SQUARE KILOMETRE ARRAY

PROSPECTUS
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The Square Kilometre Array (SKA) is an ambitious
project to build a radio telescope that will revolutionise
our understanding of the Universe and the laws of
fundamental physics. It will be the world’s largest
scientific instrument, built in two Phases. SKA1 will
make highly competitive contributions to addressing
fundamental questions in physics and astrophysics, while
SKA2 will define a new benchmark in these fields.
This Prospectus describes the key features and
requirements to begin this process, by constructing
SKA1, and the benefits that will result. It sets
them in the context of the longer term aims and
ambitions of the full scope of the Project.
You can watch the SKA Trailer Video at: https://goo.gl/cXOLBj
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Foreword
It is with great pleasure that, on behalf
of the SKA Board, we present the
Square Kilometre Array Prospectus.
The SKA will be a next-generation radio
telescope; once fully constructed, it will be,
by several measures, the largest scientific
facility on Earth. The SKA is being designed
by an international consortium of scientists
and engineers to tackle some of the
fundamental scientific questions of our time,
ranging from the birth of the Universe to the
origins of life. How did the Universe evolve
to its current form? What is the mysterious
nature of Dark Energy? How and when did
magnetic fields arise to influence the Universe
as they now do? Was Einstein right about
gravity? Can we understand the nature of
the gravitational waves on which the Earth
surfs? How does one make a planet from
pebbles in space? How prevalent are the
molecular building blocks of life across the
cosmos? Are we alone in the Universe?
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To address these questions, an international
consortium, currently of 10 nations, is
designing and will soon begin construction
of the SKA. SKA will form a critical part of
the arsenal of new-generation telescopes,
both on Earth and in space, which will probe
the deep mysteries of the Universe. All
such projects require the development of
new technologies. The SKA, in particular, is
taking advantage of recent developments
in digital and communications technologies
to collect, distribute and process the truly
enormous quantities of data it will receive.
However, that is not all: new developments
are required to develop low-power, lowcost, robust systems across the range of
technologies needed; new innovations will
have to be imagined and created in data
analytics to store, process, visualise, mine
and exploit the exascale data sets that SKA
will generate. All of these developments have
the potential to be of benefit to society as
a whole, just as the development of WiFi,
which came from radio astronomy some
years ago, has transformed our lives.

The SKA is entering an exciting and
critical period. At the time of writing, the
governments of SKA’s partner nations are
well-advanced in their negotiations to establish
a new governance structure, based on
an international convention, for the future
SKA Observatory. It is hoped that the SKA
Observatory will become a reality in 2018.
The project is open to new members from
across the globe and we trust that the
establishment of the SKA Observatory will
see a significant growth in membership.
With the new governance structure in
place, the project hopes to transition to
the construction phase in late 2018 and to
complete the first phase of SKA by 2023.
This is truly an exciting time for science.

Prof. Giovanni Bignami
Chair, SKA Board

November 2016

Prof. Philip Diamond
SKA Director-General

Overview of the Headquarters of the SKA Organisation, located at the
Jodrell Bank site near Manchester, UK. The HQ can be seen on the right-hand
side, next to the control building of the University of Manchester’s Jodrell
Bank Observatory (left-hand side). An expansion of the SKA HQ is scheduled
for construction in 2017. Credit: Hufton and Crow.
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1 Overall Vision
What?

When?

One of the most visionary and ambitious
science projects of the 21st century.

Beginning in 2018 with the start of
construction of SKA1, leading to first
science operations in the early 2020s.

The Square Kilometre Array (SKA) radio
telescope will ultimately be the largest
scientific instrument on Earth, both in physical
scale and in terms of the volume of data it
will generate. Built in two phases (SKA1 and
SKA2), it will eventually have a collecting area
of more than a million square metres, tens
of times larger than any existing facility.
As a major new scientific facility, SKA will
have an enormous impact extending well
beyond its immediate science environment.

Why?
A science case addressing the most
important questions in astronomy, which
will revolutionise our understanding of the
Universe and the laws of fundamental physics.

Who?
Possibly 20 Members in the fullness of time,
with 10 countries across 5 continents forming
the core Membership already committed in
November 2016. The populations of those 10
alone represent 40% of the world’s total.
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Phase 2 (SKA2) is intended to follow, with
construction starting in the mid 2020s.
Once completed, the telescope is expected
to be operational for over 50 years.

Where?
At three sites spanning the globe: the
telescope installations in Africa and Australia,
and the Headquarters in the United Kingdom.

How?
By splitting the project into two phases
(SKA1 and SKA2), to make it technologically
and financially achievable and make the
most of emerging technologies; and
by harnessing a major logistical and
technological effort by more than 500
scientists and engineers with industry
around the globe, working in collaboration.

“
“
“
“
“

We’re building what will be the
largest science facility ever built
by mankind.
–

Prof. Philip Diamond
SKA Director-General

Projects like this can only happen
when we work together on a
global scale.
–

Ms. Patricia Vogel
Senior Policy Advisor at the Netherlands
Organisation for Scientific Research

We need a machine like the SKA
which takes data science to the
next level.
–

Dr. Simon Berry
Director of Policy Development at the
SKA Organisation

There will be some very exciting
industrial and technology spinoffs, so all in all this project offers
a great deal for all the partners
involved around the world.
–

Ms. Patricia Kelly
Director-General at IP Australia

The SKA Project is a clear symbol of
how the nations of the world can unite
and work through the advancement
of science to ultimately enhance the
quality of living of all our citizens.
–

Mr. Daan du Toit
Deputy Director-General at the South African
Department of Science and Technology
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2 The SKA Concept
2.1 The Project
The Square Kilometre Array (SKA) is an ambitious
project to build a radio telescope that will enable
breakthrough science and discoveries not possible with
current facilities. Built over two sites in Australia and
Africa it will, when both phases are complete, provide
over a million square metres of collecting area through
many thousands of connected radio telescopes.
Different types of radio telescopes will be used by the
full SKA to provide continuous frequency coverage
from 50 MHz (6 m wavelength) to over 20 GHz
(1.5 cm wavelength). It is important to cover this
wide frequency range to enable the full promise of
transformational science objectives to be addressed.
The planning in two phases allows rapid early progress
by implementing the more developed technologies, and
securing the scientific advances from them, at the
earliest opportunity. This will be the basis of SKA1, an
instrument with a target cost of €674M (2016 Euros)
which is the main subject of the present document.
SKA1 will already permit ground-breaking progress in
a wide range of fundamental research areas, spanning
rocky planet formation in external solar systems near
the Sun to direct imaging of the very first plasma
bubbles in an otherwise featureless Universe. Greater
sensitivity and fast surveying will be added in SKA2,
redefining the state-of-the-art over this same broad
range of astrophysics and fundamental physics.
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SKA1 is currently in the Pre-Construction phase, in
which the design and specifications are being finetuned and will in the very near future crystallise into a
proposal to move to construction of SKA1. Construction
and Operations will overlap, due to the array nature
of the SKA, meaning that the Operations phase can
begin as soon as sufficient receiving capability is in
place to carry out regular observing. SKA2 will be
the subject of a separate decision to proceed.

2.2 The Benefits
The SKA has been developed from the very beginning
as an international partnership that will draw on
the scientific, technological, industrial and financial
resources of its Members and deliver to them
substantial benefits. These will include scientific
advances in our understanding of the Universe;
returns to industry, both through provision of
components of the telescope (whether in-kind or
through direct contracts) and in the longer term
through technological spin-offs; and significant
social returns through human capital development.
Engagement in the development and realisation of
such a massive and revolutionary scientific project
will stimulate advances in the industrial, social and
technological spheres and inspire future generations.

At a time of tension in many spheres of international
relations, SKA also offers a unique forum for
positive interactions between a wide range of
countries in pursuit of common scientific ideals.

2.3 The Organisation
The SKA will operate through an intergovernmental
organisation (the SKA Observatory), whose underlying
principles will be to ensure equitable distribution
of both costs and benefits. The funding model
that has been developed as the basis for detailed
negotiations links Members’ contributions to their
eventual capability to exploit the SKA. The benefits,
in terms of both fair work return and ultimately
access to the telescope, will likewise be broadly
in proportion to a Member’s contribution.
Membership of the SKA Observatory is therefore
an attractive proposition, since both contractual/
industrial opportunities and access to observing time
for non-members will be extremely limited. Special
terms apply for the host countries, which are all also
Members, recognising that they will gain additional
local benefits from the presence of the SKA facilities.
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3 Science
3.1 Science Vision
The Square Kilometre Array concept arose from
the desire to answer a simple question: How can we
fill in the gaps in our understanding of the Universe
by reading its history as written in the language
of its most abundant constituent, Hydrogen?
To answer this question, we would need to be able
to see back to the Cosmic Dawn, when the very first
stars formed in a Universe that was only 100 million
years old; to study the epoch of galaxy formation
at 1 billion years of age; and to truly understand
the current epoch of accelerating expansion,
13.7 billion years after the Big Bang, driven by
the as yet unexplained force of Dark Energy.
What size of radio telescope would be needed to do this?
The surprising answer is that any one of these tasks would
independently require a telescope with a collecting area
of one square kilometre (one million square metres).
The drive to secure such a facility developed rapidly
once it became clear that a radio telescope of this size
would not only answer such fundamental questions
about our cosmic origins and fate but would also enable
a wealth of other discoveries to be made, in areas as
diverse as the formation of Earth-like planets, detection
of gravitational distortions of Space-Time, the origin
of cosmic magnetic fields, and understanding the
formation and growth of Black Holes. Coincidentally,

“Progress has for centuries been
driven by new observational and
theoretical tools; and about 60%
of new discoveries come from
expanding parameter space and
could not have been predicted.”
Martin Harwit, former Director of the National
Air and Space Museum, Washington, D.C.

the evolution of a range of technologies has opened up
the capability to address these fundamental questions
as never before. The outcome was the concept for the
SKA; its evolution, with support from scientists across
the world, into a two-phase project; and the proposal to
construct the first phase, SKA1, that is now under way.
This Section highlights some of the scientific challenges
already identified that the SKA Project will address. But it
is important also to remember, as has been demonstrated
by Martin Harwit (formerly Director of the National Air
and Space Museum, Washington, D.C. Physics Today
56(11), 38 (2003)), that progress has for centuries been
driven by new observational and theoretical tools; and
about 60% of new discoveries come from expanding
parameter space and could not have been predicted.

9

SKA Prospectus

3.2 Science Drivers
An open scientific consultation process, leading to a list
of Science Drivers – key areas of science that the SKA
will enable scientists to unlock – has, over time, refined
and developed the science case for the SKA.
The first phase, SKA1, construction of which will begin in
2018, will start to open wider a whole range of windows
on the Universe.

3.2.1 The Cradle of Life
 ow do you make a planet
H
from space pebbles?
 re we alone in the
A
Universe?
The aim of this Science Driver
is twofold:
• 	to understand how the small pebbles in the disk
surrounding a young star are able to stick together to
form the boulders that ultimately coalesce into planets.
	With SKA1 it will, uniquely, be possible to witness
this phase of planet assembly by observing at exactly
those radio wavelengths that are matched to the size
of coalescing particles, from cm scales to metres;
while SKA2 will have sufficient resolution to watch the
assembly of planets in earth-like orbits about their
parent stars.
•	to see whether it is possible to detect the presence
of technologically active civilisations elsewhere in our
Galaxy.
The great sensitivity of SKA1, and subsequently the
higher sensitivity of SKA2, will make it possible, for the
first time, to detect emissions from planets associated
with nearby stars that are comparable to those
generated by human activity on Earth.
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3.2.2 Challenging Einstein:
Gravitational Waves
 as Einstein right about
W
gravity?
 an we find and understand
C
where gravitational waves
come from?
The Laser Interferometer Gravitational-Wave
Observatory (LIGO) has now made the first direct
detection of Gravitational Waves using 4-km detectors.
The SKA will use our entire Galaxy as a detector and
endeavour to measure long period Gravitational Waves
(those of months’ to years’ duration) that are impossible
to detect with Earth-based detectors. In effect, the SKA
will be used to measure accurately the signals from
very rapidly spinning neutron stars with pairs of radio
beams emanating from their poles, known as millisecond
pulsars, that serve as a system of high precision clocks.
The first goal, achievable with SKA1, will be to detect
the long period Gravitational Wave background due to
sources from all directions and distances. The higher
precision offered by SKA2 should make it possible to
identify individual sources of such waves and begin to
conduct Gravitational Wave Astronomy in this window on
the Universe for the first time, giving us insight into how
galaxies evolve and the Nature of Gravity itself.

