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Heidelberg, Hauptstraße 52 (1859)

“It was in this house where Kirchhoff turned his 
spectral analysis (developed with Bunsen) towards 
the sun and the stars - which ultimately led to an 
understanding of the chemistry of the Universe.”



recap: previous lecture: 

continuum emission
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Free-Free Emission 

• Consider an ionized gas (plasma).  
• Such a plasma emits radiation continuously.  
• Much of visible Universe is a diffuse, hot 
(104K) plasma.  
• Not in thermal equilibrium. Too diffuse to 
absorb/emit photons regularly. 

produced by free electrons 
scattering off ions without 
being captured—the electrons 
are free before the interaction 
and remain free afterward



Synchrotron Emission 

Acceleration of (ultra-) relativistic charged particles 
(typically electrons) in a magnetic field.  
• Particles spiral along magnetic field lines.  
• Emission frequency related to velocity of the 
particle.  
• Electrons need to be traveling relativistically to be 
detectable astronomically 
• Spectrum describes the energy distribution of the 
seed electrons. 

To maintain synchrotron emission, a continuous 
supply of relativistic electrons is necessary.  
•Typical energy sources include supernova 
remnants, quasars, or other types of active galactic 
nuclei.  



Virgo-A (M87) all synchrotron!!



Spectral lines offer power diagnostics of the composition, physical state, kinematics, 
and distribution of (mostly interstellar) matter. Some very basic basics: 

1. These lines correspond to transitions between discrete energy levels inside atoms or 
molecules. These energy levels can be electronic, vibrational, or rotational. 

2. A population of atoms, molecules, whatever, will have these energy levels populated 
in some way that depends on conditions for that population. So some fraction of the 
atoms will have energy level X, some fraction will have energy level Y. 

3. There is a chance that an atom or molecule in some state will spontaneously decay 
to a lower energy state. When it does so, the molecule emits a photon with the 
energy equal to the level spacing. That is, excited atoms or molecules emit lines. 
More later. 

4. When light with frequency equal to a level spacing passes by an atom or molecule in 
the lower level, it can be absorbed. That is, you also get absorption lines. 

5. Ultimately, the strength of a spectral line tells you about a combination of 
conditions in the population (excitation due to temperature, density, etc.) and 
abundance of the species (due to chemistry, shocks, overall matter distribution). 
Combinations of lines isolate these variables.
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Spectral lines offer power diagnostics of the composition, physical state, kinematics, 
and distribution of (mostly interstellar) matter. Some very basic basics: 

6. Given knowledge of the rest frequency of the spectral line, the Doppler shift 
measured for the line center tells you the bulk motion of the material – or the 
cosmological redshift of material. The width of the line usually gives you handle on 
the mean random motions of the particles (~ temperature). 

7. Radio lines specifically are excellent at penetrating dust absorption and frequently 
have low excitation energies, making them ideal probes of dense, cold locales – 
where stuff forms and places otherwise difficult to study. 

8. Frequencies can be measured very precisely and observing knowns lines across 
cosmic time or in varied locales gives a way to probe variations in fundamental 
physics (e.g., does the fine structure constant vary? Measure gravitational 
redshift?). 

9. Radio lines often have the possibility to mase. Stimulated emission (a quantum 
mechanical effect where light triggers the emission of more light) plus the 
possibility of inverted populations (where the emitting population outnumbers the 
absorbing one) favor the creation of these powerful emitters.
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Unlike optical, we are often dealing with molecular rotation transitions 

in the radio regime 

Radio Spectral Lines



Lines are not spikes at a particular frequency, perhaps with some very narrow width 
due to quantum mechanical uncertainty (see ERA ~ 0.1 Hz).  
In reality, lines look like shown below. 

This is due to the doppler shift – the shift infrequency due to motion of the emitter 
relative to you, the observer.

Doppler Shift



The shift in frequency is: 

The width of the line comes from the fact that a population in local thermodynamic 
equilibrium (LTE) displays a range of velocities that follow a Maxwell-Boltzmann 
distribution (Maxwellian distribution). 

Doppler Shift

in one dimension (line of sight):



The shift in frequency is: 

The width of the line comes from the fact that a population in local thermodynamic 
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distribution (Maxwellian distribution). 

