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• Radio window from ~10 MHz (30m) to 1 THz (0.3mm)
• Low-frequency limit given by (reflecting) ionosphere
• High frequency limit given by molecular transitions of atmospheric H2O and N2
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Irish LOFAR station
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https://www.tcd.ie/news_

events/articles/scientists-

switch-on-world-leading-

radio-telescope/8027



• built an antenna system to determine source of radio noise 
at Bell Telephone Laboratories

• At 20.5 MHz (λ~14.6m),  first detection of astronomical 
radio waves (from galactic center) in 1933

• Jansky as a unit: 1 Jy = 10−26 W m−2 Hz−1

Karl G. Jansky
(1905-1950)
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‘Jansky's merry-go-round’, with a diameter of 30 m, 

mounted on a turntable with wheels four Ford Model-T. 
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His assignment from his bosses at Bell Laboratories in 1931 

was simple: Build a 100-foot-long rotating antenna to find out 

what was causing the noise that interfered with trans-Atlantic 

telephone calls. After recording signals from all directions for 

several months, Jansky eventually categorized them into three 

types of signal: nearby thunderstorms, distant thunderstorms, 

and a faint steady hiss of unknown origin. He spent over a year 

investigating the source of the third type of static. The location 

of maximum intensity rose and fell once a day, leading Jansky 

to initially surmise that he was detecting radiation from the 

Sun.

After a few months of following the signal, however, the 

brightest point moved away from the position of the Sun. 

Jansky also determined that the signal repeated on a cycle of 

23 hours and 56 minutes, the period of the Earth's rotation 

relative to the stars (sidereal day), instead of relative to the sun 

(solar day). By comparing his observations with optical 

astronomical maps, Jansky concluded that the radiation was 

coming from the Milky Way and was strongest in the direction 

of the center of the galaxy, in the constellation of Sagittarius.

His discovery was widely publicized, appearing in the New 

York Times of May 5, 1933.

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

https://en.wikipedia.org/wiki/Sidereal_day
https://en.wikipedia.org/wiki/Solar_day
https://en.wikipedia.org/wiki/Milky_Way
https://en.wikipedia.org/wiki/Constellation
https://en.wikipedia.org/wiki/Sagittarius_(constellation)
https://en.wikipedia.org/wiki/New_York_Times


• extended Jansky's work, 
conducted first radio sky survey

• built 9-m diameter dish in 
backyard, detected sources

• was the world's only radio 
astronomer for nearly a decade

Grote Reber (1911-2002)
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Reber graduated from Armour Institute of Technology (now Illinois Institute of Technology) in 

1933 with a degree in electrical engineering. 

When he learned of Karl Jansky's work in 1933, he decided this was the field he wanted to work 

in, and applied to Bell Labs, where Jansky was working. However, this was during the height of 

the Great Depression and there were no jobs available.

In the summer of 1937, Reber decided to build his own radio telescope in his back yard 

in Wheaton. Reber's radio telescope was considerably more advanced than Jansky's, and 

consisted of a parabolic sheet metal dish 9 meters in diameter, focusing to a radio receiver 8 

meters above the dish. The entire assembly was mounted on a tilting stand, allowing it to be 

pointed in various directions, though not turned. The telescope was completed in September 

1937.

Reber's first receiver operated at 3300 MHz and failed to detect signals from outer space, as did 

his second, operating at 900 MHz. Finally, his third attempt, at 160 MHz, was successful in 1938, 

confirming Jansky's discovery. He turned his attention to making a radiofrequency sky map, 

which he completed in 1941 and extended in 1943. He published a considerable body of work 

during this era, and was the initiator of the "explosion" of radio astronomy in the immediate post-

Second World War era. His data, published as contour maps showing the brightness of the sky 

in radio wavelengths, revealed the existence of radio sources such as Cygnus A and Cassiopeia 

A for the first time. For nearly a decade from 1937 on he was the world's only radio astronomer, 

a field that only expanded after World War Two when scientists, who had gained a great deal of 

knowledge during the wartime expansion of RADAR, entered the field. 