3.2.3 Cosmic Magnetism
 ow did the Universe
H
become magnetic?
 here and when did
W
magnetism originate?
How has it spread?
Magnetic fields play an important
role throughout the Universe on scales as small as

centimetres and as large as a billion light years; and
magnetism may well play a key role in regulating a
whole range of astronomical processes. The aim of this
topic is to address the challenge of explaining how and
when magnetic fields arose and evolved to achieve their
current strength.
SKA will enable the first three dimensional magnetic
map of the Universe to be created. SKA1 will measure
the individual magnetic components along the sightline
toward extremely large samples of sources distributed in
all directions on the sky; and SKA2 will be able to extend
the measurements to sources at varying distances.

3.2.4 Galaxy Evolution

What
is the life-cycle of a
galaxy? Where do they come
from, where do they go?

What
are the properties of
the mysterious Dark Energy?
The SKA will for the first time
allow galaxy evolution, as traced by the accumulation
and utilisation of atomic Hydrogen, to be observed
throughout cosmic time. It will have the raw sensitivity to
study the Hydrogen concentrations that are associated
with galaxies even in the distant, early Universe.
Even in its early deployment phase, SKA1 will be able
to provide samples of 10 million galaxies spanning 8
billion years of evolution, which will greatly advance
our understanding of the life-cycle of galaxies. When
SKA2 is on-line the most complete galaxy census ever
contemplated, encompassing one billion individual
galaxies and covering 12.5 billion years of cosmic history,
will be possible. From this data, astronomers will be able
to make the most precise determination yet conceived of
the properties of Dark Energy.
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3.2.5 The Bursting Sky

What
is the source of fast
and furious bursts of radio
waves?
 hat can they tell us about
W
the constituents of the
Universe?
SKA1 will enable us to associate thousands of individual
Fast Radio bursts with the objects that host them,
allowing us to map out the plasma content of the
Universe. SKA2 will enable us to track how it evolves
with time in a way that was never previously possible.
What makes this particularly important is that we
believe that about 70% of all normal matter in the
Universe today is in the form of such plasma, but we
only have direct measurements of about 10%. The
study of Fast Radio Bursts with the SKA will open a
completely new window on the cosmos.

3.2.6 Forming Stars
through Cosmic Time
 ow were the first
H
stars born?

How
has the way stars
form changed over time,
and why?
Although the basic pattern of growth and decline of star
formation with time has been established, there are still
many unanswered questions. We have evidence that
the basic mode of star formation was fundamentally
different in the early Universe, often occurring within
intense concentrations of Super Star Clusters (SSCs)
that have few, if any, counterparts today. When and
where did this mode first arise and how and why did it
come to disappear?

The SKA will play a key role in answering these
questions, since it is likely that such events are so
deeply enshrouded by material that they can only be
seen at radio frequencies that can penetrate the
shroud.
Even in its first deployment phase, SKA1, it will be
possible to make detections back to 1.5 billion years
and imaging back to 6 billion years of age. When SKA2
is completed, it will be possible for SSCs to be detected
dating back to when the Universe was only 0.5 billion
years old, and resolved images of such structures to
be made back to 1 billion years of age. The SKA will
provide unbiased sampling of representative cosmic
volumes, complementary to work begun in this area by
the Atacama Large Millimeter Array (ALMA).

3.2.7 Cosmology and
Dark Energy
 an we uncover the
C
mysterious nature of
Dark Energy?
 ow and why has it become the major player
H
in our Universe?
One of the biggest surprises to emerge in the past
decades was that normal matter, of the kind that we
are made of and that is described in the periodic table
of the elements, is only a minor constituent of our
Universe and is outweighed more than five to one by
some form of invisible Dark Matter. This was followed
by the discovery of the three times larger effects of
Dark Energy. Since neither of these constituents was
anticipated by current theories, we still desperately
need to enhance our observational constraints to
inform a more fundamental physical theory.

Even in its early deployment phase, SKA1 will permit as
many as 5 Dark Energy parameters of the equation of
state to be derived, making major progress toward the
goal of enabling precision cosmology. SKA2 will, on its
completion, fundamentally advance our understanding
of Dark Energy by enabling a descriptive model with as
many as 10 parameters to describe both the nature
and time evolution of this mysterious phenomenon.
This is in contrast to other facilities, such as the Dark
Energy Survey (DES), operating on the same timescale
that are only anticipated to permit 3- parameter models
to be constructed.

3.2.8 Probing the Dark
Ages: Cosmic Dawn and
the Epoch of Reionisation
 here did it all begin:
W
how and when did the first
stars, galaxies and black
holes form?
The SKA will uniquely enable the measurement of a
complete time sequence of images from the onset of
Cosmic Dawn (using SKA2) to the end of Reionisation
(already possible with SKA1), using the faint radio light
coming directly from the Hydrogen itself. The resulting
movie of the Universe’s first 700 million years will
answer a multitude of questions. When exactly did the
first stars form? Were individual stars, large stellar
clusters or even early black holes the most important
source of heating and ionisation of the Universe? How
exactly did the process unfold? Was there a single
progression from dark to light or were there multiple
fits and starts, with different heating populations
dominating at different times? This vital chapter in the
history of the Universe was written long ago, but is now
waiting to be read.
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3.3 Synergies and Comparisons
Many scientific challenges are addressed most
effectively when several independent telescopes
operating in completely different portions of the
spectrum, and each unique and world-leading in
their field, are used together. The benefits of such
synergies will apply strongly to both SKA1 and SKA2.
Sometimes this approach provides access to
complementary properties, such as the quantities of the
atomic and the molecular gas in galaxies, that together
give completely new insights into galaxy evolution, since
the process is driven by both of these. The SKA and
the Atacama Large Millimeter/submillimeter Array
(ALMA) will work together in this way to effectively
study galaxy evolution over the full span of cosmic
time, from detailed studies of nearby systems to
the most distant galaxies in the early Universe.
At other times the combined approach provides
access to complementary populations, such as the
gas-poor galaxies that will be seen preferentially
in the surveys that will be undertaken by the
Euclid space telescope mission and the gasrich galaxies that will be seen with the SKA.
Together, these two telescopes will provide much
more robust answers to our most fundamental
questions. This is because any small, but recurring,
error in the individual measurement systems
could be misinterpreted as a cosmic signal.
However, when two or more completely different
measurement systems are used, particularly when
they are sensitive to different source populations,
the combined result is much more reliable.
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A good example of independent telescopes that
provide access to complementary source populations
applies to the Gravitational Wave spectrum, where
LIGO is probing the merger of blackholes that are
several times as massive as the Sun, while the
SKA will probe the mergers of blackholes that are
typically one million times the mass of our Sun.

Many scientific challenges are addressed
most effectively when several independent
telescopes operating in completely
different portions of the spectrum, and
each unique and world-leading in their field,
are used together. The benefits of such
synergies will apply strongly to both SKA1
and SKA2.
Another area of important synergy will be that of the
variable and bursting sky. Operating at the same time
as the SKA and viewing the same Southern sky will be
the Large Synoptic Survey Telescope (LSST) in northern
Chile, which will provide the most comprehensive series
of optical sky images yet contemplated. The LSST
will provide alerts of significant transient events to
observatories around the world, and with the two SKA
telescopes displaced 5 time zones later and 11 time
zones ahead of Chile, it will provide a unique opportunity
to discover and monitor any corresponding radio bursts.

Similarly, the SKA telescope will in turn be providing
its own alerts to other observatories that will
allow them to follow the variable and bursting
sources discovered at radio wavelengths.
A further vital aspect of synergy will be that of
independent verification. It is already foreseen that
some key measurements planned for the SKA and
other upcoming facilities will be at the very limit of
what is technically possible. A good example of this
is the goal of measuring the small time-drift of redshifts of distant objects with both the SKA and the
European Extremely Large Telescope (E-ELT). Although
such a measurement would provide a profound new
constraint on the expansion of the universe, it is
recognised to be extremely challenging to achieve.
Evidence from two independent measurements,
utilising completely different detection methods,
would provide confirmation with greatly enhanced
significance over either measurement individually.
In the future, SKA may have a unique capability as a
tool for deep-space tracking. Early discussions have
already started with national space agencies such as
ESA and NASA to explore the potential contribution
of the SKA to future missions. Opportunities may
be considered as the project progresses.
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4 SKA 1
4.1 What is SKA1?
SKA1 will comprise two types of radio telescope in
two locations, together with a distributed science and
operations network and a Headquarters (HQ) that will
co-ordinate development, construction and operations.
SKA1, as approved by the SKA Board of Directors
and refined following the project re-baselining in
Spring 2015, will constitute about 10% of the full
array and will include high-frequency dishes and
receivers and low frequency aperture arrays.
One hundred and ninety-seven dishes (including the 64
dishes of the MeerKAT precursor facility) will be located
in South Africa, covering the 350MHz-14GHz range of the
spectrum. This instrument is called the SKA1-mid telescope.
When SKA1-mid is complete, it will exceed the single dish
sensitivity and capabilities of large radio telescopes such
as Arecibo, even though the SKA’s individual dishes are
much smaller. It will also be several times more powerful
than the current state-of-the-art facility operating in
the same frequency range (see infographics on p.15).
Five hundred and twelve stations of low frequency
aperture array antennas, with 256 antennas per station,
which corresponds to 131,072 (512 x 256) antennas
in total, will be located in Australia, covering the 50
MHz-350 MHz range of the spectrum. This instrument
is called the SKA1-low telescope. When SKA1-low is
complete, it will be several times more powerful than
the current state-of-the-art facility operating in the
same frequency range (see infographics on p.15).
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Artist impression of the Dish array, to be
located in Africa. Credit: SKA Organisation

Artist impression of the Low-Frequency Aperture Array,
to be located in Australia. Credit: SKA Organisation
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SKA1-mid - the SKA’s mid-frequency instrument

SKA1-low - the SKA’s low-frequency instrument

Frequency range:

Location:
South Africa

350 MHz
14 GHz

Frequency range:

to

~200 dishes

(including 64 MeerKAT dishes)

~130,000

antennas spread between
500 stations

Total
collecting
area:

Total
collecting
area:

33,000m2

Location: Australia

50 MHz to
350 MHz

A glossary of terms,
including those relating
to radio and general
astronomy, can be found at
the end of this brochure.

or

126
tennis
courts

Maximum distance
between dishes:

resolution

Maximum distance
between stations:

>65km

150km

How SKA1-mid compares with the Jansky Very Large Array
(JVLA), the current best similar instrument in the world.

4x
the

0.4km2

5x
more

sensitive

How SKA1-low compares with the LOw Frequency ARray
(LOFAR), the current best similar instrument in the world.

60x
the survey

135x
25%
8x
the survey
better
more

speed

53x
the image
quality

The image quality of SKA1-mid (left image) is contrasted with that of the
best current facility operating in the same frequency range, the JVLA (right
image). In both cases a short observation of the same test object is simulated
without any further processing (so-called deconvolution). For SKA1-mid, this
is a single short observation. For the JVLA, it is a combination of four short
observations; one in each of the so-called A, B, C and D configurations.*

resolution

sensitive

speed

68x
the image
quality

The image quality of SKA1-low (left image) is contrasted with that of the best
current facility operating in the same frequency range, LOFAR (right image).
In both cases, a single short observation of the same test object is simulated
without any further processing (so-called deconvolution).

*Unlike the SKA, the telescopes of the JVLA are periodically moved between the most
extended (A) to the most concentrated (D) arrangements over the course of an 18-month
interval. All four of these telescope arrangements are used in the simulation.
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2x

The aperture
arrays in the SKA
could produce
tens of times
the global
internet
traffic.

SKA1 will produce
5 times the global
internet traffic of 2015.

The SKA1 central
computer will
be as powerful
as two million
current Personal
Computers.

ye

ht

li g

of

The SKA will be
so sensitive that
it will be able to
detect an airport
radar on a planet
tens of light
years away.

s

The SKA will use enough optical fibre
to wrap twice around the Earth.

Te
n

SKA has the broadest science case
of any facility on or off the Earth.
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s
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5 The Challenges
5.1 The Big Data Challenge

Volume
Terabytes to Exabytes of data to process

The term ‘big data’ has become widespread in recent
years. The relevant technologies are still maturing or
changing rapidly, and adoption in some sectors has
been patchy. Sceptics argue that the term is very much
overused and widely misunderstood; and that the field
has been rather overhyped and will struggle to deliver
the range of tangible benefits its proponents envisage.

