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Synopsis   

§ Radio Interferometry and Synthesis Imaging is the art to 
synthesise a very large effective aperture from a number of 
"smaller" antennas. Combining the signals of these antennas 
will result in a meaningful property that can be used as a 
diagnostic tool to investigate the original state of the received 
radio waves. 

§  In this light the lectures will explain the theory and the 
technical requirements needed to successfully measure 
extra-terrestrial radio emission. 



Lecture 1 
§  concepts of interferometry 
§  early history of radio astronomy 
§  cosmic radio emission 
§  radio telescopes 
§  interferometers 



the basics 



fringe pattern 



Young’s two-slit experiment 

bright fringes (maxima): y = n λ D / d 

angular measure  θ ~ λ / d 



Michelson Stellar Interferometer  

Mount Wilson 100 inch Mirror  



Michelson Stellar Interferometer  

Michelson, A. A. & Pease, F. G., 1921, 
ApJ, 1921, 53, 249 

Betegeuse diameter of 380 Million km   



geometrical optics 
collect the cosmic rays  
by mirror or parabola 



radio emission 
§  The whole information content (amplitude  and 
phase) of the incoming radiation can only be 
recorded at radio frequencies and processed 
either real time or after observation 

§  Radio waves largely unaffected by dust.  
§  Can observe day and night. 
§  The power received from a (rather strong) 1 Jy 
radio source over a 100 m radio telescope is 
only 0.000000000000001 (10−15) Watts but still 
it is very easy to detect. 



Historical Background 
§ James Clerk Maxwell develops the laws of electro-magnetism 

(Maxwell’s laws 1861). 
§ Maxwell’s equations describe light as a wave-like phenomenon in which 

the electric field (E) and the magnetic field B are at right angles to each 
other, as well as to the direction of the propagation of the wave. 

§ Energy alternates periodically between the electric and magnetic fields. 
The disturbance propagates at a constant speed (c) in a vacuum. 

§ Maxwell’s laws also show that electro-magnetic radiation can span a 
wide-range of wavelengths and that light is just a subset of the electro-
magnetic spectrum. 

vacuum equations 



atmospheric window 

transparent between 15 MHz to 1.5 THz 



Troposphere 



Ionosphere 



refracting ionosphere 

1909 shared Nobel Prize in Physics – in recognition of their contribution 
       to the development of wireless telegraphy  



the beginnings 



Early History of Radio Astronomy 
1932 Discovery of cosmic radio waves (Karl Jansky):

Galactic centre

v=25MHz; dv=26kHz

Early History of Radio Astronomy



New York Times:

Jansky detected 
emission from 
the centre of 
the galaxy: 

"There is no indication of any 
kind,  that these results are the 
form of some intelligence striving 
for intra-galactic communication." 

... mostly ignored  



80 Years of Discoveries 
80 Years of Discovery 

1933 Cosmic radio emission 
1938 Non-thermal radiation 
1942 Solar radio bursts  
1949 Radio galaxies 
1951 HI  
1955 Cosmic evolution 
1955 Jupiter bursts 
1959 Jupiter radiation belts 

1963 Quasars and AGN 
1963 Interstellar molecules 
1965 Pulsars 
1965 CMB 
1965 Mercury rotation 
1965 Cosmic masers 
1979 Gravitational lensing 
1982 Gravitational radiation 
1992 Extra solar planets 
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The first radio astronomer (Grote Reber)

Built the first parabolic radio 
telescope:

- "Good" angular resolution

- Good visibility of the sky

- Detected Milky Way, Sun, Cas-A, 
Cyg-A, Cyg-X @ 160 & 480 MHz 
(ca. 1939-1947). 

- Published his results in ApJ

- Multi-frequency observations 



non – thermal radio emission 

Reber's multi-frequency observations revealed 
the non-thermal nature of radio emission:

Reber's multi-frequency observations revealed the non-
thermal nature of radio emission (UNEXPECTED!)

The things that make radio astronomy "special":

==> Special: 
Dawn of high-energy 

astrophysics



!"#$%&#'$(#)(*+,--(.%$/,-0-(1#2,/-$(#)(
3454/&/(647%#89,-:2-'/;(647%4&#'<((!

"#$%#&'!(%)&$*+'!)&,!($**'!-./.'!0)%12*!13/'!141(

“NGC 5128 and NGC 4486 (M87) have not been 
resolved into stars, so there is little direct 
evidence that they are true galaxies.  … would 
indicate that they are [within our own Galaxy].”  

Radio galaxies 
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The first Quasar:  
3C 48 
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Discovery of Quasars -1963

Maarten Schmidt (1963, 
Nature, 197, 1040) examined a 
visible spectrum of this "star" 
and identified the 
characteristic spectrum of 
emission lines in the Balmer 
series of hydrogen Doppler-
shifted to longer wavelengths 
by 16 percent!  

In the 1950s/60s the great challenge was to identify 
radio sources with optical counterparts. 

In 1963 one of the brightest radio sources then 
known, 3C273, was identified with a faint blue 13th 
mag star-like source (Hazard et al. Nature)...

z = 0.16 



Almost immediately Greenstein & Matthews (1963, 
Nature, 197, 1041) identified a similar starlike object at 
the position of the radio source 3C 48, but with an 
even higher redshift, z=0.37.  These objects became 
known as QUASARs (Quasi-Stellar Radio Sources). 
The of study of objects we now refer to as active 
galactic nuclei (AGN) had begun. 

3C 273 had to be not only the most distant 
known object in the universe but also 
intrinsically more luminous than the brightest 
galaxies known at the time. 



Radio Source Counts and 
Cosmic Evolution 
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source count 

Differential source counts in a non-expanding Euclidean universe

Wednesday, 8 May 2013

Observed Euclidean-normalised differential source counts

Wednesday, 8 May 2013



Cosmic Microwave Background:  
an Ignored or Forgotten 

Prediction 
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IPS,  
pulsars,  

and neutron stars 
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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)”



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

distance gets smaller by 3m / year 



•  

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.  



Molecular 
spectroscopy  
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and there is lots more  

data = cube(freq,time) 



Inventions that changed the course 
of radio astronomy 



angular resolution 



Telescopes & Instrumentation 



4 big dishes 
Lovell Telescope 76 m 

Effelsberg 100 m Green Bank ~100 m Arecibo 305 m 



Westerbork built - 1970

Good sensitivity and tens of 
arcsecond resolution

14  x  25 m dishes 
2.7 km max baseline 

WSRT upgrade 
Apertif (FPA) 



Very Large Array (VLA) operational - 1980

Good sensitivity and 
arcsecond resolution

27  x  25 m dishes 
~ 36 km max baseline 



Giant Metrewave Radio Telescope 
30  x  40 m dishes 
~ 25.5 km max baseline 



eMERLIN 
~ 217 km max baseline 



very long baseline Interferometry  

thousands of km max baseline 



LOFAR 

international stations 
8  x  eq. 65/56 m dishes 
> 1000 km max baseline 



ALMA 
currently 36  x  12 m dishes 

~ 14 km max baseline 
currently 9  x  7 m dishes 



SKA tons of dishes 
phased arrays dense and sparse 



we are in the  
the golden age of  
radio astronomy 