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

https://en.wikipedia.org/wiki/Illinois_Institute_of_Technology
https://en.wikipedia.org/wiki/Karl_Jansky
https://en.wikipedia.org/wiki/Bell_Labs
https://en.wikipedia.org/wiki/Great_Depression
https://en.wikipedia.org/wiki/Radio_telescope
https://en.wikipedia.org/wiki/Wheaton,_Illinois
https://en.wikipedia.org/wiki/Reber_Radio_Telescope
https://en.wikipedia.org/wiki/World_War_II
https://en.wikipedia.org/wiki/Cygnus_A
https://en.wikipedia.org/wiki/Cassiopeia_A
https://en.wikipedia.org/wiki/RADAR


The HI 21cm (1420.4 MHz) Line
Hendrik van de Hulst (1918-2000) predicted 
in 1944 that neutral hydrogen could 
produce radiation at ν = 1420.4 MHz due to 
two closely spaced energy levels in the 
ground state of the hydrogen atom.
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Early Observations of the HI 21cm Line

• First observed in 1951 by 
Ewen and Purcell at 
Harvard University

• Confirmed by Dutch 
astronomers Muller and 
Oort also in 1951

• After 1952: first maps of 
neutral hydrogen in 
Galaxy, revealed spiral 
structure of the Milky 
Way
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Muller & Oort 1951



14https://www.astron.nl/~leeuwen/video/dloo/JAHH9p3.pdf
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Dwingeloo

radio telescope



The Dwingeloo Radio Observatory is a single-dish radio 
telescope near the village of Dwingeloo in the 
northeastern Netherlands. Construction started in 1954, and 
the telescope was completed in 1956. The radio telescope 
has a diameter of 25 m.[1] At the time of completion it was 
the largest radio telescope in the world, but it was overtaken 
in 1957 by the 76-m Lovell Telescope.

https://nl.wikipedia.org/wiki/Dwingeloo_Radiotelescoop
https://nl.wikipedia.org/wiki/Dwingeloo_Radiotelescoop
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https://en.wikipedia.org/wiki/Radio_telescope
https://en.wikipedia.org/wiki/Dwingeloo
https://en.wikipedia.org/wiki/Netherlands
https://en.wikipedia.org/wiki/Dwingeloo_Radio_Observatory#cite_note-rijksmonument-1
https://en.wikipedia.org/wiki/Lovell_Telescope
https://nl.wikipedia.org/wiki/Dwingeloo_Radiotelescoop
https://nl.wikipedia.org/wiki/Dwingeloo_Radiotelescoop


Location of hydrogen emission in our Milky Way from 
line-of-sight Doppler shift due to galactic rotation

http://science.sciencemag.org/content/sci/ea
rly/2006/06/01/science.1128455.full.pdf 17



18https://en.wikipedia.org/wiki/Fourth_Cambridge_Survey



• 1933: Radio synchrotron emission of Milky Way

• 1948: First discrete cosmic radio sources: supernova remnants and 
radio galaxies

• 1951: 21-cm line of atomic hydrogen

• 1963: Quasi Stellar Objects (Quasars)

• 1965: Cosmic Microwave Background

• 1968: Interstellar molecules  star formation

• 1968: Pulsars

• 1974: Binary pulsar

• 1979: Gravitational lenses

• 1983: Millisecond pulsars
• 1983: The Sunyaev-Zeldovich effect
• 2005: Molecules in high-redshift galaxies

Radio Astronomy Discoveries
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1. Synchrotron emission: electrons spiraling in 
magnetic fields

2. Free-free emission (thermal Bremsstrahlung): 
electrons scattering off ions

3. Thermal emission: blackbody radiation from gas 
and dust grains

4. Spectral lines: electrons bound to atom 
changing energy states

Radio Emission Mechanisms
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• Caused by highly relativistic electrons spiraling around magnetic 
field lines

• Polarized because of relation with magnetic field direction 

• Continuous spectrum due to power law-like distribution of 
energies of emitting elections 

Synchrotron Emission
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Synchrotron Radiation

• Angular velocity 𝜔 given by balance of magnetic and 
centripetal forces, independent of particle velocity v≪c: 

𝜔 =
𝑞𝐵

𝑚𝑐
– q: particle charge
– B: magnetic field strength
– m: particle mass
– c: speed of light

• spectral index

• (or in the uk: 

) 
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Baars et al. 1977, 

A&A 61,99

Cyg A 



Free-Free Emission

Free electrons scattering off ions (e.g. in HII regions) 
without being captured
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Free-Free Radiation

• only electrons scattering off ions produce 
significant radiation

• no electron capturing → continuous spectrum

• spectral index close to
0 for higher frequencies
in an HII region
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www.cv.nrao.edu/~sransom/web/Ch4.html
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An H II region is a region of interstellar atomic hydrogen that is ionized. It is typically 

a cloud of partially ionized gas in which star formation has recently taken place, with 

a size ranging from one to hundreds of light years, and density from a few to about a 

million particles per cubic cm. The Orion Nebula, now known to be an H II region, 

was observed in 1610 by Nicolas-Claude Fabri de Peiresc by telescope, the first 

such object discovered.