Velocity
Streaming data requiring near real-time processing
and responses

For the SKA, however, the big data challenges are real,
substantial and immediate. SKA1 will be one of the
defining big data challenges of this decade and beyond
and is likely to drive technological innovations and spinoffs with wider societal impact as well as delivering a
sea-change in radio astronomical capability.
In time, SKA will use and potentially help enhance:
quantum computing, Internet of Things (IoT) and IoT
platforms, Citizen Data Science, Software Defined
Security, Micro Data Centres, Advanced Analytics with
Self Service Delivery, Machine Learning and Hybrid
Cloud Computing.
The defining challenges that characterise a big data
problem are now generally considered to be:

Variety
Data in many forms – structured, unstructured,
multi-media etc.
Veracity
Uncertainty due to inconsistency and incompleteness
Value
Data is an integral part of the business model
A project qualifies to be defined as a big data problem
if it must tackle at least one of these challenges. In
the case of the SKA, it can be considered to be at the
forefront of tackling the challenges in all of these areas.
It should be noted that the SKA is not alone in the area
of big science in tackling big data challenges. Scientists
and engineers in fields such as particle physics, i.e.
CERN, will be tackling similar challenges in the early
2020s as they look to investigate physics beyond the
standard model. The SKA envisages collaboration and
knowledge sharing in the area of big data and ICT in
general with the likes of CERN during the construction
and operation of the SKA Observatory.
The current Pre-Construction design phase of the SKA
project is addressing the big data challenges for SKA1
through the work of a global consortium of around
200 people comprising academics and engineering and

project management professionals, further augmented
by industrial collaborations with firms ranging from
household names to start-ups. The computing
challenges of SKA1 are certainly considerable, but due
to the phased delivery of the project as a whole, the
risks and uncertainties can be managed and mitigated
so as to give the best chance of successful delivery
of SKA1 and a path forward towards the design and
ultimate delivery of SKA2.
Information and Communication Technologies
The project will require dedicated telecommunications
networks within the SKA telescopes, connecting
the dishes and antennas with the beamforming
and correlating equipment and ultimately the
supercomputers that will produce the scientific end
products. There will be several tens of Terabits of data
passing through these networks every second and being
able to process this volume of data in near real-time is a
formidable challenge.
The magnitude of processing power that the SKA will need
to handle this volume of data will be comparable to that
of the largest computers in the world in the early 2020s
– systems around ten times the size of today’s biggest
machines. This will require development of innovative
software and management tools for the ICT infrastructure
to ensure sustained, optimal performance throughout
the expected SKA lifetime, simultaneously driving and
benefiting from the growth in capability provided by the
ICT industry. Writing in the IBM Smarter Planet blog in
2013, John Kelly, Senior Vice President and Director,
IBM Research, said: “I believe that SKA represents the
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“I believe that SKA represents the ultimate
big data challenge, and that the technology
we develop for handling its data will provide
a foundation for the next era of computing”
John Kelly, Senior Vice President and Director,
IBM Research
ultimate big data challenge, and that the technology we
develop for handling its data will provide a foundation for
the next era of computing.”
In addition, whilst the computational requirements for
SKA are around ten times the size of today’s biggest
machines, the amount of affordable power available to
run the systems will be around one quarter to one third
that of today’s biggest systems, e.g. Tianhe-2, which uses
around 18 MW at peak. The trend in growth of power
consumption in high-end computing systems is deemed
unsustainable by both industry and the stakeholder
communities for two reasons: cost of the power, plus
the technical difficulty dealing with the vast amounts of
heat being generated whilst keeping the systems running
reliably. The hunt is on to find solutions.
SKA recognised this issue and has from the outset
made a commitment to move towards an increasing
use of green energy, initially expecting that the pace of
technological development would mean that the greater
part of this endeavour would occur during SKA2. However,
recent developments suggest that there is interest from

several of the Members in actively pursuing the renewable
energy options much earlier, during SKA1. Nevertheless,
this will present a major ICT challenge: today, there are
no major computers or networks that run entirely off
renewable energy.
The scaling of this “power wall” is one of the biggest
impediments the supercomputing industry faces in
the coming years on the road to Exascale/Exaflops1
computing. The SKA project is widely seen by the ICT
industry as an important player in the drive for innovation
in energy efficient computing. Speaking at the French SKA
Industry Day on 10 December, 2015, Laurent Dugoujon,
Senior Business Development at STMicroelectronics
Grenoble, France said “SKA’s unprecedented challenges
in terms of signal/data processing efficiency will
certainly require the latest power-optimised technology
developments such as FD-SOI2, and with industry support
will help drive new IC architecture developments to achieve
a viable total power budget.”
Through partnership and co-design work with the leading
players in the ICT industry and selected start-up firms,
SKA should play a significant part in overcoming these
barriers in time.
Market forces will, of course, also play a significant part,
as such innovative design engineering would be only partly
specific to the SKA. Much of it would also be useful to
other geographically distributed sensor networks and
could contribute to evolution of a model for the future
of global communication and information technology.
Similarly, the SKA infrastructure will contribute directly to

society through the training of technicians for development
and operations, and through the attraction of new talent
to ICT in general.
Such breakthroughs would have wider economic and
environmental impact, well beyond the supercomputing
industry. Mega data centres are becoming more and
more a part of the fabric of 21st century for advanced and
emerging economies as Web 2.0 companies and cloud
computing services become ever more ubiquitous in the
IT sector. Breakthroughs in energy-efficient computing
driven by cutting-edge projects such as the SKA will
have the potential to save these industries substantial
amounts of money and lead to significant reductions in
the carbon footprint of the ICT industry as a whole.
With archives of science data products that will run into
hundreds of Petabytes in size, and Exabytes in time3,
enabling access to the data for the science community will
present a further major challenge.
In addition to two dedicated SKA supercomputers –
one in each of South Africa and Australia – there is a
need for further analysis of science data products to
be carried out by a network of scientists and engineers
from the participating Member countries using additional,
substantial computing and storage resources. The SKA
science products will be distributed via intercontinental
telecommunications networks to data centres housing
these high-end computing facilities. Whilst the details of
this network of people and facilities are still being worked
out, it is likely to involve co-location with computing
infrastructure used by other science communities,

1

A FLOPS (or flops) is short for floating point operations per second. Floating point is the most common convention for representing numbers in scientific computing. 1 Exaflops is one billion billion floating point operations per second.

2

Fully-Depleted Silicon On Insulator

3

This is a massive amount of data. If a byte of data is equivalent to one grain of rice, a Kilobyte would be a cup of rice, a Megabyte 8 bags of rice, a Gigabyte 3 container lorries of the stuff, a Terabyte would be 2 container ships’
worth of rice, a Petabyte would cover Manhattan in rice, and an Exabyte covers the UK three times over. Perhaps SKA2 will see another 1000 fold increase in data size to reach a Zettabyte – a Pacific Ocean’s worth of rice!
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“SKA’s unprecedented challenges in
terms of signal/data processing efficiency
will certainly require the latest poweroptimised technology developments such
as FD-SOI2, and with industry support
will help drive new IC architecture
developments to achieve a viable total
power budget.”
Laurent Dugoujon, Senior Business Development at
STMicroelectronics
enhanced by national, regional and global cloud computing
infrastructure. Collaborations are already under early
development and funded pathfinder programmes are
being established. The eventual resulting network will not
only enable the global astronomical community to fully
exploit the data from the SKA for scientific discoveries,
but will also afford considerable opportunities for
education and training of a new generation of engineering
and ICT graduates. We believe this will be a boon to
all participating countries but particularly those with
emerging economies such as the partner countries in
Africa, who are already experiencing the benefits.
Hardware: The SKA will drive innovation in wireless
communication through hardware development of
extremely low noise amplifiers (LNAs) and analogue-todigital converters (ADCs), important in virtually all types of
digital electronics and communications technologies.
We cannot of course say with any certainty what the
technological, and ultimately, economic benefits of the

SKA will be in the area of big data. We do know, however, that there
is a history of big science projects leading to major breakthroughs – in
some cases serendipitously – when tackling the engineering challenges
required to realise a project’s scientific goals. Notable examples include
the development of Wi-Fi by Australian radio astronomers, and the World
Wide Web coming out of CERN’s efforts to build the collaborative tools
to enable breakthroughs in high energy particle physics. Involvement in a
project at the forefront of both science and ICT developments maximises
the chances of benefiting from the likely technological advances that will
come about during the construction and operation of the Observatory.

LNAs are used to detect and
amplify faint radio signals. A
better LNA means a more
sensitive receiver inside cell
phones and relay towers,
and that means better
fidelity of the signals and
longer range transmissions.
ADCs are used to convert
the amplified signals into
digital form for processing
and storage.

Data Flow through the SKA

8.8 Tb/s

C entral Signal Processor (one
per telescope) ˜50 PFLOPS

SKA1-MID

7.2 Tb/s

5 Tb/s

˜2 Pb/s
Science Data Processor (one
per telescope) ˜100 PFLOPS

SKA1-LOW
D
 iagram showing the impressive data flow through the SKA for each of the 2
telescopes. Transfer rates are shown in bits per second, while the storage rate is
indicated in bytes per year. The total storage rate of SKA1 will be 130 PB/year,
which is equivalent to 300 Blu-ray Discs per hour.

130 PB/yr

USERS
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5.2 The Construction Challenge
5.2.1 Introduction
Construction of the SKA presents a formidable
logistical and technological challenge. The scale
of the project alone is exceedingly demanding; but
the added dimension of multinational collaboration
brings new challenges along with its many benefits.
All the parts of SKA will be manufactured across
Member countries spread around the globe and
then be integrated in remote parts of Western
Australia and South Africa, ensuring that they work
efficiently to demanding specifications. This will
require a great deal of control and coordination,
as well as trust in the various countries’ abilities
to manufacture to tight tolerances and maintain
interface and configuration control.

5.2.2 Construction

when the size of the project and the geography
of deployment across Southern Africa increases
from hundreds of kilometres to thousands of
kilometres and across the Indian Ocean.
As mentioned above, power is another challenge.
Although each element is being designed to use the
minimum possible power, the cumulative requirement is
still large and spread across many countries. This will
require hundreds of km of distribution for the dishes and
antenna stations in SKA1 and thousands of kilometres
for SKA2. Naturally, similar lengths of fibre will be
required; enough to circumnavigate the earth twice.

Constant and effective communication will be
essential in ensuring common understanding of the
specifications, constraints and requirements.

The Organisation has set up a working group to explore
the energy options for the Project and the possibilities
for meeting its needs, as well as for pursuing its
longer term commitment to renewable resources.
The SKA Organisation/SKA Observatory will continue
to address its aims by leading investigations into
power supply options that minimise the environmental
impact of the SKA and will also follow up any credible
opportunities that may emerge, commission trade-off
studies that aim to maximise the overall effectiveness
of the system, remain open to collaborations in
pursuit of this objective, and seek opportunities where
possible to explore further avenues for co-operation.

Naturally, this challenge will increase with SKA2

It has already begun to explore a number of leads.

The SKA Organisation has already put in place
stringent quality control procedures and constantly
monitors and revises its project management.

THE SKA
PROJECT
TIMELINE
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1991:
Concept

2008-12:
Telescope
System
Design

2011:
Establish SKA
Organisation
as a Legal
Entity

2012:
Site
Selection

The most recent Schedule adopted at the Board
foresees Construction running from 2018 until the final
Array Releases in 2023 (see p.22). Standardisation,
and maintaining standards, over such a time and volume
of elements will be one of the Construction challenges,
as will adapting to technological evolutions over the
lifetime of the construction. Although SKA2 will be
subject to a separate decision, maintaining sufficient
flexibility to ensure compatibility and consistency
between the two phases will be a further consideration.
The distribution of the antennas over two remote sites
on two different continents, Africa and Australia, with
a HQ and Integration and Test Facility in Europe, will
add to the information and communication challenges
and drive further technological development, such
as the data link programmes that will connect the
Sites with other places in the world to provide data
from the Sites to the regional data centres.
The SKA Organisation is fundamentally committed to
ensuring a role for all its Members in the construction
and beyond. This presents a further challenge in terms
of developing effective and efficient collaborations
between industries in the Member countries that
can deliver the project on time and within budget.

2013:
Request for
Proposals

2013:
Design
Consortia
Start
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5.2.3 Timescale and Phases of
the Project

Milestones in the Development of the SKA Concept

The SKA Project was originally conceived in the
early 1990s, and has developed steadily ever
since, to the point where it is currently in the PreConstruction phase and rapidly approaching the
start of Construction of SKA1. The infographic at the
bottom of the page and the table on the right show
some of the key points in the evolution of the SKA.

