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This is a survey of current cutting edge scientific and engineering research
projects which associated with the design, construction and utilization of the most
powerful radio telescopes around the world, such as SKA/MWA, LOFAR, ALMA,
FAST, VLA, VLBI, VLBA, etc.

1 Introduction

2 The Square Kilometre Array (SKA)[2]

SKA project is an international effort to build the world’s largest radio telescope, with even-
tually over a square kilometre (one million square metres) of collecting area. The scale of the
SKA represents a huge leap forward in both engineering and research & development towards
building and delivering a unique instrument, with the detailed design and preparation now
well under way. As one of the largest scientific endeavours in history, the SKA will bring
together a wealth of the world’s finest scientists, engineers and policy makers to bring the
project to fruition.

2.1 The key science goals

The SKA will be able to conduct transformational science, breaking new ground in astronom-
ical observations. SKA scientists have focussed on various key science goals for the telescope,
each of which will re-define our understanding of space as we know it.

From challenging Einstein’s seminal theory of relativity to the limits, looking at how the
very first stars and galaxies formed just after the big bang, in a way never before observed
in any detail, helping scientists understand the nature of a mysterious force known as dark
energy, the discovery of which gained the Nobel Prize for physics, through to understanding
the vast magnetic fields which permeate the cosmos, and, one of the greatest mysteries known
to humankind ... are we alone in the Universe, the SKA will truly be at the forefront of
scientific research.

Early science observations are expected to start in the mid-2020s with a partial array.

From [3]: The SKA aims to solve some of the biggest questions in the field of astronomy.
The unprecedented sensitivity of the thousands of individual radio receivers, combining to
create the world’s largest radio telescope will give astronomers insight into the formation and
evolution of the first stars and galaxies after the Big Bang, the role of cosmic magnetism, the
nature of gravity, and possibly even life beyond Earth.

If history is any guide, the SKA will make many more discoveries than we can imagine today.

The science key drivers for the SKA have been broken down in to key categories, each of
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which has its own working group to facilitate and manage the scientific goals.

Some Of The Main SKA Science Drivers Include:

e Galaxy evolution, cosmology and dark energy by mapping the cosmic distribution of
hydrogen

e Strong-field tests of gravity using pulsars and black holes

e The origin and evolution of cosmic magnetism by high-sensitivity mapping of polarised
synchrotron emission, combined with determinations of rotation measures (RM) for ex-
tended emission

e Probing the Cosmic Dawn by observing the redshifted 21cm line of neutral hydrogen
which will provide detailed pictures of structure formation and reionisation

e The cradle of life by detecting extremely weak extraterrestrial radio signals, by imaging
the thermal emission from dust in the habitable zone in unprecedented detail. In par-
ticular, the SKA will show where dust evolves from micron-sized interstellar particles to
centimetre-sized and larger “pebbles”, the first step in assembling Earth-like planets

2.1.1 Galaxy evolution, cosmology and dark energy[8]

How do galaxies evolve? What is dark energy?

The acceleration in the expansion of the Universe has been attributed to a mysterious dark
energy. The SKA will investigate this expansion after the Big Bang by mapping the cosmic
distribution of hydrogen.

Our Universe is expanding, and we have recently discovered that this expansion is accel-
erating. Scientists are still trying to understand why this is happening, with theories such as
a force known as “dark energy” being put forward. The detection of this acceleration won the
Nobel Prize for physics in 2011.(for the discovery of the accelerating expansion of the Universe
through observations of distant supernovae.)

This mysterious acceleration, however, is still one of the most fundamental mysteries of mod-
ern science and also one of the key questions the SKA will try to address.One of the
main science goals of the SKA is to investigate why this accelera-
tion is taking place, by looking at the distribution of the most basic
element, Hydrogen, throughout the cosmos. The SKA’s unrivalled
sensitivity will be able to track young, newly forming galaxies at
the edge of the known Universe, and by mapping the distribution of
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Hydrogen, help us unravel this key mystery, and understand more
how the earliest galaxies evolved.

Hydrogen is the most abundant element in the Universe and is the raw material from which
stars form. Over 70% of our Sun is Hydrogen, and as a radio source, the Sun is one of the
brightest objects not only in the visible sky but also in the radio.

Hydrogen atoms produce radio emission at a wavelength of 21cm or a frequency of 1420
MHz. This emission was first discovered from the hydrogen gas clouds within our Milky Way
Galaxy in the 1930s by Karl Jansky, an engineer at Bell Laboratories.

Since then, hydrogen gas has been found in tens of thousands of galaxies, most of which
are relatively near to the Milky Way. Generally, astronomers find that spiral galaxies,
like our Milky Way Galaxy, and irregular galaxies, like the Magellanic Clouds,
often contain large amounts of hydrogen gas. These galaxies also form stars and as-
tronomers believe that hydrogen gas provides the raw fuel for star formation.

Aside from dark energy, this mysterious force thought to be causing the acceleration of the
expansion in the Universe, there is also Dark Matter, which astronomers believe makes up a
large fraction of all matter in the Universe. The study of this came about after anoma-
lies were found in the rotation rates and masses of galaxies, based on their visible
characteristics and the values derived from observation.

The SKA will revolutionise our study of how galaxies form and trans-
form their gas into stars by detecting hydrogen gas in surveys which
encompass as many as a billion galaxies, at distances much greater
than is possible to detect today.

e What is dark energy?
Cosmology is the study of the origin and fate of the Universe. Prior to the discovery that
the expansion of the Universe is actually accelerating, astronomers had thought that
the expansion should be slowing under the mutual gravitational attraction of galax-
ies. Instead, it seems that the Universe contains some additional component, which

astronomers have termed “dark energy”

This mysterious force appears to counteract and even surpass the mutual gravitational
attraction causing acceleration in the expansion. It could however indicate that our
understanding of gravity, as described by Einstein’s General Theory of Relativity, is

incomplete.