H II regions may be of any shape, because the distribution of the stars and gas 

inside them is irregular. The short-lived blue stars created in these regions emit 

copious amounts of ultraviolet light that ionize the surrounding gas. H II regions are 

often associated with giant molecular clouds. They often appear clumpy and 

filamentary, sometimes showing intricate shapes such as the Horsehead Nebula. 

H II regions may give birth to thousands of stars over a period of several million 

years. In the end, supernova explosions and strong stellar winds from the most 

massive stars in the resulting star cluster will disperse the gases of the H II region, 

leaving behind a cluster of stars which have formed, such as the Pleiades.

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

https://en.wikipedia.org/wiki/Atomic_hydrogen
https://en.wikipedia.org/wiki/Ionized
https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Star_formation
https://en.wikipedia.org/wiki/Orion_Nebula
https://en.wikipedia.org/wiki/Nicolas-Claude_Fabri_de_Peiresc
https://en.wikipedia.org/wiki/Hertzsprung-Russell_diagram
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Giant_molecular_clouds
https://en.wikipedia.org/wiki/Horsehead_Nebula
https://en.wikipedia.org/wiki/Supernova
https://en.wikipedia.org/wiki/Stellar_wind
https://en.wikipedia.org/wiki/Star_cluster
https://en.wikipedia.org/wiki/Pleiades
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Free-free emission 

http://adsabs.harvard.edu/a

bs/2009ApJ...705..226DThe entire Orion Nebula in a composite image of visible 

light and infrared; taken by Hubble Space Telescope

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

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


Spectral Lines

• Hydrogen 21-cm line

• Radio recombination lines: highly excited 
electrons transitioning between states with large 
orbital angular momentum states n

• Spectral lines due to molecules rotating and 
vibrating

• Masers
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Astronomical Relevance of HI 21cm Line

Main applications:
1. Distribution of HI in galaxies
2. Big Bang cosmology: redshifted HI line could be observed 

around 100 MHz to provide info on how the Universe was 
reionized (HI which has been ionized by stars or quasars 
will appear as holes)
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HI radial velocity field of M33 in 

color coding (Thilker, Braun & 

Walterbos 1998)

Composite optical image, showing stars 

and dust absorption 
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21 cm 

emission/absorption



Carbon radio recombination absorption lines as 
observed towards CasA with LOFAR 

31http://adsabs.harvard.edu/abs/2017MNRAS.465.1066O



Thermal Emission

Rayleigh-Jeans tail of thermal emission from e.g. dust grains 
produces radio emission with spectral index 𝛼≈2
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“True” Brightness Temperature

• Brightness and effective temperature are strictly proportional
• Use brightness temperature to describe source intensity:

• For real blackbody sources and hv << kT, TB is independent of v
• If the emission is non-BB (e.g., synchrotron, free-free, …) TB will 

depend on v but the brightness temperature is still being used
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1. Synchrotron emission
2. Free-free emission (thermal Bremsstrahlung)
3. Thermal (blackbody) emission (also from dust grains)
4. Spectral lines

Summary of Radio Emission Mechanisms
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Comparison of three 
emission components (for the 
starburst galaxy M82)
• Synchrotron radiation 

dominates at low 
frequencies

• Thermal dust emission 
dominates at high 
frequencies



Receiving radiation using antennas
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Yagi

Log-periodic

helical
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URT2 – Ukraine

Concept SKA-low 



Radiation from Hertz Dipole
• Radiation is linearly polarized

• Electric field lines along direction of dipole

• Radiation pattern has donut shape, defined by zone where phases 

match sufficiently well to combine constructively

• Along the direction of the dipole, the field is zero

• Best efficiency: size of dipole = 1/2 λ
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Hertz 
Dipole

38
http://iaaras.ru/media/library/kchap2.pdf
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Radio dishes

• Directly measure 
electric fields of 
electro-
magnetic waves

• Electric fields 
excite currents 
in antenna

• Currents can be 
amplified and 
split electrically
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Famous Radio Telescopes (Single Dish)

Arecibo, Puerto 
Rico, 305m

Greenbank, USA – after 
structural collapse

Jodrell Bank 76m

Dwingeloo, 25m
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Effelsberg, 100m