1993	International Union of Radio Science
(URSI) established the Large
Telescope Working Group

1991

Concept

1997 	Memorandum of Agreement signed by
eight institutions from six countries,
“Memorandum of Agreement to Cooperate
in a Technology Study Program Leading
to a Future Very Large Radio Telescope”
2000 	Memorandum of Understanding signed
at the International Astronomical
Union in Manchester to establish
the International Square Kilometre
Array Steering Committee (ISSC)

International SKA Steering Committee members and delegate
present at the 4th ISSC meeting on August 6th, 2000 at
Jodrell Bank Observatory.

2017:
Prototype
Systems
Deployed

2018-23:
SKA1
Construction

2007 	International Collaboration Agreement
for the SKA Program drawn up,
establishing the SKA Science and
Engineering Committee (SSEC) as
a replacement to the ISSC
2007 	Further agreement drawn up, Memorandum
of Agreement to establish the SKA
Program Development Office (SPDO)
2008 	Project office selected and moved
to University of Manchester
2011 	SKA Organisation established to
formalise relationships between the
international partners and centralise
the leadership of the project

2004	Memorandum of Agreement to Collaborate
in the Development of the Square Kilometre
Array, this collaboration agreement also
made provision for the establishment of
the International SKA Project Office (ISPO)

2012 	Site selection of the SKA sites,
Australia and South Africa

2007 	Proposed expansion of the ISPO
(International SKA Project Office),
with the ISSC calling for proposals
to host the project office

2015 	Start of negotiations towards
establishing SKA Observatory as an
Intergovernmental Organisation (IGO)

2018
Establish SKA
Observatory
as IGO

2018-21:
Detailed
Design of
SKA2

2012 	Project office relocated to new
headquarters at Jodrell Bank

2021:
SKA1 Science
Exploitation

2023-30:
SKA2
Construction

P
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5.3 The Organisational Challenge

SKA Organisation
SKA IGO

2016

2017

Design phase

2018

2019

2020

5.3.1 Governance Framework
2021

2022

2023

Procurement phase
Construction SKA 1

Construction Approval

High-level timeline for SKA1 design, construction and science exploitation

The division of the SKA Project into two phases (SKA1 and SKA2), with sequential
construction decisions, means that the project can proceed in stages that will not
overstretch either the Project or the Members. Furthermore, because each phase
is made up of many individual dishes and antennas, the telescope will be able to start
operating and producing valuable science gradually, well before overall construction is
completed, with capability increasing as the number of dishes and antennas in place
increase.
Construction of SKA1 is planned to begin in 2018. The first station/dish will be
delivered in August 2019 (SKA-low) and October 2019 (SKA-mid). Four Array Releases
(AR) are planned, beginning with AR1 in January 2021 (both SKA-low and SKA-mid)
and ending with AR4 in February 2023 (SKA-low) and November 2023
(SKA-mid). Maintaining consistency over this timescale and number of elements will
present an additional and significant challenge.
The diagram above shows the high-level Project’s schedule during the design phase
and construction of SKA1.

5.3.1.1 Current Arrangements
The Square Kilometre Array Organisation, referred to as “SKA Organisation”,
is a company that was incorporated in the United Kingdom with company
number 07881918 on 14 December 2011 to carry out the SKA Project
until decisions could be made on the long term organisational structure. It is
overseen at the highest level by the Members of the SKA Organisation, acting
in their own best interest based on national priorities and agendas; and by
a Board of Directors of the SKA Organisation (‘the Board’), a body required
under company law in England, acting in the best interests of the project
and appointed by the Members of the SKA Organisation. The HQ of the SKA
Organisation and broader project are located in the UK, at Jodrell Bank.
The Members meet as and when necessary; meetings are chaired by the
Chair of the Board of Directors. The Board of Directors meet quarterly. The
figure below shows the organisational structure of the SKA Organisation.
Strategy and Business
Development Committee
Finance Committee

MEMBERS

BOARD OF
DIRECTORS

Executive Committee
Members

Cash

DIRECTOR GENERAL

SKA OFFICE

11 DESIGN CONSORTIA
˜500 SCIENTISTS AND ENGINEERS

High-level structure of SKA Organisation
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5.3.1.2 Future Plans
Following a decision in 2013, the Members and
Board of Directors of the SKA Organisation have been
working towards the establishment of a dedicated
Intergovernmental (IGO) to implement the project.
Negotiation of the founding Convention, supporting
Protocols and other policies began in late 2015, under
the leadership of the Italian Ministry of Foreign Affairs.
It is hoped that agreement on the remaining issues
will be reached soon to allow the Convention to be
signed in early 2017. Ratification would follow, with the
Convention entering into force with the completion of
ratification by at least the first five signatories by 2018.
The IGO will be known as the Square Kilometre Array
Observatory. There will be transition periods both
in organisational and in project terms as the SKA
Organisation evolves into the SKA Observatory and the
project moves from Pre-Construction to Construction
and Operations. The legal, administrative and financial
planning for the transition is already underway, with
expert groups and oversight processes in place. As
an integral and essential part of the forward planning,
systems will be set up to ensure that these transitions
are as smooth as possible and that the project
timeline is not affected by organisational changes. In
the first instance, the Board will assume responsibility
for planning the transition, but this will likely evolve
to a formal proto-IGO Council structure in time.
The IGO will operate in a similar way to other longestablished intergovernmental infrastructure
organisations such as CERN, ESA and ESO and is
being designed taking into account best practice

Photo of all IGO negotiating Parties with their corresponding country flags, October 2015, Rome.

from all relevant European and global examples. Such
organisations embody a commitment by the Members
to the long-term financial and operational arrangements
that are essential for the secure delivery of large
complex research programmes and facilities. It will
move from its present status to that of a treaty-level
organisation registered with the United Nations, and will
be governed by a Council appointed by the Members and
acting collectively to advance the project in accordance
with the principles set out in the Convention that will
be its founding document. It will be established and will
operate under international law, with the appropriate
legal status and privileges in the Member countries.
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5.3.2 Costing
Compared with many other research infrastructures,
the SKA has a fundamental design flexibility that
supports its central aim of ensuring cost control.
Because the SKA consists of multiple antennas, as
many antennas can be constructed as the funding
will allow once the fixed cost of basic infrastructure
(roads, power, buildings etc.) has been covered. It is
therefore possible to set a cap on the capital cost of
construction. In setting such a cap, account is taken of
the need to balance the number of antennas required
to deliver the significant scientific gains against the
infrastructure costs, in order to ensure that they
are appropriate for the scale of the project and
commensurate with the number of antennas planned.
In July 2013, the SKA Organisation Board set the cap
for the capital cost of construction for SKA1 at €650M
(2013 Euros), based on a detailed examination of the
estimates provided by the SKA design consortia as they
undertake the design work. This will enable the SKA
Project to deliver SKA1 as a fully capable instrument
with transformational science goals as described above.
In addition to the construction cost, the SKA
Organisation Board also considered the costs
associated with funding the HQ and SKA1 Operations,
including the provision of a development budget as an
integrated part of the Operations budget. Building on
the intense efforts around the world examining potential
technology developments which will provide still greater
capability for SKA, upgrades are likely to be required
even at a relatively early stage in SKA1 operations.
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In addition to the receiving technologies, it is important
given the high level of ICT at the core of the project
and the speed of ICT evolution to ensure that suitable
provision for such upgrades is made from the outset.
The costs associated with these operational aspects
are the best that can be made at this stage, but
cannot yet be determined to any level of accuracy.
The construction of SKA1, the operational costs of the
SKA HQ and the funding required for commissioning
and early operations totals €1.8B over the period
2018 – 2027.

5.3.3 Funding
5.3.3.1 Funding: Pre-Construction Phase
For the current (Pre-Construction) phase, funding has
been focused on two primary strands of activities, as
shown on the diagram p.22:
• Resourcing for the SKA Office’s activities: provided
through the annual ‘Member payments’ to the SKA
Organisation.
• Financial support to enable the design activities:
provided locally through national grant awards or
other mechanisms. These are not routed through the
SKA Organisation.
In the Pre-Construction phase, within the SKA Office, a
large fraction of the funding is allocated to engineering
and administration, which strongly reflects the primary
activities of the SKA Organisation at this time: refining

the design and technical specifications in preparation
for a project proposal; providing the essential back
office functional support for the whole project, including
preparing all the elements needed for creation of the
Intergovernmental Organisation; and co-ordinating
the decision-making of the Members and the Board
to secure approval for the steps in the technical and
organisational evolution of the project.
A substantially larger spend on technology is being
made locally, in the Member countries. The local funding
provided for Pre-Construction has been recorded,
but will not be included in accounting for the division
of financial responsibility and contributions to, and
allocation of benefits from, the SKA1 Construction.
Detailed planning is needed to ensure a smooth
transition to the IGO that will be responsible for
Construction and beyond. A primary requirement is
that an organisational structure is developed which,
while it is likely to be different from that for PreConstruction, will be efficiently organised to deliver the
project on time and within budget. Work on both the
organisational structure and the transition processes
and systems began some time ago and is accelerating
as key policy decisions are made by the Board.
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Reference

5.3.3.2 Funding: Construction and Operations
Discussions on the precise formulation of the funding
model for SKA are underway alongside the preparatory
negotiations to design the Construction phase SKA
Observatory organisation mentioned above. It is
expected that Construction and Operations will be funded
according to a negotiated model that links Members’
contributions to their eventual capability to exploit the
science that SKA will generate.
Benefits, in terms of work return (and ultimately access
to the telescope) will similarly be broadly in proportion
to each Member’s contribution. The same applies to the
scientific benefits: SKA will not have an open sky policy,
and observing time for non-members will be extremely
limited. It is already clear from modelling of likely science
interest for the Key Science Programmes – large scale
collaborative projects addressing key scientific questions
with significant legacy value, that will be undertaken by
collaborative teams – that the demand for telescope
time will be very high from the outset. Reflecting the
unprecedented scale of SKA, starting in SKA1 and
expanding massively in SKA2, a new paradigm for
observing and exploitation will be needed; perhaps more
akin to the structures employed in other fields, such as
high-energy physics.

Consistent with current best practice on whole-life
costing of major projects, work has begun on a plan
and cost estimates for the eventual decommissioning
of the SKA (bearing in mind that its expected lifetime is
at least 50 years). It would be premature to predict the
conclusions of this work and the eventual cost estimates
at this time, but the Board and partners negotiating
the creation of the new SKA Observatory will be kept
informed of progress and advised in a timely manner of
any decisions that are required. Throughout the project,
timely and appropriate use will be made of external
reviews and expertise to provide independent validation
and verification of financial analyses.

The SKA Science Case
was revised in 2014,
demonstrating how SKA1
will significantly advance
astrophysics in a range of
areas and how SKA2 will
enable transformational
shifts in our understanding
of science.
‘Advancing Astrophysics with
the SKA’: PoS(AASKA14)174
pdf
R. Braun, T.L Bourke,
J.A Green, E. Keane and
J. Wagg
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5.3.4 People
The SKA Organisation is committed to building an
inclusive and diverse organisation drawing on the
huge and very high quality range of skills and expertise
available in its Member countries. It is essential for the
success of the Project that it recruits on merit and
obtains the best people for the tasks, while at the same
time ensuring equality of opportunity and participation of
all of its Members at all levels of activity.
The SKA Organisation’s current policy states that it is
committed to being an equal opportunities employer and
aims to recruit and retain the most talented individuals,
regardless of gender, race, disability, age, sexual
orientation, religion or nationality. This principled policy
will apply across the entire organisation and to all the
staff it employs. One core element of this philosophy
is the project Code of Conduct. Contractors engaged
by the SKA Observatory will be required to abide by
equivalent policies.

• The process will ensure that access is broadly
proportional to the contribution level for each
Member; this proportionality is likely to be achieved
over time (to be determined).
• Provision will be made, consistent with the boundary
conditions for access by Members, to enable access
for non-member states. As for Member countries,
the basis for such access will include competitive
peer review; but in addition, there will be a cap on the
maximum external access that will be made available,
regardless of the competitive standing of the external
proposals.

• All data/data products will be made globally available
after a suitable proprietary period, with the aim of
ensuring an appropriate priority for the proposers,
but permitting later, broader exploitation of the
science from SKA.
• The Director-General will formally allocate time.
In March 2015, the Board reaffirmed the principles
and endorsed an elaboration of the rationale and
consequences of each principle. This elaboration formed
the starting point for inter-governmental negotiations on
access policy as part of the Key Document Set. Work
to define the full access policy is continuing within the
context of the IGO negotiation process, now underway.

