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Ratification of remaining 
initial signatories

CPTF active: completion of Tier 
2 docs etc

Dec‐17 Jun‐30
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Convention Ratification 
by signatories

SKA1 Construction

Science Commissioning

Call For 
Tender

Negotiation/ratification 
of new Members/AMs/

Coops

DDC Sched 3 ...

Science VerificationScience Verification

PI Proposals

KSP workshops

Data/Calibration Challenges

Shared Risk Proposals

KSP Proposals

Major Science Meetings

DDC Sched 1 DDC Sched 2
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System CDR complete
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19/03/2020
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IGO Operational (optimistic scenario)

IGO Council meeting 1

Major Science Meetings 1st

AA4 / Operations Acceptance Review

AA3AA2AA1

SV Scheduled (SM1) SR Scheduled (SM2) KSP Schedule (SM4)
PI Schedule (SM3)
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SQUARE KILOMETRE ARRAY

Extragalactic Continuum
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in physical scale and  
in terms of the volume of data it will generate. Consisting of two telescope arrays located respectively in Australia and South Africa  
and managed from the SKA Organisation headquarters in the UK, the SKA promises to revolutionise our understanding of the universe. 
The science case for the SKA has the potential to appeal to users well beyond the radio astronomy community, spanning across a 
wide range of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus Groups (FGs) covering all 
these areas have been set up to further evolve the SKA science case, providing a conduit for interaction between the SKA Organisation 
science team and the astronomical community. This banner provides a summary of the Extragalactic Continuum Science Working Group.

Continuum science with the SKA explores our Universe from the nearest star-forming galaxies to high-redshift clusters of galaxies, 
examining structure formation and evolution on all scales. Our five focus areas are:

Galaxy Clusters
Galaxy clusters are the most massive objects in the Universe that have had the time to 
collapse under the influence of their own gravity. More than 80% of the huge cluster 
masses reside in dark matter. A hot and diffuse gas, permeating the space between cluster 
galaxies, dominates the baryonic component. Massive clusters can also “light up” at radio 
wavelengths due to the presence of non-thermal components, i.e. weak magnetic fields 
(~µG) and cosmic ray electrons in the ICM, giving rise to Mpc-scale synchrotron radiation. 
Observations show that this radiation is associated with dynamically disturbed systems 
suggesting that particle acceleration mechanisms related to turbulent motions and shock 
waves should be active in the ICM during the merging phase. SKA1 observations will be 
crucial for a complete census of diffuse emission in clusters and to investigate the presence 
of fainter emission associated to larger scales, from the outskirts of galaxy clusters to the 
cosmic web filaments.

Strong Gravitational Lensing
Gravitational lensing produces multiple images of distant radio sources, allowing the mass distribution of the foreground gravitational 
lensing galaxy to be modelled, whilst providing a high magnification view of the high redshift Universe. The SKA-MID array will have an 
angular resolution of <0.5 arcsec, which is ideally suited for detecting gravitational lensing by galaxy-scale dark matter haloes. Shown 
is a simulation (left and middle) of a gravitationally lensed extended star-forming galaxy and a point-like AGN with a total flux-density of 1 
mJy, when observed with SKA-MID (McKean et al. 2015). The sensitivity and wide field-of-view of SKA-MID will discover over 105 new 
gravitationally lensed radio sources (at least 3 orders of magnitude more that are currently known) from a shallow all sky survey over 
1.65-3.05 GHz, which will be used to test models for dark matter and galaxy formation. Also shown is a simulation of HI in emission 
from a high redshift object when observed at ≈500 MHz (redshift 1.86; Deane, Obreschkow & Heywood 2015). The large differential 
magnification preferentially boosts part of the HI rotation disk line profile, allowing the detection of intrinsically faint objects out to 
redshift 2.

Star Formation History
Understanding when, where and how stars formed is a key question in astrophysics. Traditionally deep optical surveys are used to 
measure the star formation rate density at different epochs, but dust can obscure this emission. Unaffected by this, radio luminosity 
(powered by shocks from supernovae) is also a direct star formation tracer. Deep radio surveys now reach sensitivities where they are 
dominated not by powerful jets from black holes, but by star forming galaxies. The SKA will probe deeper and wider, studying the star 
formation history as a function of many parameters, including mass and environment as well as redshift. 

Detailed Astrophysics  
of Local Galaxies
Star-formation and accretion are the two dominant 
processes that shape galaxies and their evolution. Only in 
the local universe it is possible to resolve and investigate 
these processes on linear scales matching these physical 
processes across truly representative samples of physical 
environments and galaxy types. Via high angular resolution 
observations of large samples of galaxies, being sensitive 
to both the compact constituents of the galaxies and the 
faint diffuse radio emission, the SKA will revolutionise our 
understanding of the interplay between star-formation and 
accretion providing a local universe benchmark for the 
evolution of these processes at all redshifts.

Active Galactic Nucleii
AGN feedback processes have become a standard 
ingredient in models of galaxy evolution, but a clear 
understanding of these complex processes and their true 
role in shaping galaxy evolution remains elusive: 
What is the relative importance of radiative winds and  
jet-driven feedback as a function of galaxy mass and 
epoch? Which role is played by the environment?  
What drives these processes?

Sensitive SKA1 surveys up to ~2 GHz will probe the bulk 
of the AGN population over a wide range of redshift, 
environments and luminosities. At the same time SKA1 
surveys will be sensitive to the onset and earliest evolution 
of the radio-loud AGN phenomenon in the Universe, well 
into the epoch of formation of the earliest AGN (z > 7). 
SKA-LOW and MID multi-frequency surveys will provide 
the needed combination of spatial resolutions and spectral 
coverage for spectro-morphological AGN studies, aimed at 
a better understanding of their physics and life-cycles.

This artist’s concept depicts looking back in cosmic time to the quasar J1342+0928. 
The black hole resides in a mostly neutral universe, 690 million years after the Big 
Bang, at a time when the first galaxies were appearing and carving bubbles in the 
neutral hydrogen gas filling the universe. Robin Dienel / Carnegie Institution for Science
https://www.skyandtelescope.com/astronomy-news/most-distant-black-hole-
yet-612201723/
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Cosmology
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in physical scale and in 
terms of the volume of data it will generate. Consisting of two telescope arrays located respectively in Australia and South Africa and 
managed from the SKA Organisation headquarters in the UK, the SKA promises to revolutionise our understanding of the universe. 
The science case for the SKA has the potential to appeal to users well beyond the radio astronomy community, spanning across a 
wide range of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus Groups (FGs) covering all 
these areas have been set up to further evolve the SKA science case, providing a conduit for interaction between the SKA Organisation 
science team and the astronomical community. This banner provides a summary of the Cosmology Science Working Group.

The SKA will enable pioneering cosmological surveys, probing immense volumes of the Universe which to date have been unexplored 
at radio wavelengths. This will be done by observing emission in both radio continuum and the 21 cm spectral line of neutral hydrogen 
(HI). The position in the radio sky of million of galaxies, and intensity maps made by their collective HI emission, trace the large-scale 
structure of the Universe, which can reveal the form and growth of dark matter structures over time. Light travelling from distant 
galaxies is bent by the intervening dark matter, thus creating small shape distortions (weak gravitational lensing) that can be measured 
to detect this otherwise invisible component. These surveys will enhance our understanding of various aspects of cosmic history, 
including the faint imprints of the primordial period of inflation, the early stages of galaxy formation, as well as the nature of gravity, dark 
energy and dark matter which determine the growth of late time large-scale structure.

