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Overview

•RAD1 (Intro to radio astronomy and radio telescopes)

•RAD2 (Single-dish data processing)

•RAD3 (Single-dish data processing)

•RAD4 (Radio interferometry)

•RAD5 (Interferometric data processing)

•RAD6 (Interferometric data processing)



History of radio astronomy
• 1932 - Karl Jansky (Bell Telephone Labs) 

~20 MHz detected Galactic emission

• 1938 - Grote Reber built a 10m parabolic 

telescope and mapped the Galaxy at 160 
MHz


• 1950’s - Discrete sources detected

• 1960’s - High resolution interferometry

• 1970’s/80’s - Interferometric imaging array 

(e.g. VLA)

• 2000s - Development of software-based 

receivers

• 2020s - Start of SKA, conceived in 1991, 

first MoU in 2000



EM Spectrum
Radio Waves => electromagnetic waves  
with λ = 0.3mm - 100km  
             (1 THz - 3 kHz)

Most radio telescopes and interferometers  
> 500 MHz (0.6 m) 
 

Microwaves (1 cm - 30 m) 
                     (30 GHz - 10 MHz) 

Millimetre (1 mm to 10 mm) 
                  (300 GHz - 30 GHz) 

Sub-millimetre (< 1 mm, up to 0.4 mm) 
                             (> 300 GHz )



Why should we care about the radio band?



Opacity in radio bands



Bands and naming conventions
Low Frequency: 
LOFAR 

λ ~ 1 - 20 m  
ν ~ 10 - 240 MHz

(10-90, 110-240)

High Frequency (mm/sub-mm): 
JCMT  

λ ~ 2000 - 345 μm

ν ~ 150 - 870 GHz

ALMA 

λ ~ 3mm - 400 μm  
ν ~ 84 - 720 GHz (40 - 950 GHz) 

Large Radio Telescopes 
ν > 500 MHz: 

GBT (ν ~ 0.32 - 100 GHz)

L Band 18 cm 1.40 GHz
S Band 13 cm 2.3 GHz
C Band 6 cm 5.0 GHz
X Band 3.5 cm 8.4 GHz
U Band 2.5 cm 15 GHz
K Band 1.3 cm 22 GHz

Ka Band 0.9 cm 32 GHz

Q Band 0.7 cm 43 GHz



How much energy does a radio photon carry?





Silicon

CCD



What do we measure in radio observations?



Photon counting in the radio is not usually an 
option, we must think classically in terms of 
measuring the source electric field

 
=> i.e. measure the voltage oscillations induced 
in a conductor (antenna) by the incoming EM-
wave.





Incomplete picture without radio data….

Centaurus A galaxy



What do you see in the optical image?



How are radio emissions from astronomical 
objects produced?



Radio Emission Processes

• Electromagnetic emission can be divided into two types: 
 
 
Continuum emission 
 
=> emission over a very broad frequency range 
usually due to the acceleration of charged particles moving with a wide-range of energy 
 
 
 
Spectral line emission 
 
=> emission over a very narrow frequency range 
usually due to the discrete transitions in the internal energy states of atoms or molecules



Radio Emission Processes

• Continuum emission 
 
 
Thermal Emission  
=> Black body radiation for objects with temperature T ~ 
3-30 K (CMB radiation peaks at T = 2.7 K, 0.001metres, 
300 GHz). 
=> Bremsstrahlung (free-free) emission: deflection of a 
charged particle (electron) in the electric field of another 
charged particle (ion) 
 

Radio astronomy is cool 😎
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Radio Emission Processes
• Continuum emission 
 
 
 
Non-thermal Emission 
=> Synchrotron radiation: relativistic electrons 
spiraling around weak magnetic field lines. 
=> Since synchrotron radiation is strongest at low 
frequencies (long wavelength) it can be detected with 
radio telescopes. 



Radio Emission Processes

• Spectral Line Emission 
 
 
Neutral hydrogen HI (21 cm) 
=> Most NB spectral line in the radio. 
=> spin-flip transition between high-energy state and low-energy 
state of the H atom (aligned vs opposed spins for p+ and e-). 
=> Although this transition is rare - there is just so much H in the 
ISM ! 
 
Molecular lines (CO, CS, CN,...) 
=> Produced by changes in the vibrational or rotational states of 
their electrons (due to collisions or interactions) 
 
Maser emission (OH, H20, SiO,…) 
=> Amplification of incident radiation passing through clouds of 
gas 





Radio Emission Processes

Wavelength Spectral Line Continuum

meter, cm, mm

Neutral Hydrogen (HI) 21 cm fine structure line - 
neutral gas 
 
Hydrogen recombination lines - ionised gas 
 
OH, H2O, SiO Masers - dense warm molecular 
gas


Molecular rotation lines - cold molecular gas

Thermal Bremsstrahlung (free-free emission) - 
HII regions 
 
Synchrotron Radiation - jets in radio galaxies, 
pulsars, shocks in supernovae, cosmic ray 
electrons in the magnetic fields of normal 
galaxies etc.., acceleration of electrons in 
stellar and planetary systems 
 
Thermal emission from dust - cold dense gas

sub-mm (and 
FIR)

Molecular rotation lines - warm, dense gas 
 
Solid state features (silicates) - dust 
 
Hydrogen recombination lines - ionised HII 
regions 

Thermal emission - warm dust

Credit: Prof. Mike Garrett (ASTRON/Leiden/Swinburne)Radio Astronomy course notes



Radio Emission Processes
Example: the radio spectrum of a “normal” star forming galaxy like M82

Solid Black Line:  
Overall spectrum

Credit: Prof. Mike Garrett (ASTRON/Leiden/Swinburne)Radio Astronomy course notes



Radio Emission Processes

Blue Line is a steep 
spectrum. 

synchrotron emission: 

- cosmic ray electrons 
accelerated in M82’s 

magnetic field. 

- source of the cosmic ray 
electrons is shocks from 

Credit: Prof. Mike Garrett (ASTRON/Leiden/Swinburne)Radio Astronomy course notes



Radio Emission Processes

Red line. 
thermal BB emission: 

- dust heated up by the uv-
photons from massive 

stars. 
The same stars that 

produced the supernovae 
that fuel the radio emission.

Credit: Prof. Mike Garrett (ASTRON/Leiden/Swinburne)Radio Astronomy course notes



Radio Emission Processes

Purple Line. 
thermal free-free emission: Credit: Prof. Mike Garrett (ASTRON/Leiden/Swinburne)Radio Astronomy course notes



Propagation of radio waves



▸ Absorption coefficient 

▸ Emission coefficient

Radiative transfer



How radio telescopes 
work?













Calibrating single-dish telescope data

•Convert from power densities to antenna temperatures 

•Correct bandpass and pointing errors

•Derive Kelvin to Jansky conversion factor

•Apply to target 





 
θ ~ λ/D ~ λ/B

Eye    D ~ 1mm   λ = 600nm   θ ~ 2’ 
GBT   D = 100m  λ = 6cm       θ ~ 2’ 
HST   D = 2.4m   λ = 500nm   θ ~ 50 mas 

Radio interferometry


