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0.02 mm to ~30 m (10 MHz)

The radio window

Atmosphere absorbs photons 
with wavelengths lower than 
0.02 mm and, because of free 
electrons of the ionosphere, 
reflects back into space 
photons with wavelengths 
longer than 30 m.



What can we observe at radio frequencies?

(21cm)

radiation (black body, bremsstrahlung)
, dust



Karl Jansky - communication
engineer at Bell Laboratory 
(USA) begins to investigate 
sources of radio noise that 
affects communications.

He identified thunderstorms 
and something else...

Where it all began..



Where it all began..



Radio telescopes

Use the wave formalism -> not 
enough energy for photoelectric 
effect as in CCDs!

Detectors sensitive to electric 
field of incoming electromagnetic 
wave
-> weak signal = amplification

3.6 eV needed to photoionize silicon  
at 1.4GHz E = 4e-6 eV 



Radio telescopes

Use the wave formalism -> not 
enough energy for photoelectric 
effect as in CCDs!

Detectors sensitive to electric 
field of incoming electromagnetic 
wave
-> weak signal = amplification

The simplest radio telescope is 
a parabolic reflector = 

a single dish.


3.6 eV needed to photoionize silicon  
at 1.4GHz E = 4e-6 eV 



Radio telescopes

Feeds

Effelsberg secondary focus



Radio telescopes

This has a directional gain + sidelobes = 
finite response at large angle from the 
pointing center



Biggest single dishes

Effelsberg, Germany Green Bank, West Virginia, US

FAST, Guizhou, China

500 m  
PARTIALLY STEERABLE

100 m  
FULLY STEERABLE
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Angular resolution ~ λ/Diameter

Resolution of single dish poor! e.g. 9 arcmin at 1.4GHz (21cm) with D=100


To get arcsec resolution at 1.4 GHz need ~ 43km dish… not easy!


Solution


Synthesise an equivalent aperture by combining elements = arrays of 
antennas

Interferometry!
(Nobel prize Martin Ryle & Antony Hewish 1974!)



Interferometry

The inverse Fourier transform of the measured 
interference pattern yields the radio brightness 

distribution on the sky.



Interferometry



• Combines signals from multiple antennas (in phase!) to achieve higher angular resolution  

• Each pair of antennas measures a complex visibility, which encodes information about the source 
brightness distribution on a particular spatial scale and orientation. 

• As the Earth rotates, the projected baselines change, sampling different spatial frequencies and 
building up the uv coverage. 

• The sampled visibilities are Fourier-inverted and deconvolved to reconstruct an image of the sky. 

• The minimum baseline dictates the largest scale the interferometer is sensitive to  

•Sensitivity 

Interferometry

Angular resolution ~ λ/Max Baseline

∝
N = number antennas
n_pol = number of polarisations Δν = bandwidth

t_int = integration time
η_c = Correlator efficiency

LAS ~ λ/Min Baseline



The angular resolution, sensitivity and image fidelity depend on the baseline 
number & distribution (uv coverage)

Wilner NRAO presentation

Interferometry



Interferometers

VLA, New Mexico

GMRT, India

Very Long Interferometry

Arcsec resolution Milli-arcsec resolution

27 antennas - 25m diameter

30 antennas - 
45m diameter



LOFAR LBAMWA

Phased-array telescopes = arrays of dipole antennas  

‘Software telescopes’ 

Not movable - potential all sky coverage - pointed electronically by introducing phase 
delays in the signal after digitalization = beam-forming technique 

Interferometers



Interferometry
Hercules A as seen by VLA different array configurations

A = long max baseline but sparse core 
D = short max baseline but dense core

Credit: NRAO

36-0.7 km

11-0.21 km

3.4 0.035 km

1 0.035 km



Interferometry

Credit: NRAO

A+B+C+D



Radio telescopes in Italy

20

In Italy there are four radio telescopes that 
have contributed to major astronomical 
discoveries in the last decades:



• The Northern Cross interferometer
in Medicina, Bologna

In Italy there are four radio telescopes that 
have contributed to major astronomical 
discoveries in the last decades:

Involved in the European 
Space Surveillance and 
Tracking project for radar 
observations of space debris.