Proposed SKA1 Cosmology Surveys
a )   Medium–Deep Survey of 5,000 deg2 at 0.95-1.4 GHz for
 I�����0*5*AB�;.-<12/=�<>;?.B�@2=1���
�6255287�8+3.,=<
 I�� (.*4��.7<270�<1*9.�6.*<>;.6.7=<�@2=1�D
��6255287�8+3.,=<
 I���87=27>>6�0*5*AB�<>;?.B�@2=1�D���6255287�8+3.,=<�

b )   Wide Survey of 20,000 deg2�*=����
�	��
���C�/8;
 I���87=27>>6�0*5*AB�<>;?.B�@2=1�D	���6255287�8+3.,=<�
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c )   Deep Survey 100 deg2�*=�
����
����C�/8;
 I�����27=.7<2=B�6*9<�/8;���C��

Weak Lensing
A statistical measurement of the shapes of millions of galaxies 
as a function of sky position and redshift enables us to 
measure the gravitational lensing effect of all matter – dark 
and baryonic – along the line of sight between us and those 
galaxies. This allows us to track the abundance of these 
structures and how they have grown. The combination of 
optical and radio weak lensing measurements will be crucial 
for the control of systematics within the data.

DARK ENERGY – DARK MATTER – MODIFIED GRAVITY

Radio continuum survey
The positions of many millions of distant radio galaxies over the 
southern sky will be used to measure the largest structures 
in the Universe, which act as cosmic fossils, first laid down 
during the Big Bang. We will also measure our motion relative 
to the universal expansion, testing the cosmological principle 
that is assumed in standard analyses.

DARK ENERGY – MODIFIED GRAVITY – COSMOLOGICAL 
PRINCIPLE

HI Intensity Mapping
The mapping of the HI spectral line via integrating over  
6>5=295.�<8>;,.<�@2=127�*����92A.5�=8�,;.*=.�=8680;*912,� 
6*9<�=;*,270�=1.�5*;0.�<,*5.�<=;>,=>;.�/8;���C�����8;� 
SKA1-MID, the HI intensity mapping survey will rely on the 
“single-dish mode” of observation, such that the maps are 
sensitive to the largest scales on the sky. Dark energy and 
neutrino mass constraints will be comparable with the  
ones from Stage IV surveys like Euclid.

HI EVOLUTION – DARK ENERGY – NON GAUSSIANITY –  
MODIFIED GRAVITY

HI galaxy redshift survey
The unique clustering properties of HI-selected galaxies provide 
a measure of large-scale structure that is complementary to 
optical surveys, while accurate distance measures coupled 
with peculiar velocities along the line of sight enabled by the 
Tully-Fisher relation can probe modified gravitational physics 
and test General Relativity. The proposed Medium-deep survey 
*=�D	���C�@255�+.�-87.�27�,873>7,=287�@2=1�=1.�$������$(���
maximising the scientific return for a single survey.

HI EVOLUTION – DARK ENERGY – NON GAUSSIANITY 

Cosmology Science Goals
DARK ENERGY: Investigate the nature of Dark Energy by measuring the expansion rate of the Universe at different times
MODIFIED GRAVITY: Test for deviations from General Relativity 
NON-GAUSSIANITY: Detect imprints of inflationary physics at ultra-large scales
DARK MATTER: Probe the nature of Dark Matter through its gravitational interaction with normal matter 
HI EVOLUTION:��87<=;*27�=1.�.?85>=287�8/�=1.�*+>7-*7,.�8/�7.>=;*5��B-;80.7�27�=1.�&72?.;<.�/8;���C��
COSMOLOGICAL PRINCIPLE: Test by measuring our motion relative to the Universal expansion

A brief history 
of the Universe. 
Credit: NASA/
WMAP Science 
team.

Cosmic shear: the light 
from distant galaxies is 
distorted by dark matter. 
Credit: NSF PR 00-29.

From dark matter (left) to 
HI intensity maps (right) 
using the simulations 
/;86�(85C�.=�*5��
�	��

Dipole directions (top) 
and amplitudes (bottom)  
from simulations, 
showing the global 
signal (pink) and the 
contributions of the 
kinetic dipole, with 
(purple) and without 
(red) the local structure, 
following Bengaly et al 
2018. The blue dot 
shows the direction of 
the CMB dipole.   

Distribution of HI (blue 
open circles) and 
optical (red filled circles) 
sources. Figure taken 
from Haynes et al. 
2011.  
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Cradle of Life
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in physical scale and in 
terms of the volume of data it will generate. Consisting of two telescope arrays located respectively in Australia and South Africa and 
managed from the SKA Organisation headquarters in the UK, the SKA promises to revolutionise our understanding of the universe. 
The science case for the SKA has the potential to appeal to users well beyond the radio astronomy community, spanning across a 
wide range of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus Groups (FGs) covering all 
these areas have been set up to further evolve the SKA science case, providing a conduit for interaction between the SKA Organisation 
science team and the astronomical community. This banner provides a summary of the Cradle of Life Science Working Group.

1. Explain planet formation
Coagulation of µm-sized particles in disks is the first 
step to planet formation. Crossing the ‘cm barrier’ is a 
challenge for theoretical models. Wavelength coverage and 
resolution of SKA is required to observe cm-size grains at 
solar system scales and at low vertical scale-height.

3. Detect existence and study 
properties of exoplanet magnetic 
fields.
The magnetic field of a planet probes its interior and its 
habitability, because (1) it can protect the atmosphere 
and surface from high energy particles, and (2) it may 
limit atmospheric escape. SKA1-Low at 50-100 MHz 
will be sufficiently sensitive to detect magnetospheric 
radio emissions revealing magnetic fields of gas giant 
exo-planets, and potentially even exo-moons through their 
modulation of auroral emission of the host planet. There 
are 250 stars and hundreds of exoplanets within 10 pc of 
Earth available to search.

4. Search for 
ExtraTerrestrial 
Intelligence (SETI). 
SKA1 will be capable of detecting 
emission sources analogous to high-
power terrestrial transmitters such 
as airport radars. At 10 pc distance, 
a detection could be made in 15 
minutes. With longer integrations, 
unbiased surveys of all (>10,000) 
stars within 60 pc are feasible. 

Opacities of various grain size distributions.  
The observing wavelengths of ALMA/
JVLA/SMA1 are complementary, with 
SKA1 sensitive to the largest grains  
(a few cm).

Planet-forming disk a 
submm. wavelengths. SKA 
will offer similar resolution 
at cm wavelengths, 
observing larger dust 
grains forming planets. 
(Credit: S. Andrews (CfA), 
ALMA (ESO/NAOJ/
NRAO))

2. Detect and characterize large molecules in planet-forming regions. 
Organic building blocks relevant in cosmochechemistry and biology (e.g., sugar-like species, molecules with peptide-like 
bonds) are found in primordial meteorites and analogs of the young Solar system. Spectra of chemically rich sources at 

(sub)mm wavelengths suffer from line blending. Spectra will be less crowded at cm wavelengths, where, additionally, dust 
emission is optically thin, making identification of “pre-biotic” molecules more straightforward.