There are two broad approaches that the SKA will pursue in studying
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cosmology:

— The first approach involves a large survey of galaxies, searching for
their (redshifted) 21 cm hydrogen emission. An extremely large sur-
vey of galaxies is required in order to sample a large enough of volume
in the Universe that one can detect relatively subtle effects.

— Another approach by which the SKA can study cosmology and dark
energy is to observe the gravitational effects of galaxies and clusters
of galaxies on the path of radio waves through the Universe.

Einstein’s Theory of Relativity relates mass to energy and shows that both mass and
energy contribute to gravitation. Concentrations of mass have the effect of disturbing
the path that radio waves take in their path to the Earth. In effect, concentrations of
mass, such as galaxies and clusters of galaxies, can act as giant lenses in space.

Thus, if there is a galaxy behind another galaxy, or behind a cluster of galaxies, the
shape of the background galaxy will appear distorted because the path(s) that the radio
waves have taken has been distorted by the foreground galaxy or cluster.

By measuring the amount of distortion of background galaxies, astronomers can in-
fer how much mass (both regular matter and dark matter) is between the background
galaxies and us and a measure of how this mass is distributed. In turn, how the mass is
distributed can be affected by the properties of dark energy, and aspects of cosmology.
Thus, measurements of the shapes of large numbers of galaxies can be used
to constrain models of the cosmology of the Universe.

How do galaxy evolve?

Radio telescopes have played a pivotal role in the understanding of galactic evolution.
Their ability to “see” regions beyond the optical view of a galaxy have brought significant
insights into how galaxies form and develop. However, despite this progress, it is still
a mystery as to how the early galaxies, in the millions of years following the Big Bang,
began to evolve: where did they get their material? What drives their rotation? What
has shaped them? The SKA’s unrivalled sensitivity and resolution will be able to track
young, newly forming galaxies at cosmological distances, and, through mapping the
distribution of Hydrogen, help us unravel these key mysteries.

Rotation & dark matter

Hydrogen gas moving at different velocities within a galaxy will be detected at slightly
different frequencies because of the Doppler effect. Astronomers can infer how quickly
a galaxy is rotating by measuring the range of frequencies over which a galaxy’s 21cm
radiation occurs. From these measurements, it is possible to deduce the total mass of
the galaxy, as it must have enough mass to ensure that it remains whole (and essentially
does not fly apart!). This amount of mass can be compared with that estimated from
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the stars and gas that we can visibly observe in the galaxies.

Often the hydrogen gas is rotating faster, sometimes much faster, than the amount
of mass contributed by the stars and gas would suggest, implying there has to be
some other kind of matter within galaxies — so-called dark matter — that produces no
light, but produces gravitational attraction such that the galaxy does not fly apart.

Redshift explained:

Astronomers typically measure distances to very distant galaxies using the redshift ef-
fect. Consider observing the hydrogen gas in a distant galaxy. To an astronomer in that
galaxy, the hydrogen gas emits radio emission at its characteristic 21cm wavelength.

However, because the galaxy is distant, it takes some time for the radio emission to
travel to astronomers here on Earth. During that time, the Universe expands, which has
the effect of increasing the wavelength at which we detect the radio emission from the
hydrogen gas. The difference between the observed wavelength and expected wavelength
is then a measure of how distant the galaxy is as well as being a measure of how much
time has elapsed since the light was emitted.

For instance, with a large sample of galaxies, one can track how galaxies form into
clusters. How quickly the clusters form is partly a balancing act between gravity,
which causes galaxies to fall together into a cluster, and dark energy, which acts to
separate the galaxies. How big, and how rapidly, clusters form is a measure of the
strength of dark energy, which can help astronomers understand better what it is.

Origin of gas & satellite galaxies

Observations of the hydrogen gas in spiral galaxies, like our Milky Way Galaxy, are
revealing small clouds of hydrogen at large distances from the galaxy, but
how did that gas get there? There are at least three possibilities:

1. The gas has been blown out of the galaxy by powerful winds from hot, young stars,
and once sufficiently far away from the influence of the stars, has started to fall
back onto the galaxy.

2. The gas represents ‘pristine’ or ‘primordial’ material from the very early Universe.
It is possible that not all of the hydrogen in the Universe was captured within
galaxies. Some of it is likely to still be in the space between the galaxies. Over
time, that gas may slowly fall into galaxies, probably in the form of small clouds.

3. The gas represents starless satellite galaxies. Numerical simulations of how
galaxies form suggest that a major galaxy like the Milky Way should be
surrounded by many smaller galaxies. However, various attempts to find
such a quantity of smaller satellite galaxies have been unsuccessful. It is
possible that some of these satellite galaxies have not yet formed stars,

but consist only of gas(F A KAEM X EGEAKH A KK T2 ERE
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— 3 48 F 4 I 4 69 B (small clouds of hydrogen)®§?) (or the numerical
simulations are not fully describing all of the physics!).

e Ongoing Observations
Observations of many more galaxies are required to distinguish between the possibilities,
and the SKA will conduct surveys for clouds of gas and search for undiscovered star-less
satellite galaxies lurking around major galaxies.

Both the star light and the hydrogen gas in galaxies in the relatively local Universe
have been mapped in exquisite detail over the last few years by projects which are pro-
viding key scientific input into the SKA such as the HI Parkes All Sky Survey (HIPASS),
Arecibo Legacy Fast ALFA (ALFALFA) survey, the 2dF Galaxy Redshift Survey and
the Sloan Digital Sky Survey (SDSS).