Doppler Shift

in one dimension (line of sight):



So temperature creates a line profile with a Gaussian shape and a full width half max: 

The key dependencies are temperature and mass of the particle. 

Note that the other implication is that for a fixed strength line (i.e., only so many 
particles in the upper state) you are spreading the flux out across a wider frequency 
range. The peak of the normalized line profile is: 

Doppler Shift
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• More “complicated” than for atomic lines.

• Radio line emission results from vibrational and 
rotational transitions. 

•  About half the mass of the ISM in molecular hydrogen 
(H2). 

• About 1% of the cloud mass is dust, which causes 
extinction

• Cloud temperatures typically 10-20K, with densities 
n(H2) ~ 104cm-3. 

Molecular lines

NOTE: typical laboratory vacuum n ~ 10^7 cm-3



• Molecular hydrogen (H2) is hard to detect because it has no dipole 
moment.  
• CO (carbon monoxide) is the second most abundant molecule 
and can be used as a tracer for H2. 

•The ratio between CO luminosity and H2 mass is ~105. 

Tracing molecular hydrogen



Molecules have discrete energy levels. In the long wavelength regime many of these are 
rotational transitions. The idea in a nutshell, is that molecules have certain energy 
associated with their rotation. 

Their angular momentum is quantized and there are discrete steps between levels with 
only certain transitions allowed. This leads to a characteristic ladder of rotational 
transitions for molecules.

Molecular lines



The angular momentum L is moment of inertia times I angular frequency. 

Moment of intertia I is mass times radius^2 from the center of mass. Considering only 
the two nuclei as holding most of the mass.

Molecular lines

with reduced mass



The energy associated with a specific rotation level is: 

Quantization of angular momentum to integer multiples of h implies that rotational 
energy is also quantised. Corresponding energy eigenvalues of the Schroedinger 
equation are:

Molecular lines

selection rules:

allowed transitions:



The implications here are that the line frequencies depend on the moment of inertia 
and are spaced approximately linearly from the lowest transition on up.  

Molecules with a higher moment of inertia will have lower basic frequencies (e.g., CS 
1-0 has about half the frequency of CO 1-0).     [atomic number S vs. O, 16 vs. 8]

from previous slide:

Molecular lines

m: reduced mass



Line emission is stimulated or spontaneously emitted from molecules in an excited 
state. To get a significant number of molecules in an excited state from the Boltzmann 
equation you need an energy ~kT to roughly equal or exceed the energy of the upper 
state, Erot: 

Then for a given rotational transition T required to 
excite transition : 

For CO the Tmin looks something like this. 

For example, the CO 2-1 transition has Tmin ~16.6 K.

Molecular excitation



CO as a molecule with special importance for astronomy:

• CO lines are the most important cooling lines for the regime below 100 
Kelvin (cooling of the molecular material in order to facilitate gravitational 
collapse … eventually)

• relatively light, di-atomic, simple rotational spectrum

• low dipole moment (-0.12 Debye) → easily excitable also in thinner 
molecular gas

• observable in the millimeter regime

• CO is the most abundant molecule after H2 itself (abundance ~ 10-4)

•  Since the bulk of the cold H2 molecular gas in molecular clouds is not 
directly accessible (no permanent dipole moment), CO is the best (?) proxy 
for the total amount of molecular gas in a cloud.   

Importance of CO



example SED: M82
models from Galliano et al.



escaping total

CO(1-0)

CO(2-1)
CO(3-2)

CO(4-3)

[CII]
[OI]Hα PAH

models from Galliano et al.
example SED: M82



HII absorption

HI absorption

escaping total

CO(1-0)

CO(2-1)
CO(3-2)

CO(4-3)

[CII]
[OI]Hα PAH

example SED: M82

- carbon monoxide (CO)

- dust emission

- other lines ([CI], [CII], …)

models from Galliano et al.



millimeter detection

Caltech OVRO 
interferometer

NRAO
12m antenna

1970: first detection of CO



Spectrum towards molecular cloud at the Galactic center.

