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• What is radio astronomy

• Historical background

• Physical processes

• Collecting radio signals

• A brief introduction to interferometry 

• Radio astronomy and galaxy evolution

• The present and future of radio astronomy 

Agenda and Outline of this primer

6 May

25 May

27 May



• Essential Radio Astronomy (James J. Condon and Scott M. Ransom)                  
https://www.cv.nrao.edu/~sransom/web/xxx.html

• Principles of Interferometry, IMPRS School 2014 (Hans-Rainer Klöckner)               
http://www3.mpifr-bonn.mpg.de/staff/hrk/HRK_LECTURE.html

• 16th NRAO Synthesis Imaging Workshop 2018                                                      
https://science.nrao.edu/science/meetings/2018/16th-synthesis-imaging-workshop

• Radio Astronomy Course (Prof. Dale E. Gary)                                                               
https://web.njit.edu/~gary/728/

• 10th IRAM Millimeter Interferometry School                                                              
https://www.iram-institute.org/EN/content-page-367-7-67-367-0-0.html

• Sixth European Radio Interferometry School (ERIS2015)                                             
https://www.eso.org/sci/meetings/2015/eris2015.html

Online resources



Why we should know more about radio astronomy…

• Precision cosmology

• The dark side of galaxy evolution

• Black hole activity

• Atomic hydrogen and molecular gas

• General relativity  

• Dark matter

and many other good reasons....



Why we should know more about radio astronomy…

• Ground based observatories

• Steel (antennae) and electronics (fibers and correlators)

• Major facilities being built/planned all over the world

• Radio astronomy has become more user friendly

• Italian Astronomy community is involved in a number of major projects 

(LOFAR, MeerKAT+ and SKA) 



What is radio astronomy

Radio astronomy is the study of natural radio emission from celestial sources.

Atmospheric absorption

Ionosphere reflection

• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 
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The Sun at 4.6 GHz
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(30m)
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Radio astronomy is the study of natural radio emission from celestial sources.
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The Moon at 850 micron

• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 

Radio astronomy is the study of natural radio emission from celestial sources.
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Arecibo+GBT radar image at 70 cm
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Jupiter – NRAO Very Large Array 



Cas A supernova remnant 

VLA 1.4/5/8.4 GHz

• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 

Radio astronomy is the study of natural radio emission from celestial sources.
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All-sky 408 MHz continuum

• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 

Radio astronomy is the study of natural radio emission from celestial sources.

What is radio astronomy



M82 - a nearby typical star-forming galaxy

radio continuum

• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 

Radio astronomy is the study of natural radio emission from celestial sources.
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Hercules A (3C 348)  VLA+HST imaging

• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 

Radio astronomy is the study of natural radio emission from celestial sources.
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      CMB fluctuations — WMAP 23-94 GHz mapping
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• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 

Radio astronomy is the study of natural radio emission from celestial sources.

      Power spectrum of CMB fluctuations — Plank satellite

What is radio astronomy



South Pole Telescope (90/150/220 GHz) 

• 1 THz(0.3mm) — 10 MHz 
(30m)

• A sky always “dark”

• A “parallel” and unexpected 
Universe 

Radio astronomy is the study of natural radio emission from celestial sources.

What is radio astronomy



Historical background

          Guglielmo Marconi

— 1909 Nobel Prize in Physics —

        “wireless telegraphy”
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Historical background (and back to the future)

The Nobel Prize in Physics 2020 was divided, one half awarded to 
Roger Penrose "for the discovery that black hole formation is 
a robust prediction of the general theory of relativity", 

the other half jointly to Reinhard Genzel and Andrea Ghez "for 
the discovery of a supermassive compact object at the centre 
of our galaxy." 

The stars’ orbits are the most convincing evidence yet that a 
supermassive black hole is hiding in Sagittarius A*. This black hole 
is estimated to weigh about 4 million solar masses, squeezed 
into a region no bigger than our solar system



Historical background
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• Wien displacement law 
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Historical background

• Planckian “thermal” emission

• Wien displacement law 

• RJ approximation at low freq

• No detection at 3 GHz

• 160/480 MHz detections but... 
 



𝜈2𝜈−0.7

Historical background



Historical background



Historical background



Historical background



Historical background



Historical background



Historical background



Differential source counts in a non-expanding Euclidean universe

Historical background



Differential source counts in a non-expanding Euclidean universe Observed Euclidean-normalised differential source counts

Historical background



Years before the discovery of the 
CMB, radio “stars’’ provided 
evidences that the Universe was:

•  Highly isotropic

•  Homogeneous

•  Expanding

•  (<1% anisotropy due to Earth motion)

Historical background
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Discovery of Pulsars -1967

Pulsars discovered by Jocelyn Belll-Burnell (PhD student) 
and Anthony Hewish, as a by-product of Interplanetary 
Scintilation Studies (ISS) in Cambridge. 

The signal was recorded on chart paper - 
telescope produced about 30 metres per day! 

Jocelyn carefully waded through the paper (and 
interference), and started to notice an unusual 
source that appear to be periodic (T ~ 2 secs) 
she called this “scruff”.  

By 1968, four periodic sources had been 
discovered. 

After instrumental causes were ruled out, other 
physical explanations were considered - including 
that the signal were being beamed to us by other 
intelligent life-forms in the galaxy. 

See youtube “2009: Pulsars (Bell Burnell)”

Historical background



Gravitational radiation 
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R.A. Hulse & J.H. Taylor, Jr

distance gets smaller by 3m / year

Historical background



• 

1944: van der Hulst predicts discrete 1420 MHz (21 cm) emission from neutral Hydrogen (HI).