5.3.5 Access to the Telescope
The Board has set high-level principles to underpin
access to the SKA, which are the basis for negotiations
on how the Construction phase organisation will
operate. Broadly speaking, the aim is to develop a
process in which:
• Access is based on scientific merit evaluated via
a single time assignment process in which the
competitive peer review is carried out by scientists,
the majority of whom are appointed by the Members.
Members of the SKA Board of Directors and Senior Management from the SKA Organisation (July 2016). Credit: SKA Organisation
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6 Impact, Innovation and Non-Science Benefits
6.1 Benefits of Investment
in Large Facilities
The creation of large scientific facilities, while driven by
clear and compelling scientific needs, leads not only to
scientific advances but also to a range of non-science
benefits for the funders and for wider society.
The 2015 report by “Science Business” entitled “Big Science:
What’s it Worth?” identified a range of benefits arising from
investment in “Big Science”, from capacitive touch screens to
cochlear implants, and also presented a set of case studies
looking in more depth at the impact of Big Science projects
(including SKA) beyond their brief. A variety of other studies
have also addressed the issue of non-science benefits arising
from the major investment entailed in such facilities.

6.2 Potential Benefits of
Investment in SKA
From the earliest ideas throughout the development
of the SKA concept, close attention has been paid to
the potential non-science benefits of the Project. The
evolving design and construction plans endeavour to
facilitate identification, exploitation and propagation
of innovation and other non-science benefits.
Measures intended to help identify potential
opportunities have included workshops and the study
of such activities in similar organisations [the example
of the LOFAR; COST workshop; NASA example; and,
in the European context, the GO-SKA activities].
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The SKA Organisation has an ongoing commitment to
finding the best means to identify these opportunities
and ensure that they are followed up.
To realise the broader benefits of developing technologies which
are of use to other sectors, the SKA Organisation is identifying
examples of existing best practice in this area and setting
up a suitable model early as an integral part of the SKA. The
SKA Board’s Strategy and Business Development Committee
(StratCom) is working on the development of a comprehensive
approach to understanding broader impact potential, and
to measuring and tracking it in a methodical and meaningful
way in the construction-era Observatory organisation.

6.3 Industrial Engagement
The SKA will primarily be an engineering and construction project
for the next ten years, carried out through a mixture of in-kind
contributions and contracts directly led by the SKA Observatory
and overseen and co-ordinated by the SKA Office.

The first and most immediate benefits from
investment in SKA are guaranteed access to
direct contracts and the opportunity to make
in-kind contributions, both of which are only
open to Members of the Organisation.
“Big Science: What’s it Worth?”,
Science Business 2015 report
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The first and most immediate benefits from investment in SKA
are guaranteed access to direct contracts and the opportunity
to make in-kind contributions, both of which are only open to
Members of the SKA Observatory.

6.4 Potential for Industrial
and Technological Spillover

Additionally, the very fact of working with such an advanced
project can lead to companies developing existing and new skills
that enable them to be more competitive. Long-established
evidence from companies working with other cutting edge
facilities (e.g. CERN*) has shown that responding to the
exacting standards demanded has raised their game and
qualified them to bid for other high-technology contracts, thus
extending their markets.

The demands of the SKA will help drive technology
development, and contribute to and be a stimulant for invention
and innovation within global industries. In conjunction with
market forces, they will lead to benefits to society that will
be widely applicable in other established fields and will begin
even before the astronomical discoveries that will eventually
be made using the telescope. Countries that participate in
the SKA could reap considerable socio-economic benefits by
participating at the forefront of these developments.

* see CERN 84-14,
“Economic Utility Resulting
from CERN Contracts
(Second Study)

Spin-off innovations in areas specific to the SKA’s computing
activities will, through the industries with which SKA will be
working to develop them, benefit other systems that process
large volumes of data from geographically dispersed sources.
Potential areas where innovations inspired by the SKA’s
needs could have wider applicability include data management
techniques, data mining and analytics, imaging algorithms,
remote visualisation and pattern matching (all of which will have
impact in areas such as medicine, transport and security).
The engagement of governments in SKA through the IGO
opens up the possibility for it to act as an influence in relations
between the participating and user countries; and there is
also considerable potential for SKA to be used as a tool for
education and inspiration in science and engineering for a much
wider audience.
Industry Days are organised by SKA member and observer countries to
gather their national Industry around the SKA project. This photo was
taken during the first Industry Day in France in December 2015.
Credit: SKA Organisation
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Case Study: Nyriad (NZ)
While it can be predicted with a reasonable
degree of confidence that the SKA will in due
course generate a whole range of non-science
benefits, including spin-outs, it is too early in the
project’s lifecycle to gauge the exact scale and
nature of those benefits. Even so, the SKA has
already begun to have a demonstrable effect.
New Zealand-based Nyriad is the first spin-out
company from the Square Kilometre Array
telescope. Nyriad has already brought products
to market and is working closely with leading
ICT firms, most notably Intel. By considering the
stream computing architecture required for the
SKA’s massive scale, the founders discovered
they had also developed more general purpose
improvements to the problem of accelerating
the processing of big data problems. This
technology is now being further developed, and
global markets for its application are being
actively pursued through the Intel partnership.

6.5 Human Capital
6.5.1 Introduction
The significant contribution that the SKA will make
to new developments across a range of technologies
will also benefit the global knowledge-based economy
beyond scientific research and academia.
For the first time, the developing world is an active
and integral contributor to fundamental research on

30

an unprecedented scale. Emerging and developing
countries are already active in the production and
exchange of knowledge, stimulating their participation in
the global knowledge-based economy.
In addition, the existence of the facility will create
demand leading to employment opportunities such as
visitors’ facilities in surrounding towns to cope with the
expected interest from astro-tourists; science centres;
development of curriculum material related to the SKA;
the inspiration of popular culture, etc.
Further afield, local opportunities will arise around
the users’ home institutions in response to the work
they will be undertaking remotely with the telescopes,
ensuring that SKA has a truly global presence.
The potential reach of the SKA in terms of skills
development is therefore enormous.

6.5.2 Developing the STEM Skillsets
The SKA will need thousands of people from across
many countries in a range of professions to design, build
and operate it and to run all the associated services.
Builders, caterers and administrative staff as well as
scientists, engineers, IT specialists, communicators,
etc. are already being employed in this endeavour,
encouraging the creation or enhancement of a broad
range of training and skills development opportunities.
Of particular interest both for the immediate and
specific needs of the SKA and for the future extension
of knowledge-based economies is the development of
STEM skillsets. To ensure a sufficiently large pool of
trained scientists, engineers and technicians by the time
the SKA is ready to be operated, it is urgent to inspire
young people now. By working closely with education
authorities as early as possible, building on the

experience and success of existing efforts, in particular
NASA/HST or astronomy education programmes such
as Universe Awareness (UNAWE), the SKA can make
a substantial contribution to current efforts to bring
astronomy onto the school curriculum in a number of
countries. The SKA Organisation and its Members are
already actively engaged in developing programmes in
pursuit of these aims.
The mounting concerns about the widespread shortage
of trained scientists, engineers and technicians are
not limited to the SKA and its own needs. These skills
are critical to countries’ increasingly technologically
dependent economies, and governments are keen to
find ways to promote them. The active engagement of
the SKA Organisation/SKA Observatory in generating
wider interest in and support for training in these
subjects, including strengthening recognition of the
need for and value of them even among those who will
not directly follow this path, will contribute to wider
economic advancement as well as meeting its own
specific needs.
The SKA can become the first international scientific
infrastructure with education and outreach embedded
in its development from the earliest stages, inspiring
young people in time for them to become users of the
telescope or engineers and scientists working with
the SKA, and potentially encouraging more people to
develop the STEM skills needed to maintain and grow
the knowledge-based economy.
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Case Study: SKA South Africa HCD Programme
In 2005, South Africa established a Human
Capital Development (HCD) Programme to create
capacity in relevant radio astronomy science and
engineering. The programme, which is available
to South Africans, and to students from SKA SA
Partner Countries in Africa, provides support
at all academic levels, to ensure a continuous
throughput of young people moving into relevant
studies and research, and to ensure the required
supervisory and teaching capacity is in place to
support the students.
To date, the programme has awarded more
than 800 grants to students and universities. In
addition to the research capacity development
aspects of the programme, SKA SA has also
focused on developing skills for the operations and

maintenance of the MeerKAT facility. The Artisan
and Technician Training programmes have welldefined scheduled of the numbers of technicallyskilled staff required, and are on target to meet
the capacity needs.
In the towns that are close to the SKA SA site
in the Karoo, the SKA SA HCD programme has
facilitated the recruitment and secondment
of Mathematics and Science teachers in the
schools, provided bursaries for learners to
attend Carnarvon High School, rolled out cyberlabs and E-learning centres (in cooperation
with the Departments of Education and Rural
Development, and with industry partners), and
trained local residents to manage cyber-centres,
which are available to members of the community.
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7 Management
7.1 Organisational Structure

• The Systems Engineering and Architecture will be
centrally managed at the SKA Observatory.

7.1.1 The Pre-Construction Phase

• The SKA Observatory will have overall responsibility
for Assembly Integration and Verification (AIV).

For the Pre-Construction phase of SKA1, the
main organisational unit is the Office of the SKA
Organisation at Jodrell Bank in the UK (chosen
by the SKA Founding Board, and selected as the
future permanent HQ for the SKA Observatory by
the SKA Organisation Members in April 2015).

• The SKA Observatory will centrally manage the
budget and value accounts.

There are working organisations in the Site Host
countries, Australia and South Africa (SKA South
Africa and CSIRO), which are leading the site
preparation activities and providing an interface
with their national governments for the in-country
activities. Discussion is now underway on the
optimum structure for the in-country presences
for the Construction and Operations phases.

The SKA Observatory will have representation at
both Sites, working seamlessly in concert with the
representative bodies in the two site countries as part
of the eventual structure in the operational phase.

7.1.2 The Construction Phase
By the start of the Construction phase for SKA1,
the SKA Observatory will already have been
established, and will enable the larger structure
that will be required and that will transform
seamlessly into the Operations phase.
The current assumptions for the SKA1 Construction
Phase are:
• Procurement (both contract and in-kind supply) will be
managed through the SKA Observatory.
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• The manufacturing contractors will deliver products
to site for on-site verification and acceptance.
The SKA Observatory will be the final acceptance
authority, and will thereby maintain QA responsibility.

7.1.3 Operations
By the time that SKA moves into Operations, the
SKA Observatory will be operating as a single unified
and integrated organisation, with two observing
Sites delivering observations and data and a HQ
bearing overall responsibility for a range of strategic,
corporate and operational responsibilities. The
Members expect to be represented at all sites
and at all levels within the SKA Observatory.
The SKA Observatory will continue to be answerable
to its Members through a top-level governing
body, the SKA Observatory Council, supported
by a hierarchy of functional and representational
bodies covering areas such as finance and science
strategy, consistent with best practice.

In addition to the observing Sites and the HQ, the
SKA Observatory will coordinate a network of SKA
Regional Centres that will provide the data access,
data analysis, data archive and user support interfaces
with the user community. These are likely to follow
successful models employed in delivery of science from
CERN’s LHC and the international ALMA telescope.

7.2 Project Management
and Control
7.2.1 Introduction
Projects such as the SKA not only have extreme
technical challenges but they tend, due to the scale
of the funding required, to have many international
partners all with scientific, commercial and even
political ambitions. They also tend to have much
longer time horizons than is usual with academic
projects – over 50 years in the case of CERN and
ESO, and already 40 years in the case of ESA, with
SKA also expected to be operational for at least 50
years. For these reasons, the normal methodology
of managing scientific projects is not appropriate.
A robust methodology, open to scrutiny and using
the best experience of industry as well as other
large projects, is being developed, embracing
professional project management and control
systems commensurate with the scale of the SKA.
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The nature of SKA funding, reflecting the Members’ desire
to play an active role in all aspects of bringing the project to
fruition, has led to a framework in the design phase in which
much of the development is funded nationally and the resulting
effort and outputs are provided to the project as in-kind
contributions. This can lead to an overall management that
depends on goodwill and honesty, rather than tight commercial
principles in the execution and delivery. The methodology
being developed for the SKA1 Construction phase will seek to
establish an appropriate balance between these approaches,
and the management will continue to monitor and control
production, integration and verification as the project moves
into Construction. This approach combines inputs from the
procurement policy and the emerging description of the internal
organisational structure of the SKA Observatory project
office, and will be described in full in the SKA Construction
Plan that is being presented in initial form in 2016.
The SKA is an interferometer, comprising many individual
elements. As such it offers the possibility of adopting a phased
construction plan. Through this, not only will the cost impact
of the project for its stakeholders and contributors be spread
and the project risk be reduced, but it will also enable early
operations to begin before construction of the whole system
is completed, thus delivering science output at the earliest
opportunity and informing decisions about development
of and commitment to the later phases of the project.

