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Interstellar molecular gas was discovered in the 1940s with the 
observation of absorption bands from electronic transitions in CH, CH+, 
and CN superimposed on the spectra of bright stars. In the late 1960s, 
centimeter- and millimeter-wavelength radio observations detected 
emission from rotational transitions of OH (hydroxyl), CO (carbon 
monoxide), NH3 (ammonia), and H2CO (formaldehyde). The Copernicus 
satellite detected Far-UV absorption bands of H2 (the Lyman & Werner 
electronic transition bands) and HD in the early 1970s, and Lyman FUSE 
(launched in 1999) has detected diffuse H2 along nearly every line of 
sight it has looked (where it often gets in the way of lines from the 
extragalactic sources of interest to the observations!). Infrared 
observations beginning in the 1970s detected H2 in emission from 
forbidden rotational-vibrational transitions in the Near-IR, with advances 
in IR array detectors in the late 1990s greatly expanding studies of these 
transitions.

History





While the dominant molecular species in the ISM is H2, because it is a homonuclear 
linear molecule with no permanent dipole moment all of the low-lying energy levels 
are quadrupole transitions with small transition probabilities (A-values) and 
relatively high excitation energies. The high excitation energies mean that these 
transitions are only excited at high temperatures or in strong UV radiation fields 
(i.e., fluorescence). Thus the most abundant molecule in the ISM, carrying most of 
the mass and playing a key role in excitation, thermal balance, and gas-phase 
chemistry, is virtually invisible to direct observation.
As a consequence, most of what we know about interstellar molecules comes from 
observations of so- called “tracer” species, primarily CO which is observed in its 
J=1−0 rotational transition at λ=2.6 mm. This and other molecular species are 
observed as emission lines from pure rotational transitions at centimeter to 
millimeter wavelengths. Like we saw in the case with the HI 21-cm line, we must 
account for stimulated emission as well as collisional and radiative effects when 
deriving the line properties. Since the formation of molecular species like CO occurs 
under conditions favorable for H2 formation, we will try to estimate the amount of 
H2 from the observed amount of CO with the assistance of a few simplifying 
assumptions.



Giant molecular clouds (GMCs)
Vast assemblages of molecular gas with masses of 104–106 times the mass of the sun are 
called Giant molecular clouds (GMC). The clouds can reach tens of parsecs in diameter 
and have an average density of 10²–10³ particles per cubic centimetre (the average 
density in the solar vicinity is one particle per cubic centimetre). Substructure within 
these clouds is a complex pattern of filaments, sheets, bubbles, and irregular clumps.[4]
The densest parts of the filaments and clumps are called "molecular cores", whilst the 
densest molecular cores are, unsurprisingly, called "dense molecular cores" and have 
densities in excess of 104–106 particles per cubic centimeter. Observationally molecular 
cores are traced with carbon monoxide and dense cores are traced with ammonia. The 
concentration of dust within molecular cores is normally sufficient to block light from 
background stars such that they appear in silhouette as dark nebulae.[6]
GMCs are so large that "local" ones can cover a significant fraction of a constellation 
such that they are often referred to by the name of that constellation, e.g. the Orion 
Molecular Cloud (OMC) or the Taurus Molecular Cloud (TMC). These local GMCs are 
arrayed in a ring in the neighborhood of the sun coinciding with the Gould Belt.[7] The 
most massive collection of molecular clouds in the galaxy, the Sagittarius B2 complex, 
forms a ring around the galactic centre at a radius of 120 parsec. The Sagittarius region is 
chemically rich and is often used as an exemplar by astronomers searching for new 
molecules in interstellar space.[8]
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Rotational Transitions
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Taurus Molecular Cloud in 12CO

(Goldsmith et al.)



Taurus Molecular Cloud in 13CO

(Goldsmith et al.)



Taurus Molecular Cloud in AV

(Dobashi et 
al. 2005)



Temperature Measured by CO



Temperature Measured by CO



Column Density Measured by CO



Column Density Measured by CO



Column Density Measured by CO



Column Density Measured by CO



Isotopologues of CO

(Frerking, Langer and 
Wilson, 1982)

Spectra taken in Taurus 
molecular cloud in a 
region with AV = 13.3 



Vibrational Transitions of 
Diatomic Molecules



Vibrational Transitions of 
Diatomic Molecules



Vibrational Bands of CO

(Goto et al. 2003)



H2





H2



Vibrational Lines of H2

(Rosenthal et al. 2000)







Hyperfine Lines in Molecules



N2H+ Spectrum
(Caselli, Myers & Thaddeus, 1995)



N2H+ Spectrum

Infall

(Schnee & Goodman, 2005)
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N2H+ Infall

(Schnee et al. 2007b)



Symmetric Tops



Symmetric Tops

(N.B., these equations in Kwok (7.19) are in error)



Symmetric Tops



Symmetric Tops - NH3



TMC-1C NH3 Spectrum - GBT

(Schnee et al. in prep.)



NH3 Velocity Map - GBT

(Schnee et al. in prep.)



NH3 Optical Depth Map - GBT

(Schnee et al. in prep.)



Asymmetric Tops



Asymmetric Tops - H2O



Asymmetric Tops - H2O



Asymmetric Tops - H2O



Schematic of a Maser
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Energy Levels for Ortho H2O

(Babkovskaia & Poutanen 2004)





Energy Levels for Ortho H2O

(Neufeld & Melnick 2001)
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NGC 4258

(Herrnstein et al. 1999)