Jupiters magnetic field, artist impression (credit: NASA)

Artwork by Tatiana Plakhova
A radar tower at London Heathrow Airport
Credit: David Monniaux

Grain growth toward planet formation
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Pulsars
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in 
physical scale and in terms of the volume of data it will generate. Consisting of two telescope arrays located respectively 
in Australia and South Africa and managed from the SKA Organisation headquarters in the UK, the SKA promises to 
revolutionise our understanding of the universe. The science case for the SKA has the potential to appeal to users well 
beyond the radio astronomy community, spanning across a wide range of areas of physics, cosmology and astrophysics. 
Science working groups (SWGs) and Focus Groups (FGs) covering all these areas have been set up to further evolve the 
SKA science case, providing a conduit for interaction between the SKA Organisation science team and the astronomical 
community. This banner provides a summary of the Pulsars Science Working Group.

The SKA Science Working Group on Fundamental Physics with Pulsars aims to ensure that the SKA will address some 
of the major unsolved problems of modern physics by tackling fundamental questions in ways that cannot be matched by 
any other experiment:

;���3��%.%2!,��%,!4)6)49�4(%�5,4)-!4%�4(%/29�/&�'2!6)4!4)/.�!.$��)&�./4��7(!4�4(%/29�7),,�2%0,!#%�)4	
;���(!4�)3�4(%�%15!4)/.�/&�34!4%�/&�-!44%2�"%9/.$�.5#,%!2�$%.3)4)%3	
;���/7�$/�350%2�-!33)6%�",!#+�(/,%�").!29�3934%-3�-%2'%	

Designed for Pulsar Astrophysics

To address all of the above questions requires significant increases in both the number of discovered pulsars and the 
precision with which they are studied. Therefore, the SKA has been designed to undertake an ambitious pulsar survey 
of unprecedented scale and to regularly observe an array of pulsars with unsurpassed fidelity. By exploiting the latest 
advances in multiprocessor technologies, the SKA will achieve the enormous computational task of searching for highly 
2%,!4)6)34)#�05,3!23�/6%2�!�,!2'%�6/,5-%�/&�4(%��!,!89�).�2%!,�4)-%���(%�2%-!).).'�4%#(.)#!,�#(!,,%.'%3�2%6/,6%�!2/5.$�
3%-)�!54/./-/53�/0%2!4)/.�/&�4(%�3526%9��).#,5$).'�3#(%$5,%�/04)-):!4)/.��$)&&%2%.4)!4).'�4(%�05,3!2�.%%$,%3�&2/-�4(%�
overwhelming radio frequency interference haystack, and optimally searching orbital parameter space to produce  
0(!3%�#/..%#4%$�4)-).'�3/,54)/.3�&/2�#/.=2-%$�").!29�05,3!2�$)3#/6%2)%3�

Strong-field Tests of Gravity

The SKA will discover new pulsars in highly 
relativistic binary systems that will yield 
unprecedented tests of gravity in the strong field 
regime, including tests of fundamental principles 
such as the strong equivalence principle, the 
existence of gravitational dipole radiation or extra 
field components. The discoveries will likely include 
at least one pulsar in orbit around a black hole, 
providing the ultimate laboratory for exploring and 
345$9).'�4(%�0(93)#3�/&�",!#+�(/,%3��4(%)2�30!#%�
4)-%�-%42)#3�!.$�4(%�./�(!)2�4(%/2%-���5#(�
observations would likely provide critical pointers 
toward a quantum theory of gravitation.

Gravitational Waves

By regularly observing an array of millisecond 
pulsars, the SKA will be transformed into an 
5.)15%�/"3%26!4/29�&/2�,/7�&2%15%.#9��.!./(%24:��
gravitational waves, such as the stochastic 
background generated by the cosmic merger 
history of supermassive black hole binary systems.   
Depending on the strength of the stochastic 
"!#+'2/5.$��4(%���
�-!9�"%�!",%�4/�#(!2!#4%2):%�4(%�
shape of the strain spectrum and tell us about how 
supermassive black holes merge and galaxies evolve.  
The SKA may also enable studies of cosmic structure 
imprinted on anisotropies in the background and 
unique tests of gravitational theories in the radiative 
2%')-%�"9�).6%34)'!4).'�4(%�0/,!2):!4)/.�34!4%3�/&�
gravitational waves.

Pulsar Timing Arrays complement Earth- and space-based detectors.
Image credit: Moore et al. Class. Quantum. Grav 32, 015014 
(2015).

Dense Matter Equation of State

Neutron stars provide unique laboratories to study 
the physics of matter at densities greater than 
that of atomic nuclei. The SKA will yield an order of 
magnitude increase in the number of neutron star 
-!33�$%4%2-).!4)/.3�!.$�()'(�%.%2'9�/"3%26!4)/.3�
can determine their radii. Valuable independent 
estimates of radii will also be determined by 
measuring moments of inertia of the most 
relativistic binary systems. Such constraints on the 
-!33�2!$)53�2%,!4)/.3()0�/&�.%542/.�34!23��%30%#)!,,9�
those provided by the fastest spinning and highest 
mass pulsars, directly constrain the equation of 
state of cold dense matter. Furthermore, the 
SKA will improve our understanding of neutron 
superfluidity by enabling detailed study of rotational 
irregularities in a wide range of pulsars.

Artistic depiction of a pulsar in orbit around a black hole
Image credit: SKA Organisation/Swinburne Astronomy Productions

Image Credit: Nils Andersson
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Epoch of Reionization
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in physical scale and in 
terms of the volume of data it will generate. Consisting of two telescope arrays located respectively in Australia and South Africa and 
managed from the SKA Organisation headquarters in the UK, the SKA promises to revolutionise our understanding of the universe. The 
science case for the SKA has the potential to appeal to users well beyond the radio astronomy community, spanning across a wide range 
of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus Groups (FGs) covering all these areas have 
been set up to further evolve the SKA science case, providing a conduit for interaction between the SKA Organisation science team and 
the astronomical community. This banner provides a summary of the Epoch of Reionizatio Science Working Group.

When did the first generations of galaxies form? What were their properties? How did they interact with each other? What is the 
structure of the intergalactic medium during the first billion years? What is the thermal and ionization history of the baryons?

The footprint of these processes is imprinted in the Hydrogen gas the major constituent of the intergalactic medium) and can be probed 
by observations of its hyperfine spectral line transition (occurring at the rest frequency of 21-cm). We plan to use the SKA to carry 
out the deepest observations of the diffuse neutral Hydrogen gas to trace the evolution of cosmic structure in the 6 < z < 30 range, 
unveiling the epoch when the very first luminous structure were born and how their growth ionized the intergalactic medium.

Deep observations with the SKA will measure the evolution of the 21-cm signal enabling an accurate timing of the various transitions, 
allowing us to learn, amongst the rest, the nature of the first luminous sources, the presence and properties of X-ray sources in the 
early Universe and the properties of the sources that were mostly responsible for cosmic reionization.

Simulations 
of the 
intergalactic 
medium and 
the galaxy 
population at z 
= 7.6 (credit: 
Mutch & Geil)

Simulated image of 
the 21-cm signal at 
z = 8. The image 
was convolved to 
the expected SKA 
resolution. Largely 
ionized regions are  
in blue. 