Our challenge now with the SKA is to provide equally good measurements
in the distant Universe. Such measurements will enable astronomers to
track how galaxies acquired the hydrogen gas, from which stars could
form, as well as track the various processes by which galaxies might gain
or even lose gas.

e How does the increased sensitivity and resolution of the SKA play a role
in this work?
Sensitivity is a measure of the minimum signal that a telescope can distin-
guish above the random background noise. The more sensitive a telescope, the
more light it can gather from faint and distant objects.

The SKA’s sensitivity stems from the huge number of radio receivers at
low, mid and high frequencies, which will combine in each frequency range from the
locations in Africa and Australia to form a collecting area equivalent to a single radio
telescope 1km wide.

Resolution is a measure of the minimum size that a telescope can distinguish,
effectively going from a blurry image to discerning the detail. The large dis-
tances between receivers of the SKA will provide the ability to distinguish the details.
The combined factors of sensitivity and resolution will dwarf all existing telescopes cur-
rently in operation, and give the SKA an unparalleled view of the early formation of our
Universe.

Radio wavebands are particularly advantageous for this experiment because
the point-spread function is well determined and stable (being simply the
interferometer baseline distribution), solving the principle systematic diffi-
culty inherent in the method.

In addition to detecting hydrogen emission in galaxies, the SKA will also perform the
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deepest ever radio continuum survey, probing the star-formation
history of the Universe as a function of redshift in a manner in-
dependent of the dust extinction (dust hiding objects behind it, which affects
optical telescopes).

With radio surveys, the dust which blocks a large proportion of the visible light is
penetrated, revealing the complex structures and individual stars which lie within.

It will be of great interest to scientists who will be able to link
the star formation properties of galaxies to their hydrogen con-
tents, as a function of redshift and environment. Furthermore, a high
resolution radio continuum survey over wide areas allows a precise measurement of the
coherent shape distortions of distant galaxies imparted by the foreground cosmic web,
distortions similar to that created by a lens being placed in front of an object being seen
in visible light, but using the force of gravity instead of a lens.

This weak gravitational lensing encodes a vast body of cosmological information, and
its exploitation will become one of our key cosmological probes within the next decade.

nteresting facts

A small portion of the hiss you get when you detune an old style analogue TV was due
to radio waves from the Big Bang itself, that is the birth of the Universe.

Data from space telescopes looking at the Cosmic Microwave Background sky has shown
the Universe is approximately 13.8 billion years old.

The SKA will enable scientists to study this galactic formation at distances much greater
than is possible to detect today.

2.1.2 Strong-field tests of gravity using pulsars and black holes

Was Einstein right about gravity? The SKA will investigate the nature of gravity
and challenge the theory of general relativity.

2.1.3 The origin and evolution of cosmic magnetism[6]

What generates giant magnetic fields in space?

The SKA will create three-dimensional maps of cosmic magnets to understand how they sta-
bilise galaxies, influence the formation of stars and planets, and regulate solar and stellar
activity.

Magnetism has been fundamental for travelling and exploring our planet, with the Earth’s
magnetic field guiding birds, bees and compass needles.

Furthermore, the effect of the Earth’s magnetic field on charged particles from the Sun has
both shielded us from their harmful effects and entranced us with the beautiful aurorae light-
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ing up the northern and southern polar skies.

Through decades of astrophysical research, we have established that magnetism is ubiquitous
in our Universe, with interstellar gas, planets, stars and galaxies all showing the presence of
magnetic fields. Generating magnetic fields on such large physical scales cannot be achieved
through permanent magnets like those found in school science kits, but instead requires huge
densities, volumes or motions of electrically charged material, such as the gas that pervades
the Milky Way or the outflows of material from the energetic centres of galaxies

Cosmic magnetism spans an enormous range in its strength, varying by a factor of a hun-
dred billion billion between the weak magnetic fields in interstellar space and the extreme
magnetism found on the surface of collapsed stars. Because these cosmic magnetic fields are
all-pervasive, they play a vital role in controlling how celestial sources form, age and evolve.

e The challenge and opportunities with magnetism
The challenge in studying cosmic magnetism is that, while stars and galaxies can
be seen directly by the light they emit, magnetic fields are invisible even to
the largest optical telescopes instead requiring the detection of polarised
radiation, radiation which exhibits the effects of magnetic fields.

One such example is synchrotron emission, produced when fast-moving (close to the
speed of light) electrons, are trapped in magnetic fields, in a similar manner to the way
planets are caught by the Sun’s gravity. If we see a heavenly body emitting synchrotron
emission, we know that this object must be magnetic, and we can use its properties to
determine how strong its magnetic field is and what direction a compass might point if
it were near it.

Not all objects, however, are energetic enough to produce synchrotron emission and
in these cases other mechanisms are utilised. The spectrally narrow emission from
atoms and molecules can be split by the effects of magnetic fields, into two
or more emission ‘lines’. This effect, known as “Zeeman Splitting” after the
Dutch Physicist Pieter Zeeman, provides a direct measure of the magnetic
environment of the atoms and molecules.

Another remarkable mechanism is when the polarised radiation from a dis-
tant object passes though the magnetic field of an intervening object and
is altered. This effect, known as “Faraday rotation” after the British Sci-
entist Michael Faraday, provides a measure of the magnetic environment of
the intervening object (specifically the plane of polarisation is rotated by an
angle proportional to the strength of the magnetic field and the density of
the medium).

The difficultly with both these techniques is to truly understand the magnetic fields
we are seeing we require many hundreds or even thousands of measurements, in the case

10
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of Faraday rotation, many distant galaxies or pulsars, lying directly behind the magne-
tised gas we want to study — like trying to make an environmental study of a large lake,
dipping one’s finger in the water at one location is not enough!