 

1951: HI detected by Ewen & Purcell and Oort & Muller.  

Radio Spectral Lines - neutral hydrogen

Special: Radio astronomy traces the FIRST and most ABUNDANT element in the Universe.  

Historical background
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Radio emission and its physical processes

• Thermal

   — Bremsstrahlung radiation

• Nonthermal

    — Synchrotron 

Continuum emission Line emission

    —  HI  21cm  

    —  Molecular lines

    —  Recombination lines

    —  Masers

Pulsars



Radio emission and its physical processes
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In the region/frequency range where τ << 1:

Production rate of ionizing photons      Free-free spectral luminosity

Number of massive short lived stars Galaxy star formation rate

Radio emission and its physical processes
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synchrotron self-absorption

Radio emission and its physical processes



        synchrotron losses 
          inverse Compton

Radio emission and its physical processes



synchrotron

dust

free-free

Multi-frequency observations of M82 
a prototypical star-forming galaxy
in the local Universe

Radio emission and its physical processes



Inverse Compton emission 

upscattering of radiation photons by relativistic electrons

Drain energy from cosmic-ray electrons that produce radio radiation 
and  use it to produce X-ray radiation!

The percentage of power loss is directly proportional to 
energy density of the radiation field

Radio emission and its physical processes



Inverse Compton emission 

Cygnus A (one of the brightest radio sources in the sky...)

Radio emission and its physical processes



Accretion of gas onto a massive central black 

- Accretion of gas onto a massive 
central black hole releases 
tremendous amounts of energy

- Magnetic field collimates outflow 
and accelerates particles to close 
to the speed of light

Radio Jets

Radio emission and its physical processes



Accretion of gas onto a massive central black 

3C 433

3C 175

3C 353

Radio emission and its physical processes



 “Essential Radio Astronomy”

Radio emission and its physical processes



Neutral hydrogen (HI) atoms are 
abundant and ubiquitous in
low-density regions of the ISM

They are detectable in the ≈21 cm (1420.40575 MHz) hyperfine line

An extremely useful tool for studying gas in the ISM of external galaxies 
and tracing the large-scale distribution of galaxies in the Universe.

Radio emission and its physical processes



B/W=optical image of NGC 6946 from 
Digital Sky Survey

Blue=Westerbork Synthesis Radio 
Telescope  21 cm image of Neutral 
Hydrogen

Hydrogen usually much more 
extended than stars

Radio emission and its physical processes



VLA 12-pointing mosaic  Yun et al. 1994

Optical image of M81 group

Neutral Hydrogen is the raw fuel 
for all star formation

Hydrogen usually much more 
extended than stars

Hydrogen usually much more 
extended than galaxies…

…and can be used to trace past 
galaxy interactions

Radio emission and its physical processes
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Spectral Line emission

 Molecular rotational and vibrational modes

 Commonly observed molecules in space:
 Carbon Monoxide (CO)
 Water (H2O), OH, HCN, HCO+, CS
 Ammonia (NH3), Formaldehyde (H2CO)

 Less common molecules:
 Sugar, Alcohol, Antifreeze (Ethylene Glycol)

 Large, heavy molecules in cold clouds may be 
seen at centimeter wavelengths, but smaller 
and lighter molecules emit only at millimeter 
and sub-mm wavelengths.





Radio emission and its physical processes



H2 is the most abundant molecule in the 
Universe …makes up most of the 
molecular ISM in galaxies but is basically 
invisible in emission!

Polar molecules, i.e. molecules with a 
permanent dipole moment, like the 
carbon monoxide molecule radiate at 
their rotation frequencies: 
             
                                

𝜈=
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H2 is the most abundant molecule in the 
Universe …makes up most of the 
molecular ISM in galaxies but is basically 
invisible in emission!
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Nonlinear molecules such as the 
symmetric-top ammonia (NH3) with 
two distinct rotational axes have more 
complex spectra consisting of many 
parallel ladders.             
                                Transitions between the two spin states of the 
nitrogen atom cause the line splitting shown 
and yield emission at frequencies near 24 
GHz. 

NH3 is a very useful thermometer for 
molecular clouds

Radio emission and its physical processes



                                            molecular cloud SgrB2(N) near the Galactic center                                                          
                                

                         Orion KL region
                                

Radio emission and its physical processes



Radio emission and its physical processes

1)

2)
3)M51 – The Whirlpool galaxy
4)
5)
6)First multi-transitions studies

7)  - GMCs 
8)  - arms physical conditions
9)  - dust properties
10)- star formation
11)

12) 
13)
14)

1)



Recombination lines produced by high-n 
transitions are observed in the radio 
window.

These lines can be used to effectively 
study the physical properties of HII 
regions:

- the electron temperatures of HII regions
- the metal content of the galaxy
- the spatial distribution and kinematics 

of HII regions                                

Radio emission and its physical processes



Radio emission and its physical processes

1)

The spiral pattern of our Galaxy in plan 
view, as traced by Hα (circles) and radio 
recombination lines (squares)

M82 imaged in H92α (contours) and 8.3 GHz 
continuum (gray scale). 

 Radio recombination line strengths are much 
less affected by dust extinction than optical 
lines (e.g., the Hα and Hβ lines) 

 Radio recombination lines are useful 
indicators of the ionization rates and hence 
star-formation rates in dusty galaxies.



Radio emission and its physical processes

Maser (microwave amplification by stimulated  emission of radiation
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