Other molecules



2 atoms 3 atoms 4 atoms     5 atoms      6 atoms 7 atoms           8 atoms          9 atoms          10 atoms              11 atoms           12 atoms               >12 atoms
H2 C3 * c-C3H    C5 *         C5H C6H           CH3C3N          CH3C4H          CH3C5N              HC9N            c-C6H6 *              HC11N
AlF C2H l-C3H    C4H         l-H2C4 CH2CHCN      HC(O)OCH3      CH3CH2CN        (CH3)2CO              CH3C6H           C2H5OCH3 ? C60 *
AlCl C2O C3N    C4Si         C2H4* CH3C2H          CH3COOH        (CH3)2O         (CH2OH)2             C2H5OCHO      n-C3H7CN C70 *
C2** C2S C3O    l-C3H2       CH3CN HC5N            C7H          CH3CH2OH       CH3CH2CHO      
CH CH2 C3S   c-C3H2       CH3NC CH3CHO         C6H2           HC7N        
CH+ HCN C2H2*   H2CCN       CH3OH CH3NH2          CH2OHCHO      C8H        
CN HCO NH3   CH4 *         CH3SH c-C2H4O          l-HC6H *           CH3C(O)NH2        
CO HCO+ HCCN   HC3N         HC3NH+ H2CCHOH      CH2CHCHO (?)   C8H–        
CO+ HCS+ HCNH+   HC2NC       HC2CHO C6H–           CH2CCHCN        C3H6        
CP HOC+ HNCO   HCOOH      NH2CHO             H2NCH2CN          
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 *   HC(O)CN                
PN NaCN C3N–   HNCNH                
SO OCS PH3 ?   CH3O                
SO+ SO2 HCNO                  
SiN c-SiC2 HOCN                  
SiO CO2 * HSCN                  
SiS NH2 H2O2                  
CS H3+ * C3H+                  
HF H2D+                    
HD SiCN                    
FeO ? AlNC                    
O2 SiNC                    
CF+ HCP                    
SiH ? CCP                    
PO AlOH                    
AlO H2O+                    
OH+ H2Cl+                    
CN– KCN                    
SH+       HO2
SH FeCN                    
HCl+                     
                     

Detected molecules in space (outside of
stellar atmospheres): ~200)

more than 50 molecules also detected in extragalactic
systems to date …

…many of which have dozens / hundreds of transitions

https://en.wikipedia.org/wiki/List_of_interstellar_and_circumstellar_molecules



splatalgogue

https://splatalogue.online//



For a series of positions mapped by a single dish (e.g., in some scan mode) or for all 
interferometer observations (which image the primary beam), you get out a data cube – 
a map with a spectrum at each location. So two sky coordinates and a frequency 
coordinate.

Frequency
(Velocity via Doppler Shift)

Position

Po
si

tio
n

PPV Cube:
(x, v, z)

(vx, vy, vz)

Data cubes



chemical differentiation, e.g. Orion KL region (Beuther et al. 2005)

Data cubes



chemical differentiation, e.g. Orion KL region (Beuther et al. 2005)

Data cubes



chemical differentiation, e.g. Orion KL region (Beuther et al. 2005)

Data cubes



But you often don’t just have a single line – instead, you get a rich spectrum at each 
location, with a succession of position-position velocity cubes stacked on top of one 
another (in a big p-p-frequency cube). Here an ALMA example:

These are all 
position-position 
velocity cubes.

NGC 253 Nuclear Burst Region

Data cubes



Data cubes











redshift dependence





recombination line emission comes from an atom in which an electron falls from a 
higher energy state to a lower energy state. 

e-

recombination lines



recombination lines



Given Bohr radius an we can figure out the energy of the atom, which is kinetic energy 
T and potential energy V 

energy of a given level 
(general result of the virial theorem applying to an orbit).  

Recombination lines are jumps between levels:

Δn = 1 : α

Δn = 2 : β

Δn = 3 : γ

recombination lines



The frequency of a recombination line goes as the energy difference between levels: 

i.e.: 

recombination lines

(Rydberg 

constant)

Rydberg frequency:



recombination lines

Account for finite-mass nucleus 

e.g. hydrogen:  

this corresponds to 912 Angstrom in the UV: energy needed to 
create / ionizea hydrogen atom

“Alpha” radio lines at order 10 GHz frequencies come from very big atoms:



• these are the only radio lines that are due to electronic transitions.  
• Quantum numbers need to be very high (> 100). 