"
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Figure 1: When the polarised radio emission from a background galaxy passes through a fore-
ground cloud of magnetic gas, the emission undergoes Faraday Rotation. This effect
can be detected with a radio telescope, and used to measure the strength of cosmic
magnetic fields. Reprinted with permission from “Intergalactic Magnetic Fields”
by Philipp P. Kronberg, Physics Today, December 2002, p. 40. Copyright 2002,
American Institute of Physics.[0]

Since the Square Kilometre Array (SKA) will be so much more sensitive than current
telescopes, we can use it to revolutionise the study of magnetic fields in space. If we
point the SKA at any part of the sky, we will detect the radio emission from thousands
of distant faint galaxies, spread like grains of sand all over the sky. These galaxies will be
so closely spaced that we can use the Faraday rotation of their polarised radio emission
to make detailed studies of the magnetism of all sorts of foreground objects.

Even if we want to study a relatively small cloud of gas, there will be hun-
dreds of background galaxies whose light shines through it, allowing us to
build up a detailed picture of the cloud’s magnetism.

Through the mechanisms of Faraday rotation, Zeeman splitting and mea-

suring the direct affects of magnetic fields on the polarised properties of
radiation, we will be able to address many important unanswered questions:
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What is the shape and strength of the magnetic field in our Milky Way, and
how does this compare to the magnetism in other galaxies? Is the Universe
itself magnetic, and what role has this had on the formation of individual
stars and galaxies? Where and how do the magnetic fields originate?

These are all questions for which the unique and fascinating capabilities of the SKA will
provide incredible insight. We know that magnetism surrounds us, but with the SKA,
we will transform our understanding of what these magnets look like, where they came
from, and what role they have played in the evolving Universe.

The main platform on which the SKA’s studies of cosmic magnetism will be based will
be an All-Sky SKA Rotation Measure Survey, in which a year of observing time will
yield Faraday rotation measures (RMs) for compact polarized extragalactic sources, an
increase by five orders of magnitude over current data sets, and by three orders of mag-
nitude over what could be accomplished with the Extended Very Large Array (EVLA).
This data-set will provide an all-sky grid of RMs at a spacing of just 20-30 arcsec be-
tween sources; many these sources will have redshifts from the Sloan Digital Sky Survey
(SDSS) and its successors. This RM grid will be a powerful probe for studying fore-
ground magnetic fields at all redshifts.

Understanding cosmic magnetism

Understanding the Universe is impossible without understanding magnetic fields. They
fill interstellar space, affect the evolution of galaxies and galaxy clusters,
contribute significantly to the total pressure of interstellar gas, are essential
for the onset of star formation, and control the density and distribution of
cosmic rays in the interstellar medium (ISM).

In spite of their importance, the origin of magnetic fields is still an open problem in fun-
damental physics and astrophysics. Did significant primordial fields exist before the first
stars and galaxies? If not, when and how were magnetic fields subsequently generated?
What maintains the present-day magnetic fields of galaxies, stars and planets?

The most powerful probes of astrophysical magnetic fields are
radio waves.

Synchrotron emission measures the field strength, while its po-
larisation yields the field’s orientation in the sky plane and also
gives the field’s degree of ordering. Faraday rotation yields
a full three-dimensional view by providing information on the
field component along the line of sight, while the Zeeman effect
provides an independent measure of field strength in cold gas
clouds.

However, measuring cosmic magnetic fields is a difficult topic
still in its infancy, restricted to nearby or bright objects.

The SKA’s role
Through the unique sensitivity and resolution of the Square Kilometre Array (SKA), the
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window to The Magnetic Universe can finally be fully opened. Apart from the questions
we can pose today, it is important to bear in mind that the SKA will certainly discover
new magnetic phenomena beyond what we can currently predict or even imagine.

For the Milky Way and for nearby galaxies and clusters, high-sensitivity mapping with
the SKA of polarised synchrotron emission, combined with determinations of rotation
measures (RM) for extended emission, for pulsars and for the background RM grid men-
tioned above will allow us to derive detailed three-dimensional maps of the strength,
structure and turbulent properties of the magnetic field in these sources, which can be
compared carefully with the predictions of various models for magnetic field generation.

At intermediate redshifts, polarised emission from galaxies will often be too faint to
detect directly, but the magnetic fields of these sources can be traced by the RMs they
produce in the polarised background grid. This will allow detailed studies of the mag-
netic field configuration of individual objects at earlier epochs; comparison with studies
of local galaxies will allow us to understand how magnetised structures evolve and am-
plify as galaxies mature.

Furthermore, from a statistical standpoint, the large number of RMs obtained from
intervening galaxies and Ly-alpha absorbers will allow us to distinguish between com-
peting models for galaxy and magnetic field evolution as a function of redshift.

At yet higher redshifts, we will take advantage of the sensitivity of the deepest SKA
fields, in which we expect to detect the synchrotron emission from the youngest galaxies
and proto-galaxies. RMs of the most distant polarised objects (e.g., gamma-ray bursts
and quasars beyond the epoch of re-ionisation) can constrain magnetic field strengths
at the earliest epoch of galaxy formation, and help distinguish between primordial and
seed origins for present-day magnetic fields.

Using the unique sensitivity of the SKA, it may even be feasible to measure Faraday

rotation against the Cosmic Microwave Background produced by primordial magnetic
fields.