1964

Radio telescopes in Italy



• The two 32-m dish antennas
in Medicina (Bologna) and Noto (Siracusa)

Noto

Medicina

Used as single dish + 
VLBI networks

Radio telescopes in Italy

1988

1983

In Italy there are four radio telescopes that 
have contributed to major astronomical 
discoveries in the last decades:



• The 64-m dish antenna
in San Basilio (Cagliari)

Used as single dish + 
VLBI networks

Radio telescopes in Italy

2012

In Italy there are four radio telescopes that 
have contributed to major astronomical 
discoveries in the last decades:



The Square Kilometer Array Observatory





SKAO membership map - June 2026

Credit: SKAO
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SKAO membership map - June 2026

Credit: SKAO

Two telescope sites have been chosen 
due to their radio quietness (low radio 
frequency interference, RFI). 


In South Africa, the SKA-Mid site is 
within the Karoo Central Astronomy 
Advantage Area.


In Western Australia, the SKA-Low site 
is within CSIRO's Murchison Radio-
astronomy Observatory, on the 
traditional lands of the Wajarri Yamaji.


The recent boom in satellite mega-
constellations poses additional 
challenges.

16 8
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SKA-Low
THE SKA’S LOW-FREQUENCY 
TELESCOPE

LOCATION: 

AUSTRALIA
SKA-Mid

THE SKA’S MID-FREQUENCY 
TELESCOPE

LOCATION: 

SOUTH AFRICA
131,072 
ANTENNAS
SPREAD ACROSS 512 STATIONS

197 DISHES
(INCLUDING 64  

MEERKAT DISHES) 

Image credit: SKAO/Max Alexander

A technological project

Credit: SKAO

(Hardware + software)

★Design of antennas, receivers 
& signal acquisition chain for 
SKA-Low 


★ Observatory Monitoring and 
Control (OMC) Software for 
SKA-Mid 


★ Development of software for 
pulsar search and timing 


★ Development of phased 
array feed (PAF) receivers

Italian Leadership



SKA-low

Maximum distance
between stations:  

>74km

Compared to LOFAR Netherlands, the current 
best similar instrument in the world

8x 
more 

sensitive

135x 
 the survey 

speed

Frequency range: 

50 MHz to 
350 MHz

131,072
antennas spread between 

512 stations

Total 
collecting 

area: 

0.4km2

Location: Australia

20% 
better 

resolution

SKA-low – the SKA’s low-frequency instrument
The SKA Observatory (SKAO) is a next-generation radio astronomy facility that will revolutionise 
our understanding of the Universe. It will have a uniquely distributed character: one observatory 
operating two telescopes on three continents. The two telescopes, named SKA-low and SKA-mid, 
will be observing the Universe at different frequencies. They are also called interferometers as 
they each comprise a large number of individual elements working together to form a single 
large telescope.

Data transfer rate: 

7.2 Terabits 
per second

SKA-low

Image quality of  
SKA-low (left) versus 
the best current facility 
operating in the same 
frequency range, the LOw 
Frequency ARray (LOFAR), 
in the Netherlands (right).  
SKA-low‘s resolution will 
be similar to LOFAR.

www.skatelescope.org @SKAO SKA Observatory @skaobservatorySKA ObservatorySKA Observatory

Large arms and 
dense core!

Beam ~8” @ 200 MHz

307

Credit: SKAO



Credit: SKAO

SKA-mid

SKA-mid – the SKA’s mid-frequency instrument
The SKA Observatory (SKAO) is a next-generation radio astronomy facility that will revolutionise 
our understanding of the Universe. It will have a uniquely distributed character: one observatory 
operating two telescopes on three continents. The two telescopes, named SKA-low and SKA-mid, 
will be observing the Universe at different frequencies. They are also called interferometers as they 
each comprise a large number of individual elements working together to form a single large 
telescope.