SKA observations will 
be able to map the 
contrast between 
ionized and neutral 
region in the 6 < z < 
12 redshift range.

Image tomography of cosmic reionization
Cosmic reionization is a complex physical process with a tight interplay between galaxies and the surrounding medium. An example is 
shown in the figure on the right shows the matter distribution (green) inside bubble of ionized Hydrogen (dark regions) with the galaxy 
population highlighted (white circles, their size is proportional to the star formation rate). Hydrogen is still neutral in red regions. The 
most massive, actively star forming galaxies are located at the peaks of the matter density field and generate regions of ionized gas 
around them. 

SKA observations will map the contrast between neutral and ionized regions as a function of redshift, measuring the three dimensional 
structure of reionization. Together with near infrared observations that will reveal the galaxy population, SKA observations will map the 
interplay between the intergalactic medium and the ionizing sources that will allow us to learn not just the physical properties of the high 
redshift sources, but also about the underlying dark matter halo distribution and the cosmological density field.

21-cm forest
In presence of a bright, background high redshift radio source, the intervening neutral 
medium will absorb the continuum emission from a source. The figure below shows 
the expected absorption from the intervening neutral intergalactic medium against a 
20 mJy radio source at z = 10 (Carilli, Gnedin & Owen 2002). The spectrum features 
a broad decrement whose depth depends upon the ionization and thermal state of the 
intergalactic medium. The forest of narrow absorption lines (21-cm forest) is due to 
clumps of denser, colder gas along the line of sight. Observations of the 21-cm forest 
will have the chance to probe the physics of the intergalactic medium down to kpc scales 
throughout reionization.

Cosmic Reionization:
Persistent star formation eventually 
generates a background of UV 
radiation that escapes the host 
galaxies and begins to ionize the 
surrounding medium. As these first 
galaxies form and evolve.

Heating Era:
As star formation continuos in the 
first galaxies, X-ray emission is 
expected to be produced by accretion 
on the first stellar black holes (or 
miniquasars). Eventually this X-ray 
background heated the intergalactic 
medium above the CMB with the 21-
cm signal seen in emission.

Cosmic Dawn:
Most models of structure formation 
predict the first stars to form at z ~ 
30 and start to shine in an otherwise 
dark Universe. Their UV radiation 
excites the neutral Hydrogen gas 
which becomes a source of 21-cm 
radiation. As the intergalactic medium 
is colder than the cosmic microwave 
background (CMB), the 21-cm is 
expected to be seen in absorption. 
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HI Galaxy Science
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in physical scale and in 
terms of the volume of data it will generate. Consisting of two telescope arrays located respectively in Australia and South Africa and 
managed from the SKA Organisation headquarters in the UK, the SKA promises to revolutionise our understanding of the universe. 
The science case for the SKA has the potential to appeal to users well beyond the radio astronomy community, spanning across a 
wide range of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus Groups (FGs) covering all 
these areas have been set up to further evolve the SKA science case, providing a conduit for interaction between the SKA Organisation 
science team and the astronomical community. This banner provides a summary of the HI Galaxy Science Working Group.

The HI Science Working Group is focused on studying the formation and evolution of galaxies by mapping the 21-cm spectral line of 
neutral atomic hydrogen (HI) in absorption and emission, over cosmic time.

Using SKA we will conduct deep HI observations of millions of galaxies out to redshift z>1. Our primary goals are to investigate the 
structure and dynamics of cold gas in and around galaxies, explore the gas-halo interface, discover plumes and streams of intergalactic 
gas, as well as map large-scale galaxy structures and their peculiar motions. Our key questions regarding galaxy formation and  
evolution are: 

How do galaxies replenish  
their gas?
Current models of galaxy evolution predict that galaxies 
are embedded in an extended Cosmic Web of gaseous 
filaments. For galaxies to continue forming stars over 
a Hubble time, they must continue to accrete new gas 
to form stars. With its high sensitivity and resolution, 
the SKA will enable for the first time the study of this 
very low density gas to allow us to detect and image the 
gaseous interface between galaxies and the surrounding 
intergalactic medium.

How is the HI in galaxies linked to 
AGN activity?
Associated HI absorption around a radio source host 
galaxy can tell us about the structure of the central regions 
and feeding and feedback of AGN. The SKA will enable us 
to probe HI in absorption in AGN out to z>3 and to trace 
neutral gas outflows over cosmic time to investigate the 
role of AGN feedback in galaxy evolution.

How are gas accretion, star 
formation & feedback related?
The gas cycle of galaxies involves the accretion of gas, 
star formation and gas outflows (feedback). While 
observed global-scale relations link star formation and the 
molecular gas surface density, very little is known about 
the astrophysics contributing to star formation at sub-kpc 
scales. Stellar evolution processes such as supernovae 
expel gas from galaxy disks back into the halo creating 
holes and bubbles in galaxy disks. The resolution of the SKA 
will enable us to study the ISM structure and kinematics  
in nearby galaxies with unprecedented precision to better 
understand these fundamental processes.

How is HI affected by galaxy interactions, 
environment & redshift?
Wide-field HI surveys to z>1 with the SKA will provide statistical samples (in 
emission and absorption) to study the role of environment on the gas content of 
galaxies and to investigate the processes leading to the build-up of stellar mass 
(including galaxy mergers and interactions) and the quenching of star formation over 
cosmic time. High precision observations will also shed light on the 3D shapes of 
galaxy disks, their interface with the intergalactic medium, their dark matter content 
and the cuspy halo problem, and the formation of tidal dwarf galaxies.

Image credit: ESO/L. Calçada/ESA/AOES Medialab] Artist’s impression of gas accretion from 
the Cosmic Web.

Image credit R. Schulz. HI absorption in 3C236 showing the integrated profile from WSRT 
(Morganti et al., 2005) and VLBI images (Schulz et al., 2018). Broad, shallow HI absorption 
is detected along with a narrow deep component which is associated with the circumnuclear 
disk. The shallow component is due to gas in a fast outflow of ~1000 km/s. The spatial 
distribution of the 2 components is shown in the VLBI images. 

Image credit: E. de Blok ) NGC6822 is the closest gas-rich dwarf galaxy outside the Large and 
Small Magellanic Clouds. Optical background is a combination of B,V, R images (Massey et 
al., 2007), stars enhanced using near UV data (Hunter et al., 2010), red: H-alpha (de Blok 
2006) blue: VLA observations of HI (de Blok, et al., 2000)

Image credit: Chung et al., 2009. HI imaging of late-type 
galaxies in the Virgo galaxy cluster overlaid on the ROSAT 
X-ray image (Böhringer et al., 1994). The HI images have 
been enlarged by a factor of 10 for clarity.
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Extragalactic Spectral Lines
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in physical scale and in terms of the volume 
of data it will generate. Consisting of two telescope arrays located respectively in Australia and South Africa and managed from the SKA Organisation 
headquarters in the UK, the SKA promises to revolutionise our understanding of the universe. The science case for the SKA has the potential to appeal 
to users well beyond the radio astronomy community, spanning across a wide range of areas of physics, cosmology and astrophysics. Science working 
groups (SWGs) and Focus Groups (FGs) covering all these areas have been set up to further evolve the SKA science case, providing a conduit for interaction 
between the SKA Organisation science team and the astronomical community. This banner provides a summary of the Extragalactic Spectral Lines Science 
Working Group.