Fundamental to all these issues is the search for magnetic fields in the intergalactic
medium (IGM). All empty space may be magnetised, either by outflows from galaxies,
by relic lobes of radio galaxies, or as part of the cosmic web structure. Such a field
has not yet been detected, but its role as the likely seed field for galaxies and clusters,
plus the prospect that the IGM field might trace and regulate structure formation in the
early Universe, places considerable importance on its discovery.

This all-pervading cosmic magnetic field can finally be identified through the all-sky
RM survey proposed above. Just as the correlation function of galaxies yields the power
spectrum of matter, the analogous correlation function of this RM distribution can then
provide the magnetic power spectrum of the intergalactic medium (IGM) as a function
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of cosmic epoch and over a wide range of spatial scales. Such measurements will allow
us to develop a detailed model of the magnetic field geometry of the IGM and of the
overall Universe.

In summary, the sheer weight of RM statistics from the SKA, combined with deep po-
larimetric observations of individual sources, will allow us to characterize the geometry
and evolution of magnetic fields in galaxies, clusters and the IGM from high redshifts
through to the present, to determine whether there is a connection between the for-
mation of magnetic fields and the formation of structure in the early Universe, and to
provide solid constraints on when and how the first magnetic fields in the Universe were
generated.

Find out more: The origin and evolution of cosmic magnetism — B. M. Gaensler(Harvard-
Smithonian Center for Astrophysics), R. Beck(Max-Planck-Institut fiir Radioastronomie),
L. Feretti(Istituto di Radioastronomia CNR/INAF) — in Science with the Square Kilo-
metre Array, 2004

Abstract:

Magnetism is one of the four fundamental forces. However, the origin of magnetic fields in
stars, galaxies and clusters is an open problem in astrophysics and fundamental physics.
When and how were the first fields generated? Are present-day magnetic fields a result
of dynamo action, or do they represent persistent primordial magnetism? What role do
magnetic fields play in turbulence, cosmic ray acceleration and galaxy formation? Here
we demonstrate how the Square Kilometer Array (SKA) can deliver new data which will
directly address these currently unanswered issues. Much of what we present is based on
an all-sky survey of rotation measures, in which Faraday rotation towards > 107 back-
ground sources will provide a dense grid for probing magnetism in the Milky Way, in
nearby galaxies, and in distant galaxies, clusters and protogalaxies. Using these data, we
can map out the evolution of magnetised structures from redshifts z > 3 to the present,
can distinguish between different origins for seed magnetic fields in galaxies, and can
develop a detailed model of the magnetic field geometry of the intergalactic medium and
of the overall Universe. With the unprecedented capabilities of the SKA, the window to
the Magnetic Universe can finally be opened.

We thank JinLin Han, [also], ..., for useful comments.[!]

Interesting fact

On Earth our magnetic field helps to channel the stream of particles from the Sun,
known as the solar wind to the poles, forming the aurora seen in high northern and
southern latitudes. These aurorae have also been observed on the outer gas giant plan-
ets as far out as Neptune, showing just how much of an influence the Solar wind has.
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2.1.4 Probing the Cosmic Dawn|[9]

How were the first black holes and stars formed?
The SKA will look back to the Dark Ages, a time before the Universe lit up, to discover how
the earliest black holes and stars were formed.

e The first black holes and stars
Our understanding of cosmology has expanded greatly in recent years. On the one hand,
detailed observations of the cosmic microwave background (CMB) have shown us a ‘baby
picture’ of the universe as it was only 300,000 years after the Big Bang. During the next
roughly half billion years, structures on all scales began to collapse under gravity and
the first galaxies formed.

e How will the SKA peer in to this largely unknown era?
Space and ground-based telescopes have given us unprecedented views of distant Uni-
verse. Optical and infrared telescopes have imaged galaxies at distances over 13 billion
light years from Earth, at a time when the Universe was less than a billion years old.
The promise of large infrared telescopes in space and giant optical telescopes on the
ground should reveal even more distant and sensitive views of early galaxies.
Space telescopes like Planck that observe the CMB radiation have mapped the light
from the very early Universe, just after the moment of the Big Bang.
One of the last frontiers in cosmology is to explore this cosmological dawn when the first
galaxies formed, and the SKA is the most sensitive radio telescope that will conduct such
studies. This period in the early Universe that will be studied started around 380,000
years after the Big Bang, when the Universe was mostly dark until the first galaxies
began to shine.
It is an age in which these proto-galaxies and quasars formed and has been one of the
most difficult epoch’s of the Universe to explore, as these objects are exceptionally faint
and much of their light is absorbed by intervening matter as it travels toward us.
The sensitive optical and infrared sky surveys have shown that these young galaxies
are unlike anything we observe in the local Universe, with stars that could be orders of
magnitude larger than our own Sun, and with much shorter lifetimes.
The SKA, through imaging of the atomic Hydrogen gas, will provide pictures of the
period during and after the formation of the earliest sources of light in our Universe,
providing the first detailed measurements ever of the conditions under which they formed
occurring in this mysterious time.

e What is the epoch of reionisation?

Prior to the first structures such as galaxies and stars forming in the Universe most
of the gas, which was predominantly Hydrogen in the early universe, was fairly evenly
distributed and electrically neutral. This is known as the Dark Ages.

A special property of neutral hydrogen is that it produces weak radiation at a wavelength
of 21em, which in theory can be used to study this period, but in practice, its signal is
very faint, and difficult to detect through the Earth’s ionosphere.

However, once the first celestial objects, proto-galaxies and stars, started to form through
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gravitational instabilities, their light ionised pockets of the gas around them, switching
off the 21lcm emission from these regions. Astronomers have labelled this important
event as “reionisation”.

This era in the formation of the Universe has proven difficult to study. Not
only are proto-galaxies extremely distant and faint, the key problem is that
much of their light in optical and even out to the infra-red is absorbed as it
travels toward us.

