
Molecular clouds are the densest and the coldest phases
of the ISM

In addition to H2, the other molecular species found are
CO, OH, NH3, HCN, H2O, aromatic hydrocarbons and
many other organic molecules.

Molecular Clouds

many other organic molecules.

Radio, millimeter and IR observations reveal the
molecular composition of the ISM

Star formation happens within molecular clouds





Spitzer image of IRDCG11.11-0.11, a molecular cloud in the Galaxy. Blue represents

3.6-micron light; green shows light of 8 micron; and red is 24-micron light.



Hierarchical Sub-structure in a molecular cloud
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Blitz & Williams 1999 (astro-ph/9903382)



Spectra of Molecules 

Astronomical spectra of molecules can come from three
types of transitions :

(a) Rotational transitions : long wavelengths ranging from
radio for heavy polyatomic molecules, and microwave
(mm) for lighter molecules(mm) for lighter molecules

(b) Vibrational transitions : at sub-mm and far-infrared
wavelengths.

(c) Electronic transitions : lie at similar wavelengths to the
allowed transitions of neutral atoms: the visible and
ultraviolet.



Spectra of Molecules : CO as  a proxy for H2

H2 is the most abundant molecule in the ISM, but cold H2 is 
almost invisible to direct detection for the following reason : 

H2 has no asymmetry in charge distribution, hence no permanent
electric dipole moment, and hence no rotational spectrum.

The lowest rotational transitions of H2 are in at λ = 28.2 µm (far-The lowest rotational transitions of H2 are in at λ = 28.2 µm (far-
IR) and shorter wavelengths. To detect these rotational
transitions, H2 molecule has to be excited. The excited rotational
upper levels have energies of E/k ~ 510 K and 1015 K (collisional
excitation). Similarly the lowest vibrational transition is at even
higher energies of E/k ~ 6471 K. The cold ISM (molecular cloud)
temperatures are lower than these excitation temperatures. Hence
H2 in emission is a weak signal.



The rotational spectrum of CO looks

like a ladder whose rungs indicate

the J levels and line frequencies.

where J is the rotational angular

momentum quantum number

the J levels and line frequencies.

The CO molecule has a relatively

small moment of inertia, so the

lowest rung of this ladder is at 115

GHz ( ~ 2.6 cm).



The upper-level energies

for CO J � J−1 transitions

are proportional to

J(J+1). The corresponding

minimum temperatures

required for collisions to

excite the molecules are

also proportional to

Excitation Temperature for CO 

also proportional to

J(J+1), so high-J lines will

be weak in cold molecular

clouds.
Typical molecular 

cloud temperatures



CO rotational emissions at three prominent radio / mm

frequencies are used to map the distribution of molecular gas in

the Galaxy :

Spectra of Molecules : CO as  a proxy for H2

CO lowest rotational transitions are at excitation energies of E/k

~ 5.5 K, which is within the temperatures of cold molecular gas.

(1) 12CO (J = 1 � 0)  @ 115.271203 GHz  (2.6 mm – atm window) 

(2) 12CO (J = 2 � 1)  @ 230.538001 GHz

(3) 13CO (J = 1 � 0)  @ 110.201370 GHz

H2 abundance in the ISM (i.e., molecular gas in the ISM) is

estimated by converting the CO abundance into an H2

abundance : weakest link in the estimation of molecular gas in the

ISM



CO map @ 115 GHz of a molecular cloud region
(Orion-Monoceros star forming region)

Wilson et al. 2005, A&A, 430, 523



Distribution of H2 (CO) in the Galaxy

Orion GMCOrion GMC



Examples of CO emission

Molecular cloud image taken by NRAO 12m radio telescope. Here the interstellar

gas glows from the rotational emission of CO (J = 1 � 0) at 115 GHz. In the

centre could be a protostellar core. The gas glows most brightly where accretion

onto a protostar warms the cloud.
http://www.cv.nrao.edu/~awootten/research.html



The CO J=1 - 0 

contours 

superimposed on the 

optical image of the 

face-on spiral galaxy 

NGC 5194. The 

molecular emission 

traces the spiral arms 

and outline regions in 

Examples of CO emission

and outline regions in 

which stars are 

forming. Strong CO 

emission is ubiquitous 

in star-forming 

galaxies.                              

(Regan, M. W. et al.

2001, ApJ, 561 218).