The Extragalactic Spectral Lines science working group (SWG) focusses on the many 
astrophysically important lines besides the HI 21 cm line. With its unique sensitivity, SKA opens 
up the study of redshifted lines from distant galaxies or intrinsically weak lines from nearby 
galaxies, allowing us to trace material and various environments from the local to the distant 
Universe. In a pan-chromatic multi-messenger astronomy era, the SKA will complement and be 
operated along with other existing facilities such as ALMA, or instruments being built like the 
ELT, matching their angular resolution in the low frequency domain.

The science case for extragalactic spectral lines strongly advocates for an increase in coverage 
toward high frequencies (>15 GHz, SKA1 upgrade or SKA2). 

The main science drivers are: 

K�� the study of molecular gas, of primary importance for the evolution of galaxies in the distant 
Universe, 

K��C<8?C4�3806<=AB82A�5@=;�;0A4@A�0<3�@038=�@42=;18<0B8=<�:8<4A��

K�� absorption along the line of sight to background continuum sources.

Masers as tracers of AGN, starbursts, stars in Local Group (H2O, OH, SiO...)
At sub-pc scale around AGN, water masers are so strong that VLBI resolution gives the black hole mass, & distance with a precise and accurate estimate 
of H0 (e.g. NGC 4258, Greenhill et al. 1996; UGC 3789, Reid et al. 2013, and ref. therein). The 22 GHz line may be observed at z=0 with an upgrade to 
SKA, and z>0.5 with SKA-Mid, providing a wealth of new H2O maser sources from the local to distant Universe (e.g. Tarchi & Castangia 2013). More than 
100 OH megamasers have been detected in starbursts (e.g. Darling & Giovanelli 2002), at z=0.1-0.23. They are 2-4 orders of magnitude stronger than 
OH galactic masers. With SKA, the survey at all redshift up to z=5 will allow to follow the cosmic starburst history.
OH masers in the Galaxy trace regions where new stars are born as well as evolved stars. With SKA at 18cm, it will be possible to explore them in the 
Local Group galaxies (e.g., Etoka et al 2015).

Artist view of the 
nuclear disk around 
the NGC 4258 AGN, 
and at the bottom the 
H2O maser spectrum. 
From Greenhill et al 
1996. Credit: NRAO

Absorption lines in intervening galaxies in front of quasars
SKA will give access to a plethora of bright background radio sources to probe molecular absorption along their line of sight. The absorption technique 
is extremely sensitive and molecules can be used as invaluable cosmological probes. Not only the chemical state of the absorbing gas can be explored in 
depth, (e.g., complex organic molecules, isotopologues), but molecules also reveal the ISM physics (e.g., cosmic-ray ionization, molecular gas fraction) 
and gas excitation (measurement of the CMB temperature as a function of redshift). Rare isotopologues give us the possibility to track isotopic ratios 
and enrichment by nucleosynthesis products over cosmic times. Finally, some molecules (e.g., NH3, CH3OH, CH) are sensitive tracers to test possible 
cosmological variations of the fundamental constants (e.g, proton-to-electron mass ratio μ, fine structure constant α).

Redshifted CO lines and dense gas 
tracers (HCN, HCO+, HNC, CS...)
High-z galaxy surveys with ALMA/NOEMA have shown that the gas 
fraction strongly increases with redshift and the depletion time slightly 
decreases (e.g., Tacconi et al 2018, & in A&ARv Combes 2018). 
Most of these studies were not able to observe the fundamental 
CO(1-0) line, which is the best proxy for molecular gas mass and 
kinematics, but only higher J (2-1, 3-2...) transitions. SKA at 
frequencies above 15 GHz will be able to probe the CO(1-0) line at  
z > 2, and SKA-Mid will cover this line for z>7, offering an 
unprecedented tool to probe molecular gas in distant galaxies and 
study their evolution.

Dense gas tracers are paramount to trace locations of star formation 
(SF), and scaling relation between gas and SFR densities will be 
obtained at high-z with the SKA.

Radio Recombination Lines (RRLs)
RRLs are a unique tracer to determine the physical conditions of gas in galaxies, density and 
temperature. RRLs of hydrogen and carbon (HRRL and CRRL) have been detected in external 
galaxies at low frequencies (e.g., Morabito et al 2014). RRL trace dense and clumpy media 
at high frequency (corresponding to SKA-Mid) and diffuse media at low frequency, <350 MHz, 
corresponding to SKA-Low (e.g., Thompson et al. 2015). The non-LTE models necessary to 
interpret the data yield the electronic temperature and density and the abundance of carbon.  
By comparison with the HI 21 cm line, it is possible to derive the fraction of CNM, WNM and 
WIM along the line of sight. 

With SKA1-Low, ~100 nearby galaxies could be detected in the CRRL, while 400 will be 
detected and ~50 mapped with SKA2 (Oonk et al. 2015).

Galaxies on the main sequence (MS) have more gas at high-z and their star 
forming efficiency SFE = 1/tdep is higher (eg Tacconi et al 2018).

! =Gas to stellar mass ratio                                   Depletion time tdep

Histogram of the OH maser 
luminosity distribution, in the  
galaxy (white), in the LMC presently 
observed (light teal x10) and 
predicted with SKA (teal). From 
Etoka et al 2015.

CRRL n-level value as a function of Te and ne. The white contours are 
for n = 340 and 400. The green circles highlight values of constant pe 
= 0.04 × 85 = 3.4 K cm−3. n-level is a good indicator of pe, for Te= 
20–140 K range. From Oonk et al 2017.

Excerpt of an ATCA 
spectrum toward 
PKS1830-211, 
showing the 
richness of an 
z=0.89 absorber. 
From Muller et al 
2013.
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Transients
Science Working Group

The SKA Science Working Group on The Transient Universe aims to explore what variable and one-off astrophysical signals can teach 
us about topics ranging from stellar evolution and relativistic astrophysics to cosmology. Transient radio signals point to the sites of 
the most extreme phenomena in our Universe: e.g. supernovae, merging neutron stars, and the ultra-relativistic jets from accreting 
black holes. They give us unique insight into fundamental physics and through propagation effects in the radio signal they allow us to 
probe the intervening ionized and magnetized material that would otherwise be invisible to us. To name just a few examples of the 
astrophysical transients that the SKA will study… 

Fast radio bursts
Discovered only a decade 
ago, fast radio bursts 
(FRBs) are a fascinating 
astrophysical puzzle. We 
have good reason to believe 
that they originate in distant 
galaxies, but we have still 
not identified their physical 
origins. Dozens of theories 
have been proposed to 
explain these short but 
staggeringly luminous flashes 
of radio light. Are the FRBs 
that are seen to repeat 
created by exceptionally 
young, ultra-magnetized 
neutron stars? Some FRBs 
appear to be one-off events, 
whose apparent lack of 
repetition suggests that they 
are created in cataclysmic 
explosions. 

Gravitational  
wave events
With the discovery of the 
first gravitational wave 
sources, LIGO-Virgo has 
opened a new window on 
the Universe. We can use 
these gravitational waves to 
directly detect the mergers 
of neutron stars and 
black holes that spiral into 
each other as their orbits 
decay. Electromagnetic 
observations of these events 
are critical for understanding 
the resulting explosion and 
its aftermath. In particular, 
radio observations probe the 
relativistic outflows that are 
created.