Compared to the JVLA, the current best 
similar instrument in the world:

5x 
more 

sensitive 

60x 
the survey 

speed

4x 
the 

resolution

Frequency range: 

350 MHz to 
15.4 GHz

with a goal of 24 GHz
Location:  
South Africa

Total 
collecting 

area: 
33,000m2

or 
126 

tennis 
courts

Maximum distance
between dishes:  

150km

197 dishes
(including 64 MeerKAT dishes)  

Data transfer rate: 

8.8 Terabits 
per second

SKA-mid

Image quality of  
SKA-mid (left) versus 
the best current facility 
operating in the same 
frequency range, the 
Jansky Very Large Array 
(JVLA) in the United 
States (right). SKA-mid’s 
resolution will be 4x 
better than JVLA.

www.skatelescope.org @SKAO SKA Observatory @skaobservatorySKA ObservatorySKA Observatory

Large arms and 
dense core!

Beam ~1” @ 1.3 GHz

30



The era of Big Data…

•Broad bandwidth (hundreds of MHz to GHz) 
  

•High spectral resolution (up to few kHz) 

•Short integration times (0.1-1s) 

•Large number of antennas 

•Large fields of view

Processing + Archival challanges..



Wide field imaging challenges

• For wide fields of view (some degrees), the flat-sky approximation breaks down. 

• Visibility calibration complex (amplitude and phase) -> The ionosphere, antenna beams and instrumental 
responses vary across the field, requiring direction-dependent calibration.

van Weeren+

Requires exascale, GPU-accelerated, data-parallel computing



The era of Big Data… guess who?

Credit: SKAO

300PB

98PB 180PB

23PB
15PB15PB



The era of Big Data… guess who?

Credit: SKAO



Data flow and HPC

Real-time 
channelisation, 
correlation, 
beamforming, 
and initial 
averaging

Adapted from Philippa Hartley (SKAO) and Andrea Possenti (INAF)

Observatory automatic pipelines for 
RFI excision, calibration, wide-field 
imaging, continuum and spectral-
line processing, quality assessment

Calibrated data, images, catalogues 
are subsequently transferred to the 
SRC where users access value-
added products, reprocessing tools, 
and scalable compute resources.



Real-time 
channelisation, 
correlation, 
beamforming, 
and initial 
averaging

Adapted from Philippa Hartley (SKAO) and Andrea Possenti (INAF)

Observatory automatic pipelines for 
RFI excision, calibration, wide-field 
imaging, continuum and spectral-
line processing, quality assessment

Calibrated data, images, catalogues 
are subsequently transferred to the 
SRC where users access value-
added products, reprocessing tools, 
and scalable compute resources.

Italy joined SRC Network 
in 2021 (ITSRC) in 
partnership with CINECA. 
Data archival and HPC 
resources at Tecnopolo in 
Bologna.

Data flow and HPC



Credit: SKAO

Timeline

66 (65km) 

68 (56km) 

144 (108km) 

307 (74km) 



The first SKA-Low AA0.5 image

Credit: SKAO

4 stations

March 2025



Science drivers

Credit: SKAOCredit: SKAO



Science drivers

Credit: SKAO 40



AGN, CLUSTERS, COSMIC WEB & MAGNETIC FIELDS with SKA

Synchrotron emission

✴Sensitivity & sensitivity to various spatial scales (rich uv-coverage) 
-> Morphology at different scales, from AGN nuclear regions up to diffuse emission on scales of the cosmic web  
-> Magnetic field characterisation within individual sources, also fainter emission and substructures (e.g. filaments) 

✴Many bands with consistent uv coverage -> Broad band spectral analysis (resolved) = study particle 
(re-)acceleration and ageing 

✴Large field of view and fast survey speed -> large samples to test models, population studies, also at higher redshift 
                                                                      -> Dectability of large number of polarised sources (e.g. for RM studies) 