7.2.2 Project Management
At present, the SKA Project is supervised within the SKA
Organisation, mandated to deliver the design phase through
to construction, by the Head of Project, who reports to the
Director-General. The SKA Office, staffed with engineering
domain experts, systems engineers, scientists and managers,
provides a strong central project office that holds the
project management and system design authority.
The deliverable at the end of SKA1 Pre-Construction Stage
1 Preliminary Design, is a detailed design package that will
enable the construction of SKA1. Stage 2 of Pre-Construction
will result in Critical Design Reviews, and the final delivery
will be sufficient design and analysis documentation to
proceed to preparation of a construction proposal ready for
government approval. This signifies the transition to and then
commencement of procurement activities in the Construction
phase and will allow them to proceed and to do so on a basis
that will provide seamless continuity in due course with SKA2.
The design work on major subsystems has been awarded
by the SKA Organisation, through the SKA Office, to
eleven Work Package Consortia (WPCs). The WPCs are
groups of organisations drawn primarily from the Member
countries (although in this current period participants are
also drawn from non-member countries or institutions),
and the scope and delivery of the work required through
to the end of SKA1 Pre-Construction is governed by formal
agreements between the WPCs and the SKA Organisation.
These agreements include schedules of milestones and
deliverables and the reporting of progress, risks and issues.

33

SKA Prospectus

SEAC comprises respected
scientists and engineers
identified by the DirectorGeneral and appointed by the
SKA Board. The membership
of the Committee has
broad geographic & cultural
diversity and the required
skill base to deliver its terms
of reference. The members
of the committee act as
individual experts and do not
represent any organisation
or SKA Organisation
Member body.

The SKA Office mandate in the Pre-Construction phase is
to manage (i.e. conduct the planning, organising, directing,
monitoring, updating and closing-out of) the successful
design and development of SKA technology; to initiate
procurement for SKA1 engineering construction; and to
lay the foundations for the later stages of construction,
verification and operation. Critical to the aims are that no
decisions should be made in SKA1 that would compromise
the ability to proceed with SKA2 in due course.
The SKA Organisation’s Project Management Plan for
SKA1 sets out in detail how the agreements, organisation,
roles, responsibilities and processes of the SKA Office
have been established to ensure that as Construction gets
under way, all of the management and technical reviews,
milestones and deadlines can be executed and the related
gate criteria for the project to proceed can be met.
Specifically, this includes the routine use of reviewers with
appropriate expertise from outside the SKA Organisation/
SKA Observatory, in order to obtain independent assessment
and validation of the steps in the design process. However,
the Plan extends beyond the design phase and will provide
a sound basis for the execution of the entire project. Its
implementation will be monitored, and the Plan will be updated
as necessary to ensure consistency with best practice.

7.2.3 Risk Management
The SKA Risk Management Plan uses industrial standards
and practice and sets out the process and responsibilities to
be used to implement risk management arrangements at all
project levels. Risks are categorised as to impact and likelihood,
and mitigation measures are identified and implemented as
necessary. Risks are assessed and managed across the entire
organisation, so that anything that may affect the organisation
and thus – directly or indirectly – the project construction and
delivery is recognised, whether ‘technical’ or ‘non-technical’.
The WPCs each have their own risk registers, structured and
maintained in accordance with the official approach of the SKA
Organisation/SKA Observatory, which feed into the Project
Risk Register. Risks are escalated to the appropriate level of
authority, and the Plan effectiveness and its proper operation
is subject to annual (independent) review. Responsibility for
this currently rests with the Science and Engineering Advisory
Committee (SEAC) and will be continued by SEAC and any
successor committees throughout the construction of SKA.
The Project Risk Register is updated on an ongoing basis,
as updates are received from risk owners. It is published
internally and distributed to WPC leads and Group Leaders.
In Pre-Construction, monthly risk reviews are carried out by
the SKA Office and the risk register is additionally updated
prior to and post each review. In addition, if a specific
high-impact risk is manifested, a Red Flag Report can be
raised at any level to highlight an issue that strongly affects
delivery time or performance. This report is handled in a
special way to ensure the issue is raised to and solved by
the relevant level of management as quickly as possible.
Red Flag reports are immediately reported to the Board.
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Similarly, non-technical risks are assessed, monitored
and fed into the Project Risk Register by Group Leaders
and monitored monthly. In addition, non-technical risks
are overseen by the StratCom, with their commentary
provided to the Board in their regular reports.
To maintain awareness and transparency at Board level
requires a presentation of risks that is rather different
from the detailed risk register that is necessary as
an internal project management tool. A separate Risk
Report is therefore provided as an input to each Board
meeting, containing risk statistics, all of the highest
level risks and all of the corporate risks. The detailed
risk register is available on request to Board members.

7.2.4 Configuration Management
A robust change management system has been
incorporated to ensure configuration management
within the diverse project that is the SKA. The
Change Control Board meets every 2 weeks to
review progress on Engineering Change. In addition,
a full list of interfaces is maintained, some managed
by the SKA Office and others within the WPCs. To
enable robust configuration management, a tool
is being implemented across the project that will
manage configuration not only during the present
design phase but beyond into Construction and
Operations. The project has chosen to purchase the
Bentley eB Configuration Management Toolbox to
manage configuration across the whole project.

4

System Engineering Management Plan, Configuration Management Plan

5

Level 0 Requirements

6

Quality Assurance Plan

7.2.5 Quality Management
In the Pre-Construction phase, the focus of quality
management is on requirements reviews, design
reviews, the milestone acceptance procedure,
configuration management (including change control
and document management), the organisation of the
project team and governance mechanisms. These are
further described in the Project Management Plan and
other SKA management plans and procedures, and
all will be further developed as the project proceeds.
During manufacture, the SKA will impose the principles
of ISO9000 series quality and environmental standards
to manage the work through contractors and suppliers.

7.2.6 Engineering Policy
In this present design phase, a rigorous system
engineering approach is being followed in order to
manage technical risk robustly whilst driving towards
an on-cost and on-schedule outcome. It is strongly
focused on delivering the desired specifications and
is tailored to the nature of the collaborations and the
technical complexity of the Observatory.4 The disciplines
of system engineering thus introduced are intended
to apply throughout the Observatory life cycle.

Every design decision is being made on the basis of
a well thought-out and clearly documented rationale,
underpinned by assessment against the specifications,
both for individual elements and for the Project as a
whole. Furthermore, the performance and functionality
of the design, and eventually the instruments
themselves, are regularly assessed against expectations
in the context of an end-to-end specification
analysis and systems engineering approach.
The SKA, whilst explicitly addressing the needs of a
number of headline astronomy themes, will be designed
to create the maximum ‘discovery space’ possible.
The former can be met through the explicit science
requirements that have been established.5 However,
the specifications of a ‘well found observatory’ which
delivers performance over and above that strictly
required by the science themes, are described in
engineering terms. It is these ‘Level 1 requirements’
that drive the design of the Observatory.
The participants in the SKA are already generating
considerable intellectual and creative content in
the development of this world class telescope. In
such an intense environment, it is crucial that in the
implementation phase the Project remains grounded;
and to that end conventional industrial quality practices
will be brought to bear at all stages, to ensure that
quality errors are avoided and risk is not amplified.6
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The SKA Organisation/SKA Observatory is
drawing on expertise gained from previous large
multinational research infrastructure projects
and programmes, both through internal staff and
in the use of external reviewers and occasional
secondees, where appropriate. This expertise is
being used to the maximum extent possible during
development, and this approach will continue
through Pre-Construction and Construction.

Further technical development is required for
SKA2. This is being pursued through the Advanced
Instrumentation Programme (AIP), where specific
areas of technical risk have been identified and are
being explored as development programmes, rather
than Pre-Construction programmes. Currently
this work includes Phased Array Feeds (PAFs),
Medium Frequency Aperture Arrays (MFAAs)
and Wide Band Single Pixel Feeds (WBSPFs).

The SKA Office holds the technical design
authority for the Project and includes sufficient
radio astronomy technology domain specialists to
support this. Further domain expertise is called
upon from the WPCs as needed, for instance
during change proposal assessment. At formal
reviews and at the establishment of design and
operations baselines, external system and domain
experts are called upon to provide confidence that
the design and plans are credible and workable.7

Naturally there will be more risk to the final
development and deployment of SKA2, but this is
planned to be mitigated through the SKA2 PreConstruction Phase which will be initiated following
the start of the SKA1 Construction Phase.

7.2.7 Technology Development
Part of the philosophy to split SKA into two Phases
is to deliver the first phase with the minimum of
technological risk. To this end, most of the key parts
are being developed from existing technical solutions.
In this way the initial observatory, scoped to meet the
key scientific goals, can be built with reduced technical
risk. That said, size is as ever a risk, as is the amount of
data that will flow through and out of the observatory.

7

Conduct of Reviews
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Providing the computing necessary to support the
management and handling of the data created by
SKA will require significant development for phase 2
of the project. Whilst the details of the requirements
of SKA2 are very sketchy at this time, it is clear
that the observatory will need to make a sustained
ongoing investment in computing to ensure the
needs of SKA2 can be met. It is highly likely that
there will be need for research into fundamental
improvements in the basic algorithms as well as
continued collaboration with partners in the ICT
industry to ensure that developments in computing
infrastructure are compatible with the needs of SKA2.
It is envisaged that these functions will be carried
out through collaboration of staff based at the HQ at
Jodrell Bank, UK, with scientists and engineers in the
two host countries and personnel from the network
of regional centres already in place to support the
science and ICT needs of the first phase of the SKA.

7.3 Procurement and Work
Assignment Process
In Pre-Construction, work is delivered via in-kind
contributions. It is expected that in Construction,
work will be undertaken through a mixture of
direct procurement and in-kind contributions from
the Members. The IGO framework permits the
construction of a procurement process tailored
specifically for the needs and Membership of
the SKA Observatory. Through the negotiation
process, a procurement policy is being developed,
describing the core principles that will drive activity
in the eventual SKA Observatory organisation.
Fundamentally, the aims of the procurement policy are
to ensure that Members, in particular the founding
Members and early joiners, will gain the major benefit
of industrial participation in contracts and in-kind work,
through a process being termed ‘Fair Work Return’.
Fair Work Return is defined as being achieved “when
the cumulative value of the goods, works and services
provided by a Member through the procurement
process, broadly reflects the financial contribution
committed by that Member”. Although it will be
possible for new members to join throughout the SKA’s
lifetime, different arrangements will be in place for
later accession in order to recognise the contribution
and commitment of those whose early input made the
project possible. Founding and early joiners will benefit
from greater influence in access to opportunities.
The overall aim of the procurement and work
assignment process is to permit the assignment of
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responsibility for work among the Members through contracts, either centrally
procured or via offers of locally-funded, but centrally coordinated,
in-kind deliverables. The SKA Organisation/SKA Observatory will retain close
management control and oversight over all aspects of these contributions
to the construction of the observatory, learning from experiences in
other projects and infrastructures. In particular, close attention will be
paid to managing interfaces and critical path items to mitigate risk.

SKA Cost Book

Expression of Interest
in opportunities

Informed by member
industry engagement

Design Phase
Development of
procurement plan

Procurement Process

Accounting for expectations
on Fair Work Return

Construction Phase
Tender Process

‘Cash’
procurement

‘In-kind’
procurement

Evaluation

Evaluation

Contract award and
monitoring to delivery

High-level view of the emerging procurement principles of the SKA Observatory

A further important aim is to ensure that, within the constraints necessary to make
the project work, the eventual procurement policy is developed around the principles
of openness, competitiveness and transparency, noting the requirement for Member
countries to receive a level of return broadly proportional to their investment.
Some flexibility will be required in the way the process is implemented, including
the ability to iterate contributions to cover gaps and to balance low and high
value work for participants. An important element of ensuring that this flexibility
is applied with due regard to equity, and to the principles of openness and
transparency to which the Member countries have committed themselves,
will be to ensure that there are adequate and appropriate arrangements for
independent oversight of procurement and the work assignment process.
These principles will apply to both cash and in-kind contributions.
The meeting of the Board of Directors in March 2015 adopted the “SKA
Project Procurement Principles and Practices” as the starting point for
intergovernmental negotiations to develop a full procurement policy as part
of the Key Document Set. Those negotiations are now well advanced.