Long gamma-ray bursts & 
superluminous supernovae
After exhausting their nuclear fuel, massive 
stars end their lives in supernovae and 
leave behind a neutron star or black hole. 
Long gamma-ray bursts and superluminous 
supernovae may be associated with 
even more extreme progenitor stars 
and explosions. Their relativistic jets and 
afterglows are well studied in radio, which 
can trace e.g. the evolution of the outflow 
and its magnetization.

The SKA as a transients discovery and follow-up machine
The SKA will provide unprecedented sensitivity for detecting radio transients. Such observations will be triggered by the global suite 
of all-sky monitors spanning the electromagnetic spectrum, as well as multi-messenger alerts from, e.g., LIGO-Virgo and neutrino 
telescopes like IceCube. At the same time, the SKA will discover its own transients via the planned imaging and beam-formed (high-time-
resolution) surveys. Critical to success is the ability to search for transients in parallel with other scientific use cases. A low latency for 
data access and triggering of follow-up observations will also be key for delivering the science harvest. The SKA is poised to answer 
fundamental questions related to the origins and physics of known source classes like the examples above, and perhaps most excitingly: 
the SKA will discover astrophysical radio transients unlike any we have seen before, or perhaps even imagined.

Artist’s conception of a long gamma-ray burst.  Image credit: NASA

Artist’s conception of two inspiralling neutron stars, and their gravitational wave signature. 
Image credit: NASA

Artist’s conception of an FRB being localized to its host galaxy using geographically distributed radio dishes.  
Credit: OzGrav, Swinburne University of Technology
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Cosmic Magnetism
Science Working Group

The Cosmic Magnetism Science Working Group is focused on defining the role of magnetic  
fields in the physical processes that determine the structure and evolution of the Universe.  
The SKA’s Rotation Measure Grid survey will establish the origin and evolution of magnetic  
fields throughout the cosmos.
Magnetic fields are a major agent of energetic processes in various cosmic objects, from star forming regions and stellar remnants, 
through galaxies, including our own Milky Way, to the large-scale structure of the Universe. Magnetism has long been recognized as a 
crucial element in these problems, but new technology is required to make the observational progress needed for a full understanding 
of how these processes unfold in practice.

Radio astronomy provides the most effective probes of cosmic magnetism. The SKA’s revolutionary capability promises to take our 
study of magnetic fields to a new level of precision, and expand our horizon to distant objects that are inaccessible in sufficient detail 
today. Specifically, its unrivalled sensitivity and resolving power, combined with wide frequency coverage, makes the SKA ideal for probing 
magnetism across the Universe through the study of polarized synchrotron emission and its Faraday rotation, and Zeeman splitting.

A dense Faraday Rotation Measure (RM) Grid
The SKA will produce a Faraday RM Grid, comprising polarimetric 
detections of 7-14 million radio galaxies, 250-500 times as many as the 
current state of the art. In addition to understanding the nature of the 
polarized sources themselves, the SKA’s RM Grid will be used to probe a 
wide range of extended, intervening foreground sources, including:
H�� Milky Way and sources within (HII regions, SNRs, HVCs, masers…)
H���,2077,94.��7:@/>
H�� 0,=-D�2,7,C40>
H���,7,CD��7@>?0=>
H��$,/4:��,7,C40>
H���:>84.�)0-

The extremely high density of background RMs will permit the study of 
individual objects as well as statistical investigations of source classes. 
SKA1-LOW will complement the dense SKA1-MID RM Grid by permitting 
very high-accuracy magnetic field measurements in some sources.

What is the role of magnetic fields in 
the evolution of cosmic objects?

The unmatched surface brightness sensitivity and angular 
resolution of the SKA will permit the imaging and detailed 
study of the diffuse magnetized media in nearby galaxies, 
galaxy clusters, and ultimately the magnetized Cosmic 
Web. This will allow us to uncover the role of magnetic 
fields in the star formation process, as well as determining 
the mechanisms that shaped and amplified the magnetic 
fields. Combined with the detailed view of the magnetized 
interstellar medium in our own Galaxy, the SKA will probe 
magnetic fields from the smallest to largest scales.

The SKA’s dense RM Grid will also allow us to obtain 
information about the magnetic fields in foreground objects 
such as galaxies and clusters, averaged along the line of 
sight. Because this works in areas far from star-forming 
regions, we can find and understand magnetic fields on the 
largest possible scales.

What is the structure of the 
Universe on the largest scales?

Our standard cosmology predicts that the majority of 
baryonic matter in the Universe exists as a cosmic web of 
diffuse, magnetized plasma. However, the distribution and 
properties of this extremely diffuse material are not yet well 
understood. The SKA’s dense grid of background RMs will 
shed light on the magnetized cosmic web and will unveil its 
overall form. Understanding the cosmic web will allow us 
to address longstanding questions of modern astrophysics 
such as the thermal and dynamical evolution of galaxy 
clusters, the origin of the ultra-high energy cosmic rays, and 
the inflationary theory of cosmology.

How do active galaxies influence 
their environments?

Radio galaxies are the ubiquitous background sources 
that are the backbone of the RM Grid, and they are also 
interesting to study as individual objects. The interface 
between radio galaxy lobes and their surrounding medium is 
a unique laboratory for various physical effects, and imparts 
complex structure on the observed polarization from the 
radio galaxies. The SKA will provide an unprecedented view 
of the complicated radio galaxy lobe structure, and allow 
the study of foreground sources through their effect on the 
radio galaxy emission.

The southern lobe of Cen A, where colour is RM and brightness is polarized intensity.  
Data from ASKAP (Anderson et al 2018). Image credit: C. Anderson

A visual impression of the  projected source density as will be seen by 
SKA1-MID. Image credit: S.A. Mao, using data from Taylor et al. (2009) 

and Schnitzeler et al (2019).

The nearby galaxy M33 and the predicted 
density of background polarized sources.

Image credit: S.A. Mao and G. Benintende 
(APOD, 2016/09/17)

The nearby galaxy M51 with magnetic field 
vectors overlaid. Image credit: G. Heald, 
using data from Fletcher et al (2011) and 
background image: NASA, Hubble Heritage 
Team, (STScI/AURA), ESA, S. Beckwith 
(STScI). Additional Processing: Robert Gendler
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Solar and Heliospheric Physics
Science Working Group
The Sun is a surprisingly hard radio source to study - it has structures spanning a large range of angular scales; the intrinsic brightness 
of emissions from different mechanisms differs between them by many orders of magnitude; and on top of it all its emission itself varies 
on very rapid time and frequency scales. Radio observations of the Sun carry a treasure trove of very crucial information about solar 
magnetic fields and coronal processes not accessible by any other means. The capabilities of the SKA will be an excellent match to the 
challenges of solar radio science.

Coronal heating
The solar corona is at the temperature of a few million K, while the photosphere is only at about 6000 K. This apparent violation of 
principles of thermodynamics has been known since early 1940s and is known as the coronal heating problem. With its extreme 
sensitivity and imaging fidelity, the SKA will explore the role and efficacy of both the leading contenders for explaining this mystery – 
nanoflares and wave based heating mechanisms.