• HII can show radio recombination lines from electrons cascading down into the ground state.  
• Weak and hard to detect: only 0.1-1% of the continuum.  
• Emerging area for LOFAR + ngVLA + SKA

radio recombination lines

…do not play a big role in radio spectral line studies



• hyperfine structure in hydrogen.  
• Undoubtedly the most important line for radio astronomy.  
• Think of protons and electrons as spinning distributions of charge each creating a 
magnetic field (i.e.“spin”).  
• Chance of Hydrogen randomly flipping its spin configuration is very low (spontaneous 
flipping once in ~11 million years).  
• HI emission is collisionally induced (in ISM, typical timescale of ~200 years). 

21cm line of hydrogen



21cm line of hydrogen



Although this transition is H rare (once 
every 11 million year), there is just so 
much  Hydrogen in the ISM, that 21cm 
line emission is ubiquitous in the Milky 
way and other galaxies.  And since the 
line has an extremely small natural width 
(because of its long lifetime), broadening 
of the line is usually due to doppler shifts 
caused by the motion of the gas relative 
to the observer.  This is useful in studying 
the dynamics of regions in our own and 
other galaxies. 

Some H atoms de-excited 
into lower energy state after 
collision - they emit radiation 
at 21cm (1420MHz). 

21cm line of hydrogen



codename ‘Würzburg’ - 
4000 radar antennas in WWII

1951: detection of atomic hydrogen (21cm)

21cm line of hydrogen



These are 21-cm line maps – cubes that have been collapsed into integrated intensities 
– into two dimension maps of integrated (K km/s) intensity ~ column. You get from this 
the ISM distribution, gas, arms, etc.

21cm line of hydrogen





But you also get kinematics and the motion of the gas is determined by the galaxy, not 
the ISM. Below you see the HI distribution, then you see the mean velocity as a function 
of position. That’s a rotating disk. This rotation gives you a rotation curve – how fast a 
galaxy spins as a function of radius – that in turn gives you the mass (total) of a galaxy – 
a tool to study stars, dark matter, and gas.

21cm line of hydrogen



• The 21-cm line is often seen in absorption 
and probes the intervening HI (neutral) cloud.  
• Depends on temperature of background 
continuum source and the intervening H1 
cloud. 

21cm absorption



• A “radio LASER”.

• Associated with molecules.  
• Ensemble of molecules pumped to 

a higher-energy state (population 
inversion, E2 not too different than 
E1). 

• Requires an energy source to 
pump the molecules. in many cases 
FIR emission from dust emission 
associated with star forming 
regions.Background 

source 

Masing 

cloud 

MASER Emission 
MASER:“Microwave Amplification by Stimulated Emission of Radiation” 

MASER emission

• The background electromagnetic waves in astronomical masers can be any weak source of radio emission that travels 
through the masing clouds of gas, far enough to amplify the waves enormously even on a single pass through the cloud. In 
star forming regions there are plenty of seed sources of radio emission.



Background 

source 

Masing 

cloud 

Naturally occur in molecular 
clouds and the envelopes of 
old stars.  
• Often associated with star-
forming regions.  
• Common lines from 
Hydroxyl (OH), silicon oxide 
(SiO), water (H20), methanol 
(CH3OH), ammonia (NH3), 
and formaldehyde (H2CO). 

MASER:“Microwave Amplification by Stimulated Emission of Radiation” 

MASER emission



Background 

source 

Masing 

cloud 

MASER:“Microwave Amplification by Stimulated Emission of Radiation” 

• MASERs show:

• Month-year variability. 

• Narrow line widths (< 1km/s).

• High brightness temperatures 
(1010K)

• Are compact.

• Polarization. 

MASER emission



• Blackbody radio emitters are 
extremely cool, < 10K.

• For example, dark dust clouds in the 
Milky Way. 

• Also dust with T ~ 50K, which is 
redshifted. 

Thermal Emission from Dust



Dust… think a broad size distribution of little (<~ 0.1 um) particles mixed with gas and 
holding about half the metals in interstellar space, some mix of silicates, carbonaceous 
materials, and iron.  