Parkes 64m



500-meter Aperture Spherical Telescope (FAST)
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Similar to optical telescopes, angular resolution given by                    

where k ~1 

Radio Beams

D
k


 =

• Radio beams also show 
Airy pattern

• lobes at various angles, 
directions where the 
radiated signal strength 
reaches a maximum

• nulls at angles where 
radiated signal strength 
falls to zero
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Main Beam and Sidelobes
Highest field strength in “main lobe”, other lobes are 
called “sidelobes” (unwanted radiation in undesired 
directions)

Side lobes may pick 
up interfering 
signals, and increase 
the noise level in 
the receiver.
The side lobe in the 
opposite direction 
(180°) from the 
main lobe is called 
the “back lobe”.
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Main Beam Efficiency

( ) ( ) 
 


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The beam solid angle ΩA in steradians of an antenna is given by:

With the normalized power pattern 

Main beam solid angle ΩMB is:

( ) ( ) ,
1

,
max

P
P

Pn =

( ) =
lobemain 

, dPnMB 

Main beam efficiency ηB, the fraction of the 
power concentrated in the main beam is A

MB
B




=
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Main Beam Brightness Temperature
Relation between flux density Sv and intensity Iv:                     Definition of TB :

For discrete sources, the source extent           is important.  With

… or simplified for a source with a Gaussian shape: 

Generally, for an antenna beam size θbeam the observed source size (for a Gaussian 
source) is:

…which relates the true brightness temperature with the main beam 

brightness temperature:
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Radio cameras

• Traditionally, radio telescope are  like single-pixel 
cameras in focus of diffraction-limited telescope

• Recent developments are focal plane arrays, i.e. 
APERTIF on Westerbork
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Westerbork Synthesis Radio Telescope    
-- APERTIF --

§ APERture Tile In Focus:

APERTIF replaces the single pixel detectors with an array of 

121 detectors forming up to 40 beams



Frequency down conversion

If a radio signal is band limited, that means it has 
zero spectral power outside a certain frequency 
range. We can shift the central frequency of such a 
signal (usually to the lower side) without losing any 
spectral information. 
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Need for frequency down conversion

• Problems with detecting and amplifying signals 
(without adding to much noise) at high frequencies

• I.e. higher frequencies have frequencies too high to 
sample for standard electronics / detectors 
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λ = 1 µm   ν = 300 THz   Δt = 3.3·10-15 s
λ = 100 µm   ν = 3 THz   Δt = 3.3·10-13 s
λ = 1 cm   ν = 30 GHz   Δt = 33 ps
λ = 10 cm   ν = 3 GHz   Δt = 3 ps
λ = 1m   ν = 300 MHz   Δt = 0.3 ps
λ = 10m   ν = 30 MHz   Δt = 30 ns

In 1 ns travels light 30 cm 

LOFAR uses 

standard 

electronics
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• Multiply (mix) radio-frequency signal (𝐴 sin𝜔𝑆𝑡) 
with fixed-frequency signal (𝜔𝐿𝑂, local oscillator) 
in middle of desired frequency band

𝐴 sin𝜔𝑆𝑡 ∙ sin𝜔𝐿𝑂𝑡

=
𝐴

2
cos 𝜔𝐿𝑂 −𝜔𝑆 𝑡 − cos 𝜔𝐿𝑂 + 𝜔𝑆 𝑡

• Generates sum and difference frequency signals

• Frequency difference much smaller than radio-
frequency signal for Τ𝜔𝐿𝑂 −𝜔𝑆 𝜔𝑆 ≪ 1

• Also called heterodyning, resulting signal also 
called intermediate frequency (IF) signal

Principle of Frequency Mixing
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Mixing Example
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Mixer Technology

Problem: good & fast “traditional” photo-conductors only exist for 
low frequencies

➔

Example of a mixer:

Source signal →

Local oscillator signal 
→

Mixing element

• Schottky diodes
• SIS junctions
• Hot electron bolometers
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The term “Back End” is used to specify the devices following the IF 
amplifiers.  Many different back ends have been designed for 
specialized purposes such as continuum, spectral or polarization 
measurements.



Back End

The term “Back End” is used to specify the devices 
following the IF amplifiers.  Many different back 
ends have been designed for specialized purposes 
such as continuum, spectral or polarization 
measurements.
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Further Information

• Essential Radio Astronomy: 
science.nrao.edu/opportunities/courses/era/

• http://iaaras.ru/media/library/kchap2.pdf

• MSc course on Radio Astronomy
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