads

λ % 1.44 mm
( T
10 K

)−1

(A.14)

in useful units, is under typical dust temperatures of about 10 K
not fulfilled for observations at about 1 mm wavelength. The
exact value of the Planck function is

Bν(T ) = 1.475 × 10−23W m−2 Hz−1sr−1
( ν
GHz

)3

× 1
e0.0048(ν/GHz)(T/10 K)−1 − 1

(A.15)

in useful units.

A.3. Observed quantities

The received flux per beam is related to the intensity by

Fbeam
ν =

∫
Iν P dΩ, (A.16)

where P is the normalised power pattern of the telescope (i.e.
max[P] = 1). Defining the beam solid angle as the integral

ΩA =

∫
P dΩ, (A.17)
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the classical value of µp = 2.33 holds for an abundance ratio
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kB are the gas temperature, density, and Boltzmann’s constant,
respectively. The molecular mass per hydrogen molecule, µH2 , is
needed below to derive particle column densities.
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The intensity emitted by a medium of temperature T and of op-
tical depth τν at the frequency ν is given by the equation of ra-
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function. For the optical depth,
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where κν is the (specific) absorption coefficient (i.e., per mass) or
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and thus
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where nH2 is the particle density of hydrogen molecules. This
reads in a usable form

NH2 = 2.14 × 1025 cm−2 τν

(
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)−1
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where the chosen numerical value of κν is characteristic for
wavelength λ ≈ 1 mm. As typical H2 column densities are be-
low 1023 cm2, τν is expected to be by far smaller that 1. Thermal
dust emission in the (sub-)millimetre regime is therefore opti-
cally thin.

For optically thin conditions the equation of radiative trans-
fer can be simplified:

Iν ≈ Bν(T ) τν. (A.11)

As the optical depth is related to the column density (Eq. (A.10)),
Eq. (A.11) relates the observed intensity to the column density.

A.2.2. The planck function

The Planck function reads

Bν(T ) =
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Rayleigh-Jeans limit, hν$ kBT , this simplifies to
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However, the limiting condition, which reads
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in useful units, is under typical dust temperatures of about 10 K
not fulfilled for observations at about 1 mm wavelength. The
exact value of the Planck function is
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× 1
e0.0048(ν/GHz)(T/10 K)−1 − 1
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in useful units.

A.3. Observed quantities

The received flux per beam is related to the intensity by

Fbeam
ν =

∫
Iν P dΩ, (A.16)

where P is the normalised power pattern of the telescope (i.e.
max[P] = 1). Defining the beam solid angle as the integral

ΩA =

∫
P dΩ, (A.17)
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Radiative Process (Spectral Line)

Baseline
Polarization : Magnetic Field (through Zeeman splitting)



Population levels and excitation
Emissivity and absorption 

AulBulBlu

Nu

Nl

dIλ

ds
= ∞ νλIλ + jλ

So how do we go about determining 
these two quantities?

jλ = hλul

4κ
AulNuρ(λ)

Energy per photon Rate of photon release

per unit volume

Line profile
Per steradian

νλ = hλul

4κ
(NlBlu ∞ NuBul)ρ(λ)

Rate of photon absorption

per unit volume per unit intensity

NlBluI = Rate of stimulated absorption

Slide Credit: Seamus Clarke



Population levels and excitation
Einstein’s relations

AulBulBlu

Nu

Nl

jλ = hλul

4ν
AulNuκ(λ)

ρλ = hλul

4ν
(NlBlu ∞ NuBul)κ(λ)

Aul = 2hλ3
ul

c2 Bul

guBul = glBlu

Nu

Nl
= gu

gl
e∞(Eu∞El)/kBT = gu

gl
e∞hλul/kBTex

Assume that LTE is valid

ρλ = c2

8νλ2
ul

(ehλul/kBTex ∞ 1) AulNuκ(λ)

Sλ = 2hλ3
ul

c2
1

(ehλul/kBTex ∞ 1) = Bλ(Tex)

Einstein’s relations

Slide Credit: Seamus Clarke
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Radiative Process (Line Broadening)

Gurwell (2004)

Submillimeter Observations of Titan: Global Measures of Stratospheric Temperature, 
CO, HCN, HC3N, and the Isotopic Ratios 12C/13C and 14N/15N



Radiative Process (Line Broadening)

Gurwell (2004)

Submillimeter Observations of Titan: Global Measures of Stratospheric Temperature, 
CO, HCN, HC3N, and the Isotopic Ratios 12C/13C and 14N/15N



Radiative Process (Synchrotron)Radiation Mechanisms

Bremsstrahlung (free–free)

e-

p+

Ionized gas: 
e.g., H II region 
Intracluster medium

Synchrotron (magnetic 
bremsstrahlung)

B

e-

Supernovae 
AGN jet

Radiation ⇔ Acceleration of electric charge

Image Credit: Hiro Hirashita
https://en.wikipedia.org/wiki/Synchrotron_radiation





Non-Thermal 
Synchrotron Radiation
(relativistic electrons 
moving in B-fields)

Spectral Energy Distribution (in radio regime)



Spectral Energy Distribution (in radio regime)



• synchrotron radiation ( )

• spectrum                                                     with

K . E . ≫ mc2 ( = mec2)

P(ν) =
3e3Bsinα

mec2
(

ν
νc

)∫
inf

ν/νc

K5/3(η)d(η) νc =
3
2

γ2νG sinα

Synchrotron Radiation (single particle)

νmax ≈ πγ2νGsinα ∝ γ2B⊥

νc = (3
2

sinα)( E
mc2 )2 eB

2πmec
∝ E2B⊥

relatively flat spectrum at 
frequencies lower than the 
critical frequency and 
tailing  off roughly at the 
maximum frequency 



• Since (γ >> 1) this boosts 
the emission frequency of 
synchrotron emission into 
the radio domain.

Slide from Fabian Walter Lecture 2
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• SNR in extragalactic sources : e.g. M82

Galactic Radio Astronomy - SNR

Credit: Josh Marvil (NM Tech/NRAO), Bill Saxton (NRAO/AUI/NSF), NASA



Synchrotron

Dust

Thermal

“Nonthermal emission” Synchrotron emission: electrons spiraling around a magnetic field 
at relativistic velocities.

Slide from Fabian Walter Lecture 2



Radiative Process (Inverse Compton)

Radiation as Photons
electric ~ UV, optical 
molecular vibrational  
~ near-IR 
molecular rotational 
~ radio

Radiative transition

(Inverse) Compton Radiation

e- hν hν
Intracluster medium 
(Sunyaev-Zeldovich effect) 
AGN jet, accretion disk

Image Credit: Hiro Hirashita

218 GHz

162 GHz

•Sunyaev-Zel’dovich effect
•Sunyaev & Zel’dovich (1970)
•CMB photons interact with 108 K plasma in clusters, 

typically extend on the Mpc scale (angular size of 
several arcmins)

•no confirmed results until late 1990’s 

∆T
T

=
2kTe
mec2

σT Ne L

σT =
8π
3

(
e2

mec2
)2 = 6.65 10�25cm�2

=2.24 10�34 Te Ne L
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Radiative Process (Inverse Compton)
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162 GHz

•Sunyaev-Zel’dovich effect
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Radiative Process (Inverse Compton)



Take Home Message - 

Think about what physical parameters can we extract?

Radiative Transfer Radiative Processes
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Radiative Transfer Radiative Processes



References

https://viewspace.org/interactives/unveiling_invisible_universe/star_death/crab_nebula
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