✴High spectral resolution ->  higher precision on measurements of Faraday rotation and improved constraints on  
complex Faraday structures through RM synthesis 



SKA White book 2026.. 
221 chapters 

check out for many  
science cases!



https://sensitivity-calculator.skao.int/

SKA Tools



SKA Tools

https://sensitivity-calculator.skao.int/



Waiting for the SKA … PRECURSORS



South Africa AustraliaAustralia South Africa

Waiting for the SKA … PATHFINDERS

Already facing technical challenges and science transformative!



van Haarlem+2013

11 Countries (NL, D, Pl, It, Ir, UK, F, Sw, Bul, Latvia, Czech)

Low-band  
antennas 

10-90 MHz

High-band  
antennas 

120-200 MHz

Digital  
aperture  

array

24 core + 14 remote 
Dutch stations 

Max 100km

14 (+3 upcoming) 
international 

Max ~2000 km

SKA-low pathfinder Since 2018



van Haarlem+2013

11 Countries (NL, D, Pl, It, Ir, UK, F, Sw, Bul, Latvia, Czech)

Low-band  
antennas 

10-90 MHz

High-band  
antennas 

120-200 MHz

Digital  
aperture  

array

KEY SCIENCE PROJECTS 
• Epoch of Reionisation (EoR),  
• Surveys / Deep Extragalactic Surveys,  
• Transients and Pulsars,  
• Ultra-High-Energy Cosmic Rays,  
• Cosmic Magnetism,  
• Solar Physics and Space Weather.

SKA-low pathfinder

24 core + 14 remote 
Dutch stations 

Max 100km

14 (+3 upcoming) 
international 

Max ~2000 km

Since 2018



• 88% of the northern sky  
• 2913 pointings 
• 144 MHz continuum mosaic  
• Only Dutch stations = 6′′ beam  

                    (9′′ below DEC 10deg )  
• median RMS = 92 µJy/beam 
• 14million sources 
• 12,950 hrs of data over 10.5 years 
• 18.6 PB 
• 20 million core hours of processing 

LOFAR Two Meter Sky Survey (LoTSS) DR3 (Shimwell+2025)



https://lofar-surveys.org/dr3.html
50



50-150MHz





The LOFAR LBA Sky Survey (LoLLS) (de Gasperin+2023, more in prep.)

•>70% of the northern sky  
•1973 pointings 
•50 MHz continuum mosaic  
•Only Dutch stations 15” beam 
•median RMS = 1-2 mJy/beam 
•2400 hrs of data

https://lofar-surveys.org/lolss.html



LOFAR ILT (VLBI)

300,000 core hours to image ~5 
deg2 observed with 8 hrs at 0.3 
arcsec resolution (e.g. Sweijen+ 
2022, Nat Astr)

Bondi+2023
EDFN

144 MHz - 0.3” 

Will remain unique also in SKA era!

Lockman Hole field



LoTSS Deep Fields

•120-168 MHz continuum mosaic  
•  angular resolution of 6′′  

Boötes                 80h      32 µJy/b 

Lockman Hole     112h     22 µJy/b 

NEP-EDFN          70h      30µJy/b 

ELAIS-N1             500h    11µJy/b 

Abell2255             336h    24 µJy/b

~150k sources in 24.5 deg2 

= ~6000 sources/deg2 

vs 
~700 sources/deg2 in LOTSS

Shimwell+2025



LoTSS Deep Fields

•120-168 MHz continuum mosaic  
•  angular resolution of 6′′  

Boötes                 80h      32 µJy/b 

Lockman Hole     112h     22 µJy/b 

NEP-EDFN          70h      30µJy/b 

ELAIS-N1             500h    11µJy/b 

Abell2255             336h    24 µJy/b

Shimwell+2025

~150k sources in 24.5 deg2 

= ~6000 sources/deg2 

vs 
~700 sources/deg2 in LOTSS

SKA-low 14 µJy/b  
@ 200 MHz in 1h!



