
Star formation

Physics and Chemistry of the Interstellar Medium



Starting point

● Stars from through gravitational collapse of 

dense interstellar clouds of gas and dust

● The physics and chemistry of those molecular 

clouds governs the star-formation process



Historical approach to the ISM



Historical approach to the ISM



Historical approach to the ISM



Our Galaxy seen at different wavelengths

Bérengère Parise



Milky Way in CO



Molecular Cloud formation



A spiral galaxy



0.15 µm                     0.4-0.8 µm          1.2-2.2 µm                3.6 µm

8.0 µm                   24 µm                    70 µm                    160 µm



  

Molecular Clouds



Theory of interstellar gas

(Magneto-)hydrodynamic equations:

1) Navier-Stokes equation (equation of motion):

ρ     – mass density
U     – gravitational potential
p      –  pressure
η, ζ  – dynamic and volume viscosity

Gas motion driven by 4 forces: gravitation, pressure, friction, magnetic fields.

Assumption: 
                      fluid properties η, ζ, conductivity σ, and ionization X constant 



Theory of interstellar gas

2) Continuity equation

Mass conservation of considered medium.

Example: spherical geometry: 

3) Poisson equation

G - gravitational constant

The gravitational potential is produced by the local mass density. 



Theory of interstellar gas

4) Thermal equation of state

Trivial example:   Ideal gas:  

μ – molecular mass, R – Rydberg constant

More general:   Polytropic gas:

n
f
 – degrees of freedom: mono-atomic gas:   γ = 5/3

di-atomic gas:   γ = 7/3
multi-atomic gas:   γ = 4/3

Isothermal case (energy radiated away):  γ = 1



Theory of interstellar gas

Additional equations (often omitted):

5) Caloric equation of state:

                                    - inner energy as function of pressure and temperature

Trivial example:   Ideal gas:  

6) Heat transfer equation: 

 

κ – heat diffusion coefficient
Γ – radiative heating
Λ – radiative cooling
 
7) Magnetohydrodynamics:  



Heating / Cooling

Heating = Feed of kinetic energy into the gas

● Photoionization of neutral particles
● Kinetic energy of electrons 

● Photoeffect on dust particles
● Kinetic energy of released electrons 

● Cosmic ray ioniziation of neutral particles
● Kinetic energy of secondary electrons

● X-ray heating
● Kinetic energy of secondary electrons

● Photodissociation of molecules
● Kinetic energy of fragments



Heating / Cooling

Heating:

● UV pumping of H
2

● Radiative excitation of electronic states, collisional de-exci-
tation

● Chemical heating
● Kinetic energy of reaction products

● Dissipation of turbulence and shocks

● Ambipolar diffusion
● Differential movement of ions and neutrals in magnetic 

field
● Gravitational collapse

● Potential energy



Heating / Cooling

Cooling:

● Collisional excitation with emission of radiation
● Molecule, atom or electron with molecule or atom

● Collisions of gas particles with dust
● Energy lost by dust radiation

● Free-free emission of electrons
● In HII regions

● Recombination of ionized particles
● Emission of recombination lines (and continuum)



Cooling in molecular clouds

Goldsmith & Langer 1978



Thermal instability

Starting point: 

● Energy balance equation (assume steady-state):

● Pressure equilibrium (p = const.): 

Heating processes Γ: 
● cosmic rays, radioactive decay
● UV radiation → photo-ionization 

and dissociation
● Proportional to gas density ρ

Cooling processes Λ: 
● recombination
● Gas-grain cooling
● Collisional excitation of radiation
● Proportional to square of density ρ²
● Threshold processes requiring minimum energy/temperature to work



Thermal instability

Resulting “equilibrium curve”:

● Two stable branches separated by instable branch
 

● The region at densities
of about 1cm-3 is 
“forbidden”



Thermal instability

Produces phase transition 
→ sharp cloud boundaries



  

The Multiphase Interstellar Medium

● most HI mass seen in 21cm absorption (cold!)
● much of volume filled by HI seen in emission (warm!)

Field (1962): cosmic rays heat intercloud medium to 10,000K, 
but thermally unstable so clouds form.

warm intercloud phase is stable.

Cox & Smith (1974), McKee & Ostriker (1977)
3rd phase: hot gas from Supernovae and HII Regions
filling factor 0.2 – 0.7 unclear.

Field, Goldsmith, Habing (1969):  two phase ISM



Three-Phase ISM

McKee  & Ostriker 1977

● 2-Phase + Supernovae produced hot medium



The phases of the Interstellar Medium (ISM)

Phase Density 
(cm-3)

Temperature 
(K)

Total  mass 
(109 Msun)

molecular >300 10 2.0 

cold neutral (HI) 50 80 3.0

warm neutral (HI) 0.5 8000 4.0

warm ionized 0.3 8000 1.0

hot ionized 3 x 10-3 500000 --

Composition of interstellar matter: 90% H, 10% He, traces of other elements
Interstellar  hydrogen exists in different chemical forms:
          - molecular (H2)       
          - atomic  (HI) : warm and cold phases, 
                            coexisting in pressure equilibrium (n.T ~ 3 x 103 K cm-3)   
          - ionized  (HII) : gas illuminated by UV radiation from stars  transient  
  