It blocks optical and UV light. Some of that light is scattered (grains have some albedo) 
but some of it is absorbed. The absorbed light heats the dust. The temperatures to 
which the dust is heated are typically 10s of K for the massive grains. That means that 
critically for us, it then re-radiates that light at wavelengths from the near-infrared to 
the radio with most light coming out in the IR and sub-mm.

Thermal Emission from Dust



About half of the emission in an actively star-forming system (of solar metal abundance 
or about that) is reprocessed into emission from dust. In contrast to radio, this emission 
is of fundamental importance to the bolometric luminosity of the system.

swiped from E. Bell

DUSTSTARS

Dust / Bolometric Luminosity





actual Planck observations — there is a lot of foreground dust!



• Can find dust in H2 (molecular) clouds, where M(dust)/M(H2) ~ 0.01. 

• Dust emission from star-forming regions in which the dust can be heated 
(emit above radio band). 

Thermal Emission from Dust



The ability of a grain to radiate or absorb is a strong function of wavelength. The effect 
of this gives rise to the discussion of dust as a “modified” black body. The key idea is the 
following: 

• Both optical absorption and infrared emission/absorption depend on wavelength in 
important ways. 

• The wavelengths at which emission occurs does depend on the dust temperature. 
Higher temperature means that the emission occurs at shorter wavelength. 

• The qualitative sense is that dust grains are worse emitters at longer wavelengths.

Dust - ‘modified’ black body



For small grains the rate of photon absorptions is low and a typical interstellar photon 
heats them far beyond their equilibrium temperature leading to “stochastic heating” of 
“very small grains.”

Tielens review article (see also Draine Book), Draine 2003

From top to bottom 
you see grain size 
shrink. 

Temperature is on the 
y-axis. 

Small grains: 

(1) have a smaller 
chance to catch a 
photon 

(2) Get much hotter 
when they do catch a 
photon.

Dust - stochastic heating



Temperature probability distribution 
of  selected grains heated by 
starlight.

Large grains: low temperatures and 
more narrow distribution

sum of all these curves will 
determine shape of the FIR SED

Draine 2003

Dust - temperature dependence on grain size



example SED: M82
models from Galliano et al.

recall: galaxy SED



ALMA

Tielens article
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recall: long wavelength dust tail



there is always a population of small grains that are hotter than you would expect from 
the equilibrium calculation.  
If you naively treated this emission you would find a crazy high radiation field – in fact 
this is simply grains out of a stable equilibrium.  
—> best handled through models.

Tielens article

Dust - stochastic heating



The composition of dust leads to the existence of broad spectral features reflecting 
modes in the molecular structure. These are hard to map back to specific chemical 
compositions but especially at short wavelength they produce strong spectral features. 

There are two main features: the silicate absorption features around 10 microns (often 
seen in absorption) and PAH bands.

Tielens article

Dust - PAH features



...are responsible for ~50% of the heating of 
the molecular gas (through photo-effect)

Dust - PAH features



Dust - PAH features





Smith et. al. 2004

Dust - PAH features



• Up to 30% IR luminosity in PAH features alone.

• Strongest PAH features in Spitzer’s 24μm band at z=0.5-3.

• will affect: photo-z’s and star formation rates

stacked PAH spectrum of 9 
z~2.5 submillimeter galaxies

Valiante et al. 2008

Dust - PAH features



The silicate absorption features, especially just short of 10 microns, reflect vibrational 
modes in silicates and indicate that these must comprise some of the interstellar dust.

Spectrum towards Galactic center showing deep silicate absorption – Tielens article.

Dust - Silicate Absorption at ~ 10 microns



1mm 100µm 10µm 

Radio 

FIR 

MIR 

submm 

Arp 220 

ALMA ALMA 

MAMBO 
SCUBA 

Spitzer 

1h 3sigma 

Redshifted SED of  a Starburst Galaxy: the “K-correction” 
The Magic of Submillimeter

constant flux density at 1mm wavelengths for constant luminosity!! 
[i.e. more distant galaxies are not fainter]



Thanks to the steep spectral index of dust, dust emission at high redshift is uniquely 
accessible to mm-wave telescopes. Although these systems are very distant, the 
cosmological redshift of the spectral energy distribution implies that at a fixed 
frequency you look at a brighter part of the spectrum for more distant sources.

Blain NED

The Magic of Submillimeter







Courtesy M. Garrett 