Turbulence and radio wave scattering 
Though much of the radio emission from the active Sun 
is born deep inside the corona, it is heavily distorted and 
smeared as it propagates out of the very inhomogeneous 
and turbulent solar corona. On the one hand, it makes it 
challenging to disentangle the properties of the source of 
propagation effects, but on the other hand, it also provides 
a very useful probe of this otherwise very hard to study 
medium. SKA’s snapshot spectroscopic imaging capability 
will help us dis-entangle the propagation effects from 
intrinsic variations in the properties of radio sources. 

SKA and Solar and Heliospheric Science
The SKA will provide the highest fidelity radio images of the Sun with 
very high time and frequency resolution – exactly what is needed 
to simultaneously track the details of solar emission across time, 
frequency and morphology. The SKA will be able to image the 
tenuous solar corona and the weak radio emission from the CMEs 
in unprecedented detail and out to large distances in the heliosphere 
making remarkable new contributions to Space Weather studies, 
potentially enabling prediction of Space Weather events. SKA 
precursor instruments are deeply engaged in pursuing solar and 
heliospheric physics to pave the way for SKA science.

Solar explosions and  
solar energetic particles
Much of the time, the Sun shines steadily, as is our usual 
experience with the visible Sun, but occasionally it is home 
to extremely energetic burst-like phenomenon. These 
explosions, called flares, take place in the atmosphere 
of the Sun, Corona, and are usually associated with 
expulsions of large amounts of energetic plasma and 
accompanying magnetic field called coronal mass ejections 
(CMEs). These explosions are powered by the energy 
stored in the solar magnetic fields, and unleash a large 
range of exciting and dramatic phenomena seen as intense 
emissions spanning all the way from X-rays to low radio 
frequencies. These CMEs carry the solar influence to 
terrestrial neighbourhood and can have significant impacts 
on the Earth, which we now know as Space Weather. 

Coronal magnetography
Though it is well known that coronal magnetic is responsible 
for the bulk of solar activity, it is notoriously hard to measure 
in the except at the solar surface. Radio observations 
provide the only known techniques which can allow us to 
obtain quantitative estimates of coronal magnetic fields, 
the prime drivers of space weather. These observations 
are however very hard, and the SKA is expected to make 
important contributions in this area.

Space Weather 
The CMEs are the primary 
carriers of Space Weather 
to the Earth. Their impacts 
include benign and beautiful 
phenomenon like the 
northern and southern lights 
(aurora) to more serious 
ones like electric supply 
blackouts, satellite damage, 
and disruption to radio 
communications, etc. Over 
the last decade, studying the 
Sun-Earth connection has 
become a key issue in space 
research and is of enormous 
societal relevance. Image credit: SOHO, ESA & NASA

Image credit: Mondal et al. 2019, ApJ. 

Image credit: SDO, NASAImage credit: Sijie Yu & Eduard Kontar,
NASA/SDO, LOFAR, Glasgow University
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SQUARE KILOMETRE ARRAY

Our Galaxy
Science Working Group
The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instrument on Earth, both in physical scale and in 
terms of the volume of data it will generate. Consisting of two telescope arrays located respectively in Australia and South Africa and 
managed from the SKA Organisation headquarters in the UK, the SKA promises to revolutionise our understanding of the universe. 
The science case for the SKA has the potential to appeal to users well beyond the radio astronomy community, spanning across a 
wide range of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus Groups (FGs) covering all 
these areas have been set up to further evolve the SKA science case, providing a conduit for interaction between the SKA Organisation 
science team and the astronomical community. 

This banner provides a summary of the Our Galaxy Working Group. 

The main scientific aim of the Our Galaxy SWG is to uncover the ecology of baryons and understand the cycle of matter between the 
different components of our Galaxy (the Milky Way), from star formation in the densest regions of the InterStellar Medium (ISM) to the 
replenishment of the ISM with matter and energy released in the last phases of stellar evolution. Many details of this interplay can only 
be unveiled by using different radio diagnostics that are not limited by dust obscuration. This will allow us to use Our Galaxy as a resolved 
template to understand how galaxies work. The SKA has the potential to make a tremendous impact on many key areas in Galactic 
Physics thanks to its transformative ability in wide-area, sensitive high angular resolution spectroscopy and its unparalleled astrometric 
measurements in line and continuum.

Stars and their neighbourhood
During their life, stars interact moderately with the surrounding medium, giving rise to phenomena that produce intense emissions in 
the radio band. These are the cases of stellar coronae, flares, coronal mass ejection, particle acceleration in stellar magnetospheres, 
interaction between star and orbiting planets and interaction between expanding stellar winds. In the above cases, even if stars emit 
a negligible fraction of their total luminosity in the radio band, radio emission usually constitutes one of the best diagnostics to derive 
important physical parameters. The SKA will produce a real revolution in Stellar Physics since many classes of stars will be accessible 
over the entire Milky Way and their radio properties will be defined, allowing comparison with other stellar parameters, such as age, 
mass, magnetic field, chemical composition and evolutionary stages over rather large samples of sources.

From Stars to the ISM
The chemical evolution of the galaxies is mainly governed by 
the final stellar evolutionary stages, when stars release part 
of their matter and kinetic energy to the ISM. The study 
of this process in the Milky Way is of great importance 
for the comprehension of the enrichment of the Universe 
itself, and, in this context, radio observations of stellar 
ejecta in post-Main Sequence evolution, are of fundamental 
importance to the comprehension of the origin and the full 
characteristics of mass-loss, since evolved stars constitute 
the major contributors of processed material (gas and dust) 
and kinetic energy (ejecta from massive stars) to the ISM. 

The Galactic Centre
The centre of the Milky Way is a unique laboratory because 
it is the only galactic nucleus and the most extreme 
astrophysical environment that we can study in detail. 
The SKA will provide unique insights and breakthoughs 
through the study of: intermediate mass black holes, 
stellar winds, pulsars, stellar mass black holes and neutron 
stars, magnetic fields, properties of the ISM, precision 
absolute astrometry of stars near the central black hole and 
throughout the GC, and the physics of massive YSOs. 

Image below – the centre of Our Galaxy as seen by 
MeerKAT.

From ISM to stars
The star formation process is the driver of the evolution of ordinary 
matter in the Universe, from its primordial composition to the present-day 
chemical diversity necessary for the birth of life. The SKA will enable the 
detailed flow of mass and material through the atomic and ionized ISM 
to be studied, by creating sensitive and high dynamic range maps of the 
atomic, ionized and molecular gas density across across Our Galaxy. Radio 
continuum images will pinpoint the location of intermediate and high-mass 
stars in proto-clusters, while proper motion and parallax information on 
all the YSOs in these clusters will allow us to make decisive steps toward 
a quantitative understanding of our Galaxy as a Star Formation engine. A 
first complete recipe for the Milky Way as a normal star-forming galaxy 
will be provided, that will be used as a z=0 template for the accurate 
interpretation of star formation in distant galaxies. 

Image to left: A VLA image of the Orion Cluster (Forbrich et al., 2016)

A patch of the Galactic Plane as seen at 912 MHz blue (ASKAP), 8 μm- green (Spitzer) and 70 μm-red (Herschel) (Umana et al., 2019)
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shows (a) Spatial 
distribution, (b) 
internal proper 
motions, and (c) 
absolute values 
of the three-
dimensional 
velocities of the 
water maser 
features around 
the evolved 
star (“water 
fountain”) IRAS 
18113−2503 
(Orosz  et al 
2019).