Tantalising clues from the Wilkinson Microwave Anisotropy Probe (WMAP) and the
Sloan Digital Sky Survey (SDSS) telescopes have scientists excited, as these objects
display characteristics which are unlike anything they have seen before.

For example, the first proto-galaxies may form through different mechanisms than our
own Milky Way, and the stars inside these objects may be hundreds of times more
massive than our own sun.

Quasars

The quest to observe the first luminous objects in the universe has long been an impor-
tant driver of astronomy in general and cosmology in particular.

Interest in these objects has only grown recently with new observations by the WMAP
and high-redshift quasars selected from the SDSS.

A “quasar” or quasi-stellar radio source is a very energetic and distant active galactic
nucleus. They are exceptionally bright, and very far away.

First identified as being high redshift (z) objects, they emit strongly in the radio end of
the spectrum.

While the nature of these objects was controversial until as recently as the early 1980s,
there is now a consensus in the science community that they are compact regions nearby
black holes in the central areas of massive galaxies.

As they occur at such vast distances, they are part of the jigsaw aiming to piece together
the formation of the early Universe from its Hydrogen rich beginnings, through to the
time period when then first stars and galaxies started to form.

The fraction of ionised hydrogen left over from the Big Bang provides evidence for the
time of formation of the first stars and quasar black holes in the early Universe. Think
of the neutral fraction as the percentage of neutral Hydrogen present when things star
to form in the early universe.

The emission from a patch of the IGM depends on its density, temperature, and neutral
fraction.

When the first sources of light turn on, the IGM will be visible first in absorption and
then in emission as these sources heat their surroundings.

Fluctuations across the sky will show us how structure grows (through density varia-
tions) and how the heating occurs (whether through shocks or radiation from the first
objects).

The protogalaxies will also ionise surrounding pockets of gas, shutting off 21cm emission
around bright objects. The pattern of ionised and neutral gas, and its evolution with
time, will teach us about the sources responsible for reionisation.
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The SKA will provide detailed pictures of structure formation and reionisation through
observations of the redshifted 21cm line of neutral hydrogen. Unlike constraints from
the CMB, line radiation allows us to separate the contributions from different redshifts.
Through multifrequency observations, we can therefore construct fully three-dimensional
maps of neutral gas in the universe. Such maps are crucial for studying the time depen-
dence of reionisation.

Observations from the Sloan Sky Survey have shown evidence for a sharp rise in the
neutral fraction of the intergalactic medium (IGM) at z 6, implying that epoch of reion-
ization ends at this time.

On the other hand, WMAP has found a surprisingly large electron scattering optical
depth to the cosmic microwave background (CMB) radiation, implying that reionization
began at z 20.

Reconciling these observations requires reionisation to be a complex process, with the
ionising sources having qualitatively different (and time-dependent) characteristics from
all galaxies that we can currently observe and with feedback from protogalaxies play-
ing a crucial role in regulating the formation of subsequent generations of objects.

e So what will the SKA provide?

The Square Kilometre Array will study the detailed properties of the first
luminous objects in the universe, and be able to take snapshots of the
21cm emission at many different epochs, before, during and after reioni-
sation, yielding detailed information about the formation of the first struc-
tures in the universe. It will provide the best measurements available of
the characteristics of the first light sources in the universe.

Moreover, the SKA will have the sensitivity to make high-resolution spec-
tra of high-redshift radio sources. These spectra will yield detailed infor-
mation about the early evolution of the cosmic web, the growth of ionised
regions around protogalaxies, and even provide the only known direct way
to observe minihalos, small clumps of dark matter and gas in the IGM
that are predicted by many structure formation theories.

Interesting facts

In the early part of the 20th century, Slipher, Hubble and others made the first mea-
surements of the redshifts and blueshifts of galaxies beyond our own Galaxy.

The largest observed redshift, corresponding to the greatest distance and furthest back
in time, is that of the cosmic microwave background. The numerical value of its redshift
is about z = 1089 (z = 0 corresponds to present time), and it shows the state of the
Universe about 13.8 billion years ago, about 379,000 years after the Big Bang.

2.1.5 The cradle of life[7]
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Are we alone?

The SKA will be able to detect very weak extraterrestrial signals and will search for complex
molecules, the building blocks of life, in space.

Searching for life and planets

Are we alone in the Universe? Whether there is life on other worlds is a fundamental issue in
astronomy and biology, and an important question for humankind.

When you mention extra-terrestrial life, most people think of little green men and alien in-
vasions, but the science of looking for life on other worlds is gathering real momentum, such
as through discoveries of complex organic molecules in comets, nebula and interstellar space,
which form some of the building blocks for life as we know it.

The range of complexity in these organic molecules is vast, and it’s leading scientists to spec-
ulate more and more that life could be common in planets within the habitable zones around
stars.

The SKA will be able to detect extremely weak extraterrestrial radio signals if they were to
exist, greatly expanding on the capabilities of projects like SETT.

Astrobiologists will use the SKA to search for amino acids, the building blocks of life, by
identifying their spectral signatures at specific frequencies.

Recent discoveries have shown that gas giant planets (similar to Jupiter) are common around
other stars like the Sun. Though there is no conclusive evidence yet for potentially habit-
able, small, rocky planets like Earth, careful observations with more sensitive telescopes have
detected a number of candidate terrestrial-like planets, larger than Earth. Many scientists
believe these habitable worlds, in the so-called “Goldilocks zone” where conditions are just
right for life, must exist, and it’s only a matter of time before they are detected, either by
inferred observations or potentially directly.

