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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



Radio astronomy facilities in Africa



HartRAO/SARAO telescopes

HartRAO 26m telescope, 15m XDM and 13.2m VGOS

•Still up and running (Single-dish and VLBI with EVN/LBA)

•Bearing failure may happen in the near future

• Impact of the slow failing bearing already seen in data

• 15m eXperiment Development Model (XDM: 2007) used 

for geodetic observations

• 13.2m VGOS antenna, not yet fully operational




Ghana 32m radio telescope
•Ambient C-band dual-polarization receiver

• Maser monitoring observations

• Successful fringe tests with EVN (5 GHz) and single baseline 

test with HartRAO 26m (6.7 GHz)

• H-maser clock installation expected in few months

First VLBI fringe with EVN



Ultimate goal 


African VLBI Network



MeerKAT telescope



Scientific Output from African Radio Facilities



Star formation



Star formation

Credit: Northwestern University star formation group



Evolutionary stages of high-mass stars



Capitalize on the tremendous sensitivity of MeerKAT ~5 μJy/beam

Capitalize on the tremendous sensitivity ~5 μJy/beam

G328.24-0.55



Galaxy Cluster and Intra-cluster Magnetic Field



Galaxy Cluster and Intra-cluster Magnetic Field



Fast Radio Bursts (FRBs)



FRBS IN A NUTSHELL

MILLISECOND DURATION, BRIGHT, SINGULAR EVENTS OF UNKNOWN ORIGIN

▸ Millisecond duration bursts with 
microsecond sub-structures 

▸ Extremely energetic events (< 1044 
erg s-1) from zspec ~0.03 to 0.66 

▸ ~10,000 events/sky/day 

▸ Some repeat! 

▸ DM = ∫ne.dl pc cm-3  —> proxy for 
distance 

▸ Detected from 110 MHz to 8 GHz.



FRBS IN A NUTSHELL

MILLISECOND DURATION, BRIGHT, SINGULAR EVENTS OF UNKNOWN ORIGIN

▸ FRB signal bears the imprint of 
the propagation medium

C
redit: J. Josephides

DMMW

DMSOURCE + DMHOST

DMIGM

DMTOTAL = DMMW + DMIGM(Z)+ DMHOST + DMSOURCE

Known from 
Galactic pulsars

Distribution unknown

Observed

~100 kpc

~1 Gpc



PUTTING IT ALL TOGETHER: OBSERVATIONS
▸ ~600 known FRBs of which ~20 repeat (published) 

▸ Repeaters and non-repeaters have same underlying DM and fluence 
distributions (CHIME FRB catalog 2021) 

▸ Repeater pulses are intrinsically broader in width and narrower in 
bandwidth (Pleunis et al. 2021) 

▸ Repeater bursts show complex time-frequency structures (Pleunis et al. 
2021, Hessels et al. 2019) 

▸Global landscape of polarimetric properties is diverse



Chibueze et al. 2023

Caleb et al. 2023

MeerKAT’s detection of 
FRBs and radio 
continuum associated 
with FRBs



PUTTING IT ALL TOGETHER: FRB MODELS

POSSIBLY COMPACT OBJECTS WITH SUB-POPULATIONS

▸ Magnetospheric origin 

▸ Shock wave models

Compact-object mergers:

▸ NS-NS merger 

▸ WD-WD merger 

▸ NS-BH merger 

▸ BH-BH merger

Magnetars:

▸ Young magnetar from SLSN 

▸ Magnetar from CCSN 

▸ Magnetar from DNS merger

Pulsars:

▸ Pulsar giant flares 

▸ Young SNR pulsars

White dwarfs:

▸ WD from WD-WD 
merger 

▸ White dwarf collapse

www.frbtheorycat.org



Future facilities and efforts to spread radio 
astronomy across all of Africa





African Millimeter Telescope (AMT) as  part of EHT and AVN

Earth as seen 
from Sgr A*



H.E.S.S.

MeerKAT

H.E.S.S.

Mt. Gamsberg

African Millimeter Telescope (AMT)

PIs 
• Heino Falcke 

Radboud Univ. 
• Sera Markoff 

Univ. Amsterdam 
• Rob Fender 

Oxford Univ.

Co-Is 
• Elina Lindfors 

Univ. Turku 
• Michael Backes 

Univ. Namibia

13.8M€ 
(+12M€ from RU)



African Millimeter Telescope (AMT)

• Site quality being tested

• SEST to be upgraded to NOEMA (electronics, surface 

stability, etc.)

• Preliminary Design Review passed in 2019

• First-light instruments:

• 67-116GHz (EHT)

• 211-275GHz (EHT)

• Additions:

• 275-373GHz (ngEHT)

• 35-50GHz (EVN)

• 23GHz (SKA, EVN)

• International Science Committee formed (RU, UNAM,  
Wits, NWU, Metsähovi, Turku, Oxford, CEA, 
ASTRON, MIT, Grenoble Alpes, …)



Square Kilometre 
Array (SKA)



The need to grow human capacity in radio astronomy and interferometry 
on the African continent is enormous considering that SKA-era is in the 
horizon.



African Radio Astronomy Network (ARAN) 

North-West University 4-dish interferometer



North-West University 4-dish interferometer
3.7m dishes

C-band 6.45 ~ 6.75 GHz

Dual polarization 

Only one polarization in use

Practical/hands-on tools

Commissioning and verification is ongoing

Role out to the rest of Africa



The ARAN Goal



The ARAN - Nigeria



We can only bring the benefits of the massive investments in radio 
astronomy on the continent, if we all work together coherently 


- James O. Chibueze