A further important aim is to ensure that, within the
constraints necessary to make the project work, the
eventual procurement policy is developed around the
principles of openness, competitiveness and transparency,
noting the requirement for Member countries to receive a
level of return broadly proportional to their investment.

7.4 Operational Structure
The Operations phase will seek to achieve the highest quality science
over a variety of configurations involving some or all of the dishes, as
required for the different scientific purposes. The two primary purposes
will be Key Science programmes and Principle Investigator (PI) type
programmes, with the relative proportions of each yet to be decided.
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8 Beyond SKA1: The Long-Term SKA Vision
8.1 Introduction
The full vision for SKA encompasses a second phase,
SKA2, that will make the completed telescope one
of the most visionary and ambitious science projects
of the 21st century. It will ultimately be the largest
scientific instrument on Earth, both in physical scale
and in terms of the volume of data it will generate,
with a collecting area of more than a million square
metres, tens of times larger than any existing facility.

8.2 SKA2
SKA2 will expand the South African network
to other African countries, with up to two
thousand dishes distributed across Africa and
the frequency range expanded towards higher
frequencies (up to 25GHz). The low frequency
aperture arrays will be extended in Australia to
incorporate up to one million individual antennas.
SKA2 will build on the work of SKA1 to pursue
the Science Drivers in greater depth, as shown
in the table on the right, as well as being able
to follow up new discoveries that emerge
from the SKA1 science programme.
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SKA2 can be expected to use technologies that
are currently state-of-the-art for SKA1 but that will
have been further developed through the Advanced
Instrumentation Programme (AIP) and will build on
the experience gained, both technologically and
scientifically, from SKA1. This development work will
continue through the SKA1 Operations era by means of
a centrally-funded technology development programme
(the SKA Observatory Development Programme, SODP)
that will be open to the SKA Observatory Members.
Decision points for potential technology evolutions
are built into the schedule of SKA1 Pre-Construction
and will assess whether any of the technologies have
reached sufficient maturity for a design concept to
be selected and taken further within the SKA1 PreConstruction phase towards the preliminary design and
ultimately to be able to be deployed as part of SKA2.
It is intended that the sensitivity and resolution will
considerably increase for SKA2. One of the key
scientific goals for these telescopes will be their
planned mission to measure the effects of Dark Energy
on the Universe, as well as undertaking high speed
surveys for pulsars and other radio transient events.
This requires very high sensitivities, with the ability to
detect very small variations in the observed signal.

The SKA’s Advanced Instrumentation Programme
(AIP) is in place to develop the technology required
to enhance SKA2. This includes Phased Array Feeds
(PAFs) for dishes, development of the possible next
generation mid-frequency aperture array antennas
(MFAAs) and Wide-band single-pixel feeds (WBSPFs)
for dishes. The PAFs and MFAAs would provide greatly
expanded fields of view for fast surveying, while WBSPFs
would provide the dishes with much wider frequency
coverage than currently available feeds. This will
enable the SKA to achieve both high sensitivity and
high resolution images over extremely large fields.
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SKA1

SKA2

Proto-planetary disks; imaging rocky planet precursors (out to 300 light
years), Searches for amino acids.

Proto-planetary disks; imaging terrestrial planet precursors (out to 450
light years), Studies of amino acids.

Targeted SETI: sensitive to airport radar in 104 nearby stars.

Ultra-sensitive SETI: sensitive to airport radar in 105 nearby star, TV
transmitters in ~10 stars.

Strong-field Tests of Gravity
with Pulsars and Black Holes
Kramer, M. & Stappers, B.
2015 PoS(AASKA14)036

1st detection of the nHz-frequency (about one year period) stochastic
gravitational wave background.

Gravitational wave (GW) astronomy of discrete sources: constraining galaxy
evolution, cosmological GWs and cosmic strings.

Discover and use Neutron-Star/Neutron-Star and Pulsar/Black-Hole
binaries to provide the best tests of gravity theories and General Relativity.

Find all ~40,000 visible pulsars in the Galaxy, use the most relativistic
systems to test “cosmic censorship” and the “no-hair theorem”.

The Origin and Evolution of
Cosmic Magnetism
Johnston-Hollitt, M. et al.
2015 PoS(AASKA14)092

The role of magnetism from sub-galactic to Cosmic Web scales, the
Rotation Measure-grid using 300 sources per square deg2.

The origin and amplification of cosmic magnetic fields, the Rotation
Measure-grid using 5000 sources per square deg2.

Faraday tomography of extended sources, using 100pc resolution at
14Mpc distance, 1 kpc @ z ≈ 0.04.

Faraday tomography of extended sources, using 100pc resolution at
50Mpc distance, 1 kpc @ z ≈ 0.13.

Galaxy Evolution probed by
Neutral Hydrogen
Staveley-Smith,
L. & Oosterloo, T. 2015,
PoS(AASKA14)167

Gas properties of 107 galaxies, <z> ≈ 0.3, evolution to z ≈ 1,
Baryon Acoustic Oscillation complement to Euclid.

Gas properties of 109 galaxies, <z> ≈ 1, evolution to z ≈ 5, world-class
“precision cosmology”.

Detailed studies of nearby galaxies at 50pc resolution, diffuse Inter Galactic
Medium studies that probe column densities as low as NH < 1017 at 1 kpc
resolution, out to distances of 3 Mpc.

Detailed studies of nearby galaxies at 50pc resolution, diffuse Inter Galactic
Medium studies that probe column densities as low as NH < 1017 at 1 kpc
resolution, out to distances of 10 Mpc.

The Transient Radio Sky
Fender, R. et al. 2015
PoS(AASKA14)051

Use Fast Radio Bursts to uncover the missing "normal" matter in the
universe.

Using Fast Radio Bursts as unique probes of fundamental cosmological
parameters and intergalactic magnetic fields.

Study feedback from the most energetic cosmic explosions and the
disruption of stars by super-massive black holes.

Exploring the unknown: new exotic astrophysical phenomena in discovery
phase space.

Galaxy Evolution probed in
the Radio Continuum
Prandoni, I. & Seymour, N.
2015 PoS(AASKA14)067

Detecting Star Formation Rates as low as 10 M/yr back 12 billion years
ago.

Detecting Star Formation Rates as low as 10 M/yr back 13.2 billion
years ago.

Resolved star formation astrophysics (sub-kpc active regions) back to 8
billion years ago.

Resolved star formation astrophysics (sub-kpc active regions) back to 12.8
billion years ago.

Cosmology & Dark Energy
Maartens, R. et al. 2015
PoS(AASKA14)016

Constraints on Dark Energy, modified gravity, the distribution & evolution of
matter on super-horizon scales: competitive to Euclid.

Constraints on Dark Energy, modified gravity, the distribution & evolution of
matter on super-horizon scales: redefines state-of-art.

Primordial non-Gaussianity and the matter dipole: with twice the precision
of Euclid.

Primordial non-Gaussianity and the matter dipole: with 10 times the
precision of Euclid.

Cosmic Dawn and the Epoch
of Reionization
Koopmans, L. et al. 2015
PoS(AASKA14)001

Direct imaging of Epoch of Reionisation structures (z = 6 - 12).

Direct imaging of Cosmic Dawn structures (z = 12 - 30).

Power spectra of Cosmic Dawn down to arcmin scales, possible imaging at
10 arcmin.

First glimpse of the Dark Ages (z > 30).

The Cradle of Life &
Astrobiology
Hoare, M. et al. 2015
PoS(AASKA14)115
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8.3 Costing of SKA2

8.4 Decisions on SKA2

The cost of SKA Phase 2 has not yet been
determined; to do so will require detailed
engineering studies, which are underway. The
outcome of technological developments and studies
and the evolving requirements of the scientific
drivers will provide the information required to
make proposals for the final configuration, and
assessments of the costs of any options.

SKA2 will be subject to a separate decision, or possibly
decisions, to proceed. The governing body of the SKA
Observatory will consider options for achieving the longterm vision of the SKA in the next few years in good
time to ensure that there is no unnecessary interruption
to the evolution of the SKA. These will include the
decision mechanisms, sequences and timescales for
the planning, construction and financing of SKA2.
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As stated earlier, the nature of the SKA, comprising
multiple individual elements, means that options
could include incremental development rather
than a single definitive decision point. The terms
of engagement of existing and potential new
members in the second phase of development
will also be developed during this time.
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Astronomy Glossary
Absolute Zero – The temperature at which the motion of all atoms and molecules stops
and no heat is given off. Absolute zero is reached at 0 degrees K or -273.16 degrees
Celsius.
Accretion – The process by where dust and gas accumulated into larger bodies.
Accretion Disk – A disk of gas that accumulates around a centre of gravitational
attraction, such as a dwarf star, or black hole. Formed when matter is dragged from
another nearby star usually.
Albedo – The reflective property of a non-luminous object. A comet for example has an
albedo of around half that of a lump of coal.
Antimatter – Matter consisting of particles with charges opposite that of ordinary
matter. In antimatter, protons have a negative charge while electrons have a positive
charge.
Aperture – The size of the opening through which light passes in a telescope or the size
of dish in a radio telescope.
Apparent Magnitude – The apparent brightness of an object in the sky as it appears to
an observer on Earth. Bright objects have a low apparent magnitude while dim objects
will have a higher apparent magnitude.
Asteroid – A small planetary body in orbit around the Sun. Most asteroids can be found
in a belt between the orbits of Mars and Jupiter. These can be mapped with radio
telescopes using radar.
Astrochemistry – The branch of science that explores the chemical interactions between
dust and gas interspersed between stars.
Astronomical Unit (AU) – A unit of measure equal to the average distance between the
Earth and the Sun, approximately 93 million miles or 150 million km.
Atmosphere – A layer of gases surrounding a planet, star or moon.
Aurora – A glow in a planet’s ionosphere caused by the interaction between the
magnetic field and charged particles from the Sun.
Big Bang – The theory that suggests that the universe was formed from a single point
in space during a cataclysmic explosion about 13.7 billion years ago. This is the current
accepted theory for the origin of the universe and is supported by measurements of
background radiation and the observed expansion of space.
Binary – A system of two stars in orbit around each other.
Black Hole – The collapsed core of a massive star. The collapse carries on until a
singularity is formed and the gravitational force exerted on everything around it is is so
strong that not even light can escape.
Blueshift – A shift in the lines of an object’s spectrum toward the blue end. Objects like
the Andromeda Galaxy which is coming towards us exhibit this.
Chromosphere – The part of the Sun’s atmosphere just above the surface.
Circumstellar Disk – A torus or ring-shaped accumulation of gas, dust, or other debris in
orbit around a star in different phases of its life cycle.
Coma – An area of dust or gas surrounding the nucleus of a cometary body. Usually
shrouding the main nucleus which is significantly smaller.
Comet – A gigantic ball of ice and rock that orbit the Sun in a highly eccentric orbit.
Some comets have an orbit that brings them close to the Sun where they form a long
tail of gas and dust as they are heated by the Sun’s rays.
Constellation – A grouping of stars that make an imaginary picture in the sky.

Cosmic Ray – Atomic nuclei (mostly protons) that are observed to strike the Earth’s
atmosphere with extremely high amounts of energy. Can result in marks on CCD digital
cameras when taking astronomical images.

Globular Cluster – A tight, spherical grouping of hundreds of thousands of stars.
Globular clusters are composed of older stars, and are usually found around the central
regions of a galaxy.

Cosmology – A branch of science that deals with studying the origin, structure, and
nature of the universe.

Gravitational Lens – A concentration of matter such as a galaxy or cluster of galaxies
that bends light rays from a background object. Gravitational lensing results in duplicate
images of distant objects.

Dark Energy – A term used to describe an unknown form of energy which is hypothesized
to permeate all of space, tending to accelerate the expansion of the universe.
Dark Matter – A term used to describe a theory which predicts that alarge amount
of the matter in our universe cannot be seen, but can be detected by its gravitational
effects on other bodies.
Debris Disk – A ring-shaped circumstellar disk of dust and debris in orbit around a star.
Seen in the earliest period of the formation of solar systems around stars such as our
Sun.
Doppler Effect – The apparent change in wavelength of sound or light emitted by an
object in relation to an observer’s position. As easy analogy for this is the sound of a
police siren as it approaches and then goes away from a stationary listener, and the
change in pitch.
Double Star – A grouping of two stars. This grouping can be apparent, where the stars
seem close together, or physical, such as a binary system.
Dwarf Planet – A celestial body orbiting the Sun that is massive enough to be rounded
by its own gravity but has not cleared its neighboring region of planetesimals and is not
a satellite. Definition clarified by the IAU several years ago when the de-classified the
former planet Pluto.
Eclipse – The total or partial blocking of one celestial body by another.
Electromagnetic Radiation – The radiation emitted across the entire electromagnetic
spectrum from radio to gamma rays.
Electromagnetic Spectrum – The full range of frequencies, from radio waves to gamma
waves. Long wavelength to short respectively
Ellipse – An ellipse is an oval shape. Johannes Kepler discovered that the orbits of
planets were elliptical in shape rather than circular.
Epoch of Reionisation – The Epoch of Reionization (EoR) is a term used to describe the
period during which the gas in the Universe went from being almost completely neutral
to a state in which it became almost completely ionized.
Event Horizon – The invisible boundary around a black hole past which nothing can
escape the gravitational pull – not even light.
Extragalactic – A term that means outside of or beyond our own milky way galaxy.
Extraterrestrial – A term used to describe anything that does not originate on Earth.
SETI is the search for intelligent life outside of our planet.