Remote sensing of young stars shows they are surrounded by dusty discs which contain the
materials needed to form Earth-like planets. By observing the process of planet building, the
SKA will tell us how Earth-like planets are formed.

Although planets forming in the habitable zone of Sun-like protostars are currently far too
small to be detected directly, the dust from which they form has a lot of surface area that
intercepts starlight and converts the energy into heat which can be detected at short radio
wavelengths.

The SKA will image the thermal emission from dust in the habitable zone in unprecedented
detail. In particular, the SKA will show where dust evolves from micron-sized interstellar par-
ticles to centimetre-sized and larger “pebbles”, the first step in assembling Earth-like planets.
Observations show that gas giant planets are surprisingly common in the habitable zone around
other stars, unlike in our Solar System. This surprising discovery raises many questions:

e What accounts for the diversity in planetary systems?
e Are terrestrial planets common in the habitable zone?
e Do gas giant planets form in the inner disk or do they migrate there?

e What are the implications for Earth-like planets?
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The SKA will image features in discs related to planet formation. The presence of giant
protoplanets can open up nearly empty gaps in the disc material, revealing their presence,
and they may also drive large-scale spiral waves through the disc.

Because orbital times in the inner disc are short, just a few years, observations made over
time can track the evolution of these features. Giant planets may form by the slow growth
of dust grains into large rocks that capture gas, or by rapid gravitational instabilities that
disrupt the surrounding disc. The SKA will discern which mechanisms are active, and where
in the disc they occur, which will reveal the impact of newborn giant planets on their Earth-
like counterparts. When viewed from afar, the signatures of forming planets imprinted on
circumstellar dust may be the most conspicuous evidence of their presence.

The gaps in the dust clouds are much easier to detect than the planets themselves because of
their much larger surface area. It’s akin to seeing the wake of a boat from an airplane when
the boat itself is too small to be visible. The SKA may be the only instrument capable of
imaging the inner regions of discs where Earth-like planets form.

What about signals from a technologically advanced extraterrestrial civilisation? The SKA
will be so sensitive that it will be able to detect signals comparable in strength to television
transmitters operating on planets around the closest stars to the Sun out to dozens of light
years. The SKA will be able to search for these “leakage” signals from other civilisations for
the first time.

The SKA’s sensitivity will allow it to expand the volume of the Galaxy that can be searched
for intentional beacons by a factor of 1000, using a wider range of frequencies than attempted
before. The detection of such extraterrestrial signals would forever change the perception of
humanity in the Universe.

The search is on, and the SKA will be at the forefront of one of human kinds greatest quests.

2.1.6 Flexible design to enable exploration of the unknown

While this is truly exciting and transformational science, history has shown that many of the
greatest discoveries have happened unexpectedly. The unique sensitivity and versatility of the
SKA will make it a discovery machine.

We should be prepared for the possibilities.

2.1.7 SKA Science and Engineering Books

For the full SKA science case in detail see the SKA Science book:

e 135 Chapters, 1200 Contributors, 2000 Pages Of SKA Science
Advancing Astrophysics with the Square Kilometre Array -
2015
The last SKA science book, Science with the Square Kilometre
Array, was published in 2004
Individual chapters are available for download on the Proceed-
ings of Science website.
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https://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=215
https://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=215

e Science And Engineering Books

1. Advancing Astrophysics with the Square Kilometre Array,
editor: SKA Organisation, 2015
Download links:
Volume 1
Volume 2
Individual chapters

2. Science with the Square Kilometer Array: Motivation, Key
Science Projects, Standards and Assumptions 2004, eds: C.
Carilli, S. Rawlings.
link, also

3. The SKA: an engineering perspective, P.Hall, Springer, 2005
— reprinted from Experimental astronomy, Vol 17, Nos 1-3,
2004
link

2.2 SKA Science Working Groups & Focus Groups[4]

The science working groups (SWGs) and Focus Groups (FGs) have developed and evolved to
provide a conduit for interaction with the astronomical community. They are now intended
to cover all science areas that will be addressed with the SKA. Inevitably there is some level
of overlap between the groups, and their titles are unable to capture all the science areas that
the groups cover, please see individual pages for full details of what science is covered by each

group.

SWG-ToR-21Nov2018

2.2.1 Cosmology

Cosmology

Cosmology Working Group Documentation

The presentations from the Science Assessment Workshop can be found here.

The Cosmology presentations from the 2014 SKA Science Meeting can be found here.

The Cosmology Banner is here

The Square Kilometre Array (SKA) is a global enterprise to build the largest scientific instru-
ment on Earth, both in physical scale and in terms of the volume of data it will generate.
Consisting of two telescope arrays located respectively in Australia and South Africa and

managed from the SKA Organisation headquarters in the UK, the SKA promises to revolu-
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tionise our understanding of the universe. The science case for the SKA has the potential to
appeal to users well beyond the radio astronomy community, spanning across a wide range
of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus
Groups (FGs) covering all these areas have been set up to further evolve the SKA science
case, providing a conduit for interaction between the SKA Organisation science team and the
astronomical community. This banner provides a summary of the Cosmology Science Working

Group.

