
Star formation

Tracers of molecular clouds and star formation



Diagnostics of molecular clouds Diagnostics of molecular clouds 
and embedded star-formationand embedded star-formation

Radiation is the only way to get information about the 

universe
● Temperature

● Density

● Molecular abundances

● Spatial (3-D) structures

● Velocity fields

● Magnetic fields



Diagnostics of molecular clouds Diagnostics of molecular clouds 
and embedded star-formationand embedded star-formation

● Continuum
● Dust

● Free-free

● Synchrotron

● Line radiation
● Molecular lines

● Atomic (HI fine structure) or recombination lines

● Masers

● Zeeman effect



Radiative transfer
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Dust extinction

=0  
230GHz 



cm2g−1
● Dust mass absorption 

coefficient approximately:

● Extinction decreasing
towards IR and (sub)mm

● Cloud centers only “visible”
at long wavelengths

Ossenkopf & Henning (1994)



Dust extinction

● Extinction measured through “reddening” assuming spectrum of 
background stars

● Quantified in terms of visual extinction A
V



Emission - black body radiation

B=
2h3

c2
1

eh/kT−1

● Planck radiation law:
 

 

 

Temperature-wavelength- 
relation (Wien's law): 



Black body radiation



Example: Comsic microwave back-
ground

● Best known blackbody
 

 

 

 



Spectrum of human                             



Rayleigh-Jeans approximation

BRJ=
22

c2
kT

For                                                                                       
                                                                                

→ 

Inverse relation: Definition of radio-astronomical bright-
ness temperature

● Line intensities are expressed in Kelvin

● Tr = Tkin for optically thick media and 

h≪kT  
GHz

≪21
T
K 



Dust radiation

=0  
230GHz 



cm2g−1

● Not blackbody but
● Dust mass absorption 

coefficient approximately:
● κ

0
 is typically 0.4 cm2 g-1, varies

● Grain size
● Grain properties 

(fluffy, ice mantle)
● β around 2 in the ISM, 

lower (1-2) in disks 
● Additional spectral

features
● Low emission/extinc-

tion in FIR/mm

Ossenkopf & Henning (1994)



Dust radiation



Dust radiation

● Dust opacity
●

●

● Used for determination of 

– Gas column densities

– Gas masses

• Radiation determined by thermal equilibrium:

• Solution: T
dust

 ~ 10 … 30 K (Radiation maximum around 100µm)

dust =dust
M dust

M gas

M H2N H2

=3.3×10−26dust N H2



Dust radiation

• Dust radiation measures SF activity

– Young stars still embedded
in parental clouds

– Radiation from young stars
absorbed in surrounding
dust

– Heated dust re-radiates
in FIR/sub-mm

• More than 50% of all electro-
magnetic radiation that we 
observe is emitted in the 
infrared

M82 spectrum (Grantano et al. 1997)



Orion in the IR



Submillimeter optical light

Dust Emission vs. StarlightDust Emission vs. Starlight



Continuum from ionized gas 

•Ionized gas:  no discrete transitions, but radio continuum of 
bremsstrahlung
 

•Radiation of accelerated charges 

free-free emission                 synchrotron radiation



Free-free emission 



Free-free emission 



Free-free emission 

• Radiation from individual collision:

• Integrate over 
– Maxwellian distribution of velocities
– 4π emission angles Θ 
– Impact parameters from 0 → ∞

• Express emission by optical depth and BB radiation:

– ε
ν 
= κ

ν 
B(T

e
), τ

ν 
= κ

ν
 × s

Emission measure



Free-free emission 



Orion Nebula at 21 cm 



Line radiation
● Molecular lines

● Rotational
● Rot-vib.

● Atomic fine structure 
lines

Spectrum of M82 (Phillips & Keene 1992)



Line radiation
● Consider transitions 

between 2 levels:

● Spontaneous emission:
● Stimulated emission:
● Absorption:
● Collisional transitions:

  

● Rate coefficients mutually dependent:

● Number conservation:

● Quantum mechanics:



Line radiation
● Level populations determined by rate equation:

  

● Description of level populations by excitation temperature:

● General case: transitions between many energy levels



Energy spectrum of a molecule
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Energy spectrum of a molecule

H
2
CO 

(formalde-
hyde)



Derivation of physical parameters



Derivation of physical parameters
• To derive physical parameters, 

the full radiative transfer problem 
needs to be solved

• Practical way out: Approximations to derive main parameters



First approach – abundant and simple 
molecule: CO and CO isotopes

•

Large-scale distribution of molecular gas



Column density derivation



CO results



CO results



Density derivation
Definition of a critical density:



Critical density 



Density derivation



Density derivation



Density derivation



Density derivation



Temperature derivation



Temperature derivation



Molecular tracers
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