Gravitational Waves – Gravitational waves are ‘ripples’ in the fabric of space-time
caused by some of the most violent and energetic processes in the Universe. Albert
Einstein predicted the existence of gravitational waves in 1916 in his general theory of
relativity.
Gravity – A mutual physical force of nature that causes two bodies to attract each
other.
Hydrogen – An element consisting of one electron and one proton. Hydrogen is the
lightest of the elements and is the building block of the universe. Stars form from
massive clouds of hydrogen gas.
Hydrostatic equilibrium – A state that occurs when compression due to gravity is
balanced by a pressure gradient which creates a pressure gradient force in the opposite
direction. Hydrostatic equillibrium is responsible for keeping stars from imploding and
for giving planets their spherical shape.
International Astronomical Union (IAU) – The internationally recognized authority for
assigning designations to celestial bodies and their surface features.
Interstellar Medium – The gas and dust that exists in open space between the stars.
Ionosphere – A region of charged particles in a planet’s upper atmosphere. In Earth’s
atmosphere, the ionosphere begins at an altitude of about 25 miles and extends
outward about 250.
Jansky – A unit used in radio astronomy to indicate the flux density (the rate of flow of
radio waves) of electromagnetic radiation received from outer space. A typical radio
source has a spectral flux density of roughly 1 Jy. The jansky was named to honor Karl
Gothe Jansky who developed radio astronomy in 1932.
Jet – A narrow stream of gas or particles ejected from an accretion disk surrounding a
star or black hole.
Kelvin – A temperature scale used in sciences such as astronomy to measure
extremely cold temperatures. The Kelvin temperature scale is just like the Celsius scale
except that the freezing point of water, zero degrees Celsius, is equal to 273 degrees
Kelvin. Absolute zero, the coldest known temperature, is reached at 0 degrees Kelvin or
-273.16 degrees Celsius.
Kepler’s Laws – Three laws that define the motion of bodies around s star or in orbit,
formulated by Johannes Kepler.

Faraday – In physics and chemistry, the Faraday constant (named after Michael Faraday)
is the magnitude of electric charge per mole of electrons.

Kuiper Belt – A large ring of icy, primitive objects beyond the orbit of Neptune. Kuiper
Belt objects are believed to be remnants of the original material that formed the Solar
System. Some astronomers believe Pluto and Charon are Kuiper Belt objects.

Fast Radio Burst – A Fast Radio Burst (FRB) is a high-energy astrophysical phenomenon
manifested as a transient radio pulse lasting only a few milliseconds.

Light Year – An astronomical unit of measure equal to the distance light travels in a
year, approximately 5.8 trillion miles.

Galactic Nucleus – A tight concentration of stars, and in some cases a supermassive
black hole, found at the innermost regions of a galaxy.

Local Group – A small group of about two dozen galaxies of which our own Milky Way
galaxy is a member.

Galaxy – A large grouping of stars, of which our Milky Way is one type.

Luminosity – The amount of light emitted by a star.

Gamma-ray – The highest energy, shortest wavelength form of electromagnetic
radiation.

Magellanic Clouds – Two small, irregular galaxies found just outside our own Milky Way
galaxy. The Magellanic Clouds are visible in the skies of the southern hemisphere.

Giant Molecular Cloud (GMC) – Massive clouds of gas in interstellar space composed
primarily of hydrogen molecules. These clouds have enough mass to produce thousands
of stars and are frequently the sites of new star formation.

Magnetic Field – A condition found in the region around a magnet or an electric current,
characterized by the existence of a detectable magnetic force at every point in the
region and by the existence of magnetic poles.
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Magnetosphere – The area around a planet most affected by its magnetic field. The
boundary of this field is set by the solar wind.

Plasma – A form of ionized gas in which the temperature is too high for atoms to exist
in their natural state. Plasma is composed of free electrons and free atomic nuclei.

Star – A giant ball of hot gas that creates and emits its own radiation through nuclear
fusion.

Magnitude – The degree of brightness of a star or other object in the sky according to
a logarithmic scale. Our Sun has a magnitude of -26.74.

Prominence – An explosion of hot gas that erupts from the Sun’s surface. Solar
prominences are usually associated with sunspot activity and can cause interference
with communications on Earth due to their electromagnetic effects on the atmosphere.

Star Cluster – A large grouping of stars, from a few dozen to a few hundred thousand,
that are bound together by their mutual gravitational attraction.

Mass – A measure of the total amount of material in a body, defined either by the
inertial properties of the body or by its gravitational influence on other bodies.
Matter – Typically used to describe all everything with mass that can be seen/
measured in the context of astronomy.
Minor Planet – A term used to describe objects, such as asteroids, that are in orbit
around the Sun but are not planets or comets.
Molecular Cloud – An interstellar cloud of molecular hydrogen containing trace
amounts of other molecules such as carbon monoxide and ammonia.
Nebula – A cloud of dust and gas in space, usually illuminated by one or more stars.
Nebulae represent the raw material the stars are made of.

Protoplanetary Disk – A rotating circumstellar disk of dense gas surrounding a young
newly formed star.
Protostar – Dense regions of molecular clouds where stars are forming.
Pulsar – A spinning neutron star that emits energy along its gravitational axis. This
energy is received as pulses as the star rotates. Discovered by Dame Jocelyn Bell and
Anthony Hewish in the late 1960s

Supergiant Star – The stage in a star’s evolution where the core contracts and the star
swells to about five hundreds times its original size. The star’s temperature drops,
giving it a red colour.

Quasar – An highly luminous object found in the remote areas of the universe. Quasars
release incredible amounts of energy and are among the oldest and farthest objects in
the known universe.

Supernova – A supernova is a vast explosion caused when a star above a certain mass
exhausts its fuel and then gradually wosk its way through higher elements, buring them
until a point where fusion can no longer occur. The core of the star can then collapse
and if the star is large enough cause a supernova explosion.

Neutrino – A fundamental particle produced by the nuclear reactions in stars.
Neutrinos are very hard to detect because the vast majority of them pass completely
through the Earth without interacting.

Radial Velocity – The movement of an object either towards or away from a stationary
observer.

Neutron Star – A compressed core of an exploded star made up almost entirely of
neutrons. Neutron stars have a strong gravitational field and some emit pulses of
energy along their axis. These are known as pulsars.

Radio Galaxy – A galaxy that gives off large amounts of energy in the form of radio waves.

Newton’s laws of motion – A series of laws used to describe forces on bodies
developed by Sir Isaac Newton.
Nova – A star that flares up to several times its original brightness for some time
before returning to its original state.
Nuclear Fusion – The nuclear process whereby several small nuclei are combined to
make a larger one whose mass is slightly smaller than the sum of the small ones.
Nuclear fusion is the reaction that fuels the Sun, where hydrogen nuclei are fused to
form helium.

Stellar Wind – The ejection of gas from the surface of a star. Many different types of
stars, including our Sun, have stellar winds. The stellar wind of our Sun is also known
as the Solar wind. A star’s stellar wind is strongest near the end of its life when it has
consumed most of its fuel.

Radiation – Energy radiated from an object in the form of waves or particles.
Radio Telescope – A Telescope used to detect radio Waves
Redshift – A shift in the lines of an object’s spectrum toward the red end. Redshift
indicates that an object is moving away from the observer. The larger the redshift, the
faster the object is moving. Can be denoted by the letter “z”.
Resolution – Ability of a telescope to distinguish between, that is resolve, close
objects. The higher the resolution of a telescope, the more details we can see from
the images obtained on it. Technically we are referring here to the spatial or angular
resolution of a telescope.

Supernova Remnant – An expanding shell of gas ejected at high speeds by a supernova
explosion. Supernova remnants are often visible as diffuse gaseous nebulae usually
with a shell-like structure. Many resemble “bubbles” in space.
Synchrotron radiation – The electromagnetic radiation emitted when charged particles
are accelerated radially.
Telescope – An instrument used to collect electromagnetic radiation (e.g. radio waves)
from distant objects and enable direct observation.
Transit – The passage of a celestial body across an observer’s meridian; also the
passage of a celestial body across the disk of a larger one.
Trans-Neptunian Object (TNO) – Any one of a number of celestial objects that orbit the
Sun at a distance beyond the orbit of the planet Neptune.

Satellite – A natural or artificial body in orbit around a planet.

Ultraviolet – Electromagnetic radiation at wavelengths shorter than the violet end of
visible light. The atmosphere of the Earth effectively blocks the transmission of most
ultraviolet light, which can be deadly to many forms of life.

Sensitivity – Sensitivity is a measure of the minimum signal that a telescope can
distinguish above the random background noise. The more sensitive a telescope, the
more light it can gather from faint objects.

Universal Time (UT) – Also known as Greenwich Mean Time, this is local time on the
Greenwich meridian. Universal time is used by astronomers as a standard measure of
time.

Orbit – The path of a celestial body as it moves through space.

Sidereal – Of, relating to, or concerned with the stars. Sidereal rotation is that
measured with respect to the stars rather than with respect to the Sun or the primary
of a satellite.

Visible Light – Wavelengths of electromagnetic radiation that are visible to the human
eye.

Parallax – The apparent change in position of two objects viewed from different
locations.

Singularity – The centre of a black hole, where the curvature of space time is maximal.
At the singularity, the gravitational tides diverge.

Parsec – A large distance often used in astronomy. A parsec is equal to 3.26 lightyears.

Solar Eclipse – A phenomenon that occurs when the Earth passes into the shadow of
the Moon.

White Dwarf – A very small, white star formed when an average sized star uses up its
fuel supply and collapses. This process often produces a planetary nebula, with the
white dwarf star at its centre.

Perigee – The point in the orbit of the Moon or other satellite at which it is closest to
the Earth.

Solar Flare – A bright eruption of hot gas in the Sun’s photosphere. Solar prominences
are usually only detectable by specialized instruments but can be visible during a total
solar eclipse.

X-ray – Electromagnetic radiation of a very short wavelength and very high-energy.
X-rays have shorter wavelengths than ultraviolet light but longer wavelengths than
cosmic rays.

Solar Wind – A flow of charged particles that travels from the Sun out into the Solar
System.

Yellow Dwarf – An ordinary star such as the Sun at a stable point in its evolution.

Spectrometer – An detector that can be connected to a telescope that can separates
the signals into different frequencies, producing a spectrum.

Zeeman Effect – Named after the Dutch physicist Pieter Zeeman, is the effect of
splitting a spectral line into several components in the presence of a static magnetic
field.

Occultation – An event that occurs when one celestial body conceals or obscures
another. For example, a solar eclipse is an occultation of the Sun by the Moon.
Oort Cloud – A theoretical shell of comets that is believed to exist at the outermost
regions of our solar system. The Oort cloud was named after the Dutch astronomer
who first proposed it.

Perihelion – The point in the orbit of a planet or other body where it is closest to the
Sun.
Photon – A particle of light composed of a minute quantity of electromagnetic energy.
Planet – A celestial body orbiting a star or stellar remnant that is massive enough to
be rounded by its own gravity, is not massive enough to cause thermonuclear fusion,
and has cleared its local region of planetesimals.
Planetary Nebula – A shell of gas surrounding a small, white star. The gas is usually
illuminated by the star, producing a variety of colors and shapes.
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Rotation – The spin of a body about its axis.

Spiral Galaxy – A galaxy that contains a prominent central bulge and luminous arms of
gas, dust, and young stars that wind out from the central nucleus in a spiral formation.
Our galaxy, the Milky Way, is a spiral galaxy.

Wavelength – The distance between consecutive crests of a wave. This serves as a
unit of measure of electromagnetic radiation.

Z – A term used by astronomers to sumbolise the redshift of an object.

Zenith – A point directly overhead from an observer.
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