LoTSS Deep Fields

Abell2255
Botteon+2022,2026

Abell2255       ->      336h  =  24 µJy/b



LoTSS Deep Fields

Abell2255
Botteon+2022,2026

De Rubeis + 2025, 2026
0.3” LOFAR VLBI

6” LOFAR



• Dutch stations 48 → 96 LBA dipoles = higher sensitivity!


• Receiver upgrade: parallel observations in LBA and HBA


• Dual band: from 96 MHz to 192 MHz (multi-beam) 


• Clock distribution 


• Ionospheric-based scheduling to improve telescope efficiency 


• New beam model

LOFAR2.0 upcoming

DIGITAL UPGRADE
Medicina LOFAR2.0  

station (2027)



MeerKAT (SKA-mid precursor)

• Observes sky below DEC~30deg                            
• B+C+D VLA configurations at the same time            
• 64 dishes with 13.5 m fov                                        
• Maximum baseline 7.7 km                                        
• UHF band 580-1015MHz / Lband 900-1670MHz / 
Sband 1750-3500MHz                                                
• 4k/32k channels, frequency resolution                     
• Lband 8”, 12µJy/b/h (continuum) & 184 (line)      

60



MeerKAT (SKA-mid precursor)

• Observes sky below DEC~30deg                            
• B+C+D VLA configurations at the same time            
• 64 dishes with 13.5 m fov                                        
• Maximum baseline 7.7 km                                        
• UHF band 580-1015MHz / Lband 900-1670MHz / 
Sband 1750-3500MHz                                                
• 4k/32k channels, frequency resolution                     
• Lband 8”, 12µJy/b/h (continuum) & 184 (line)      

ONGOING SURVEYS • LADUMA – Looking at the 
Distant Universe with MeerKAT Array • MALS – MeerKAT 
Absorption Line Survey • MeerKAT Fornax Survey • 
MeerTime – MeerKAT KSP on Pulsar Timing • 
MHONGOOSE – MeerKAT HI Observations of Nearby 
Galactic Objects • MIGHTEE – MeerKAT International GHz 
Tuned Extragalactic Exploration • ThunderKAT – Dynamic 
and explosive transients • TRAPUM – Transients and Pulsars 
with MKAT • MGCLS – MeerKAT Galaxy Clusters Legacy 
Survey (scientific commissioning) • SMGPS – SARAO 
MeerKAT Galactic Plane Survey 

For all-sky survey at GHz freq need ASKAP -> 
RACS, EMU
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Extending MeerKAT with 14 SKA-compliant 
dishes: 

• South African Radio Observatory 
(SARAO)  

• Max-Planck Gesellschaft (MPG) 
• INAF

MeerKAT+

- Collecting area +30% (14 antennas)  
- Sensitivity (1 hr): 12µJy/b → 9µJy/b 
- L-band angular resolution: 8” → 3.4” 
- L & S-band + band5b receivers        
- Backend to process all 78 antennas 
simultaneously                                      
- Initial wideband correlator mode 
with 8k channels                                          
- Full polarisation

Upgrade ongoing



Current and future continuum surveys

SKA-low

Adapted from Shimwell+2025

LOFAR2

Explored

RACS

Prandoni+2026

WIDE
DEEP



Current and future polarisation surveys
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Crucial for large-scale 
magnetic field 
characterisation



Synergies with multi-wavelength facilities

eROSITA
Euclid

X-ray 
Thermal emission from intracluster/group 

medium + non-thermal emission from AGN  

XMM-Newton

Chandra

newATHENA  
in the future

Optical/IR  
Emission from host galaxy and AGN  
+ galaxy clustering and cosmic web

Vera Rubin

DESI
WEAVE - WHT



Botteon+2022,2026

Why this school?

AGN jets and diffuse radio  
emission in galaxy clusters  
are deeply interconnected

SKA revolution already started