Components of the ISM



Molecular clouds

● ...are the places where stars form

● So we have to understand them first



  

Molecular Clouds

Giant Molecular Cloud

Clump fv~5%

Core

Diffuse Cloud

Translucent Cloud

Dark Cloud
(10mag, cold, narrow lines)

(3-5 mag)

(<2mag)

4-10mag, warm, broad lines

C18OCO CS



Molecular clouds

Type Size
(pc) 

n
(cm-3)      
               
  

Temperature
(K) 

Mass
(Msun)

Giant Molecular Cloud 50 102    15 105

Dark Cloud Complex 10 5.102    10 104

Individual Dark Cloud   2 103    10  30

Dense low-mass Core   0.1 104-105    10  10

• dense interstellar matter, forming H2

• visible in CO
• in pressure- and virial equilibrium
• condensations form stars



Dark cloud complexes

● Taurus-Auriga: 
isolated SF

● Ungerechts & 
Thaddeus 
(1987)

● 1.2m Columbia 
telescope,  NYC

● ρ Ophiuchus: clus-
tered SF



Credit: G. Vidali

H
2
 formation and destruction

● Formation on dust grains ● Destruction by photodisso-
ciation



H
2
 abundance

•
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CO                                                  



CO                                                    



CO

•



  

13CO in the inner Galaxy: lots and lots of structure

Clouds are not smooth, but complex, filamentary, fractal.
• fractal structures are created by a cascade of interstellar turbulence



H
2
 formation

•
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Dust
● Essential for cooling

● Efficient emission through continuous spectrum

● Surface chemistry to form complex molecules

● Diagnostics as optically thin 

   (far-) infrared emitter 

● Silicate and carbonaceous grains

● Organic and icy mantles

● Size spectrum from few Å to µm 

  →  typical size 0.1µm

● Irregular structure



Dust                                       
● Re-emits 99% of the total energy 

injected into the ISM

● Spectroscopy traces composition 

Infrared spectra of ultra-luminous galaxies 
(Lahuis et al)



  

IRAS 100 µm Starcounts 



Interstellar ChemistryInterstellar Chemistry

CO Formaldehyde (H2CO)

C3H2

Benzene (C6H6)

Methanol CH3OH



Interstellar ChemistryInterstellar Chemistry



Chemical networks of reactions
Carbon Nitrogen

Interstellar ChemistryInterstellar Chemistry



Quantification of reaction rates

● Depend on temperature, UV field and cosmic ray rate

Interstellar ChemistryInterstellar Chemistry



Systematic line searches

Interstellar ChemistryInterstellar Chemistry



2 Atome 3 Atome 4 Atome 5 Atome 6 Atome 7 Atome 8 Atome 9 Atome 10 Atome 11 Atome 12 Atome 13 Atome

H2 C3 c-C3H C5 C5H C6H CH3C3N CH3C4H CH3C5N HC9N C6H6 HC11N

AlF C2H l-C3H C4H l-H2C4 CH2CHCN HCOOCH3 CH3CH2CN (CH3)2CO CH3C6H C2H5OCH3

AlCl C2O C3N C4Si C2H4 CH3C2H CH3COOH (CH3)2O (CH2OH)2 (?) C2H5OCHO C3H7CN

C2 C2S C3O l-C3H2 CH3CN HC5N C7H CH3CH2OH H2NCH2COOH (?)  

CH CH2 C3S c-C3H2 CH3NC CH3CHO H2C6 HC7N CH3CH2CHO

CH+ HCN C2H2 CH2CN CH3OH CH3NH2 CH2OHCHO C8H

CN HCO NH3 CH4 CH3SH c-C2H4O l-HC6H (?) CH3CONH2

CO HCO+ HCCN HC3N HC3NH+ H2CCHOH CH2CHCHO (?) C8H-

CO+ HCS+ HNCH+ HC2NC HC2CHO C6H- CH2CCHCN CH2CHCH3

CP HOC+ HNCO HCOOH NH2CHO NH2CH2CN

SiC H2O HNCS H2CNH C5N

HCl H2S HOCO+ H2C2O l-HC4H

KCl HNC H2CO H2NCN l-HC4N

NH HNO H2CN HNC3 c-H2C3O

NO MgCN H2CS SiH4 H2CCNH

NS MgNC H3O+ H2COH+ C5N-

NaCl N2H+ c-SiC3 C4H-

OH N2O CH3 CNCHO

PN NaCN C3N-

SO OCS PH3 (?)

SO+ SO2 HCNO

SiN c-SiC2

SiO CO2

SiS NH2

CS H3
+

HF H2D+, D2H+

SH SiCN

HD AlNC

FeO (?) SiNC

O2 (?) HCP

CF+ C2P

SiH (?)

PO

AlO

Molecules in space



Abundances

•







Peter Schilke

B68: Another “hole” in the sky

Visual Near
Infrared

1.2 mm dust continuum                  C18O                           N
2
H+



Most important cooling lines

•



Most important 
cooling lines

CII and NII from the diffuse 
ISM and bright HII regions 
around young stars
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