Credit: SARAO
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High Energy Cosmic Particles
Focus Group
Somewhere in the Universe, particles are being accelerated to energies up to ten million times higher than those achieved by particle 
accelerators like the Large Hadron Collider. These particles, known as cosmic rays, are the most energetic in nature, subject to laws 
of physics that are otherwise beyond our reach. When they collide with mundane matter, such as the Earth’s atmosphere or the 
surface of the Moon, they produce cascades of secondary particles that generate a burst of radio waves lasting only a few billionths of 
a second. The High Energy Cosmic Particles Focus Group will use the SKA to study these rare particles, to understand the physics of 
their interactions and the mystery of their origin.

The cosmic-ray spectrum
Cosmic rays are composed of the same stuff as interstellar gas: 
mostly protons and atomic nuclei. Their spectrum (see figure) 
extends over a huge energy range. We think that cosmic rays with 
lower energies, up to perhaps 1017 eV, are being produced by 
something in our own Galaxy: the remnants of supernovae, or the 
supermassive black hole at the Galactic Centre. At higher energies 
only extragalactic objects, such as active galactic nuclei (AGN) or 
gamma-ray bursts (GRBs), could be the culprits.

When they impact Earth’s atmosphere or the Moon, they produce 
cascades of trillions of secondary particles. The equivalent energies 
of these collisions extend beyond those that can be studied with the 
Large Hadron Collider.

Ultimate precision – EAS
To study Extensive Air Showers (EAS), the High 
Energy Cosmic Particles group will install an 
array of hundreds of particle detectors in the 
SKA1-low core. These will detect secondary 
particles from cosmic-ray interactions in the 
atmosphere, and capture voltage data at 
maximum time resolution from each antenna. 
Each event will be visible to thousands of 
antennas, measuring the unique radiation 
pattern of each cascade with ultimate precision, 
and allowing precise reconstruction of the 
properties of the cosmic rays and neutrinos.

Extreme energies – lunar
Cosmic rays at the very highest energies 
(above 1019 eV) will produce pulses of 
radiation so strong as to be visible from 
the distance of the Moon. The High Energy 
Cosmic Particles group aims to use the 
entire visible surface of the Moon as a 
20,000,000 km2 particle detector to 
catch these rare ultra-high-energy events. 
Observations with SKA1-low will cover the 
Moon with phased-array beams to search for 
nanosecond-scale pulses.

Extragalactic sources
At the very highest energies, the 
paths of cosmic-rays will be only 
slightly bent by cosmic magnetic 
fields, so their arrival directions will 
point to their origin. The measured 
properties of lunar events will be 
used to reconstruct these directions, 
and point towards the source of 
extragalactic cosmic rays.

High-energy  
particle physics
The extreme energies of cosmic-
ray collisions also allow the study 
of particle physics at energies 
unreachable by the Large Hadron 
Collider. Radiation patterns of particle 
cascades will be searched for signs 
of new physics beyond the Standard 
Model.

Radio emission
When a cosmic ray interacts, its energy is converted to 
mass, producing a range of exotic secondary particles. 
These collide to produce still more particles, and the 
process continues until the energy of the cascade has been 
exhausted.

Askaryan effect: As the cascade progresses, electrons in the 
surrounding medium are knocked loose from their atoms and 
entrained into the cascade. This leads to an excess negative 
charge that rapidly builds up and then disappears, producing 
a sub-microsecond burst of radio waves – Askaryan radiation.

Geomagnetic effect: If a cascade occurs in the Earth’s 
magnetic field, positive and negative particles – particularly 
the lighter ones; electrons and positrons – will be deflected 
in opposite directions. Due to their opposite charges, these 
particles also radiate coherently - geomagnetic radiation.

The two radiation mechanisms have different polarisation 
signatures, which can interfere to produce a unique pattern 
on the ground (see figure).

The cosmic-ray 
spectrum, extending 
over 8 orders of 
magnitude in energy 
and 24 orders of 
magnitude in flux. 
The energies probed 
by SKA-EAS and 
SKA-lunar are shown. 
These are compared 
to the centre-of-
mass energies of the 
collisions (top axis). 
Image credit:  
T. Pierog et al (EPJ W 
89 (2015) 01003;  
T. Huege, C.W. James.

Diagram of the 
two radio emission 
mechanisms: the 
geomagnetic effect  
(dominant for 
cosmic ray 
interactions in the 
atmosphere) and 
the Askaryan effect 
(dominant for lunar 
interactions).  
Image credit:  
T. Huege.

Simulated radio footprint of a cosmic-ray event as viewed by LOFAR (left) and SKA1-low (right), showing  
the increase in precision offered by the SKA’s incredible antenna density in the core region.  
Image credits: A. Zilles, S. Buitink, T. Huege, EPJ Web Conf. Volume 135 (2017) 02004

Illustration of the Lunar and Extensive Air Shower radio-detection techniques (left). In the former, a cosmic-ray  
or neutrino impacts the Moon, generating radio emission in a cone. The radiation can escape the Moon and 

be detected on Earth as a few-nanosecond burst (simulation shown on right).
Image credit left: J. Alvarez-Muniz, right: C. W. James

Science Goals 

Galactic cosmic rays
Measuring radiation patterns with 
the SKA will allow the cosmic-ray 
composition – protons, helium etc. up 
to iron – to be resolved. This encodes 
critical information about how Galactic 
accelerators run out of power, and the 
transition to extragalactic sources.

The Galactic Centre revealed in TeV gamma rays 
by the High Energy Stereoscopic System (HESS). 
Such gamma rays are expected from cosmic-ray 
interactions with the interstellar medium, which 

produce pions and, hence, gamma rays.  
Image credit: HESS Collaboration, Nature 531 

(2016)476 (sourced from arXiv: 1603.07730). 

Simulation of a proton-proton collision at the LHC. 
The centre-of-mass energy – critical for creating 

new particles – is 13 TeV. The equivalent energy for 
cosmic-ray collisions can reach up to 500 TeV, allowing 

the study of new physics unreachable by terrestrial 
colliders. Image credit: CERN.

The nearby active galaxy Centaurus A, viewed at multiple 
wavelengths. Left: a composite image of the galaxy 

itself, in optical, radio, and x-rays. Right: the full extent 
of Centaurus A’s giant radio jets,which are outflows from 
the supermassive black hole in the centre of the galaxy. 
Such AGN are prime candidates for accelerating the 

highest-energy cosmic-rays. Image credit: [LEFT] X-ray 
– NASA, CXC, R. Kraft (FfA), et al.; Radio – NSF, VLA, 

M. Hardcastle (U Hertfordshire) et al.; Optical – ESO, M. 
Rejkuba (ESO-Garching) et al. https://apod.nasa.gov/

apod/ap080110.html. [RIGHT] Ilana Feain, Tim Cornwell 
& Ron Ekers (CSIRO/ATNF). ATCA northern middle lobe 
pointing courtesy R. Morganti (ASTRON), Parkes data 

courtesy N. Junkes (MPIfR). 

Lunar radio-detection technique

https://www.dropbox.com/sh/mpmvpkak7jx3w19/AABbnRyaBSGqKdB2994n0igIa?dl=0
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