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

Proposed SKA1 Cosmology Surveys:

1. Medium—Deep Survey of 5,000 deg” at 0.95-1.4 GHz for
e HI galaxy redshift survey with 3.5 million objects
e Weak Lensing shape measurements with ~50 million objects

e Continuum galaxy survey with ~60 million objects

2. Wide Survey of 20,000 deg? at 0.35-1.05 GHz for
e Continuum galaxy survey with ~100 million objects

e HI intensity maps for 0.35 < 2z < 3

3. Deep Survey 100 deg2 at 200-350 MHz for

e HI intensity maps for 3 < 2z <6

Cosmology Science Goals:
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e DARK ENERGY: Investigate the nature of Dark Energy by
measuring the expansion rate of the Universe at different times

e MODIFIED GRAVITY: Test for deviations from General Rela-
tivity

e NON-GAUSSIANITY: Detect imprints of inflationary physics
at ultra-large scales

e DARK MATTER: Probe the nature of Dark Matter through its
gravitational interaction with normal matter

e HI EVOLUTION: Constrain the evolution of the abundance of
neutral Hydrogen in the Universe for 0 < z < 6

e COSMOLOGICAL PRINCIPLE: Test by measuring our motion
relative to the Universal expansion

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

e HI Intensity Mapping (HI EVOLUTION — DARK ENERGY — NON GAUSSIANITY —
MODIFIED GRAVITY)
The mapping of the HI spectral line via integrating over multiple sources within a 3D
pixel to create tomographic maps tracing the large-scale structure for 0 < z < 6. For
SKA1-MID, the HI intensity mapping survey will rely on the “single-dish mode” of ob-
servation, such that the maps are sensitive to the largest scales on the sky. Dark energy

and neutrino mass constraints will be comparable with the ones from Stage IV surveys
like Euclid.

related paper:
From dark matter (left) to HI intensity maps (right) using the simulations from Wolz et
al. 2016.

Intensity Mapping Cross-Correlations: Connecting the Largest Scales to Galaxy Evolu-
tion

THE TIANLAI PROJECT: A 21CM COSMOLOGY EXPERIMENT, by Xuelei Chen
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Xuelei Chen, Prof. Chen’s talk in THU, Prof. Chen’s blogs
Prof Chen is also the core member of the SKA Cosmology Working Group, in China,
only Prof. Chen is the core member.

Virgo - MPA Garching - The Millennium Simulation Project

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

e HI galaxy redshift survey (HI EVOLUTION — DARK ENERGY — NON GAUSSIAN-
ITY)
The unique clustering properties of Hl-selected galaxies provide a measure of large-scale
structure that is complementary to optical surveys, while accurate distance measures
coupled with peculiar velocities along the line of sight enabled by the Tully-Fisher rela-
tion can probe modified gravitational physics and test General Relativity. The proposed
Medium-deep survey at ~1 GHz will be done in conjunction with the SKA HI SWG,
maximising the scientific return for a single survey.

SKA Documents

Related 2004 “Science with the Square Kilometre Array” Chapters:

“Galaxy evolution, cosmology and dark energy with the Square Kilometre Array” Rawlings
et al.

“21cm tomography of the high-redshift univers with the Square Kilometre Array” Furlanetto
& Briggs

“Cosmology with the SKA” Blake et al.

“Extragalactic water masers, geometric estimation of HO and characterization of dark energy”
Greenbhill

“Strong gravitational lensing with SKA” Koopmans et al.

“Measuring changes in the fundamental constants with redshifted radio absorption lines” Cur-
ran et al.

“Sunyaev-Zeldovich effects, free-free emission, and imprints on the cosmic microwave back-
ground” Burigana et al.

“Searching for intergalacic shocks with the Square Kilometre Array” Keshet et al.

2.2.2 Gravitational Waves

This working group has a particular focus on Gravitational Wave Science enabled by stand-
alone SKA surveys (for example of galaxy clusters) or working in conjunction with GW inter-
ferometers in both a direct cross-correlation and a more synergistic mode.
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Prof Tao An from Shanghai Astronomical Observatory is one of the member.

2.2.3 Cradle of Life

This working group addresses the ‘Cradle of life’ comprising topics such as the formation of
planets in disk systems around young stars, SETI, exoplanets and complex molecules. For
other topics related to science within the Milky Way, there is a dedicated focus group ‘Our
Galaxy’.

The CoL Banner is here

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

Planet-forming disk a submm. wavelengths. SKA will offer similar resolution at cm
wavelengths, observing larger dust grains forming planets.

The observing wavelengths of ALMA /JVLA/SMA1 are complementary, with SKA1 sen-
sitive to the largest grains (a few cm).

2. Detect and characterize large molecules in planet-forming regions.
Organic building blocks relevant in cosmochechemistry and biology (e.g., sugar-like
species, molecules with peptide-like bonds) are found in primordial meteorites and
analogs of the young Solar system. Spectra of chemically rich sources at (sub)mm
wavelengths suffer from line blending. Spectra will be less crowded at cm wavelengths,
where, additionally, dust emission is optically thin, making identification of “pre-biotic”
molecules more straightforward.

3. Detect existence and study properties of exoplanet magnetic fields.

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

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

SKA Cradle of Life Science Assessment Workshop presentations: Workshop website here

Related 2004 “Science with the Square Kilometre Array” Chapters:
e “The Cradle of Life” Lazio et al.
e “The solar-stellar connection” White
e “Star formation at high angular resolution” Hoare
e “Late stages of stellar evolution” Marvel
e “Imaging protoplanetary disks with the square kilometre array” Wilner
e “Microarcsec astrometry using the SKA” Fomalont & Reid
e “Solar system science with the SKA” Butler et al.

e “Astrobiology and SETI” Tarter

2.2.4 Epoch of Reionization

The first of the working groups addressing the history of our universe, looking at the furthest
cosmological distances, redshift range ~6 to ~25.
The EoR Banner is here

When did the first generations of galaxies form? What were their properties? How did
they interact with each other? What is the structure of the intergalactic medium during the
first billion years? What is the thermal and ionization history of the baryons? The footprint
of these processes is imprinted in the Hydrogen gas the major constituent of the intergalactic
medium) and can be probed by observations of its hyperfine spectral line transition (occurring
at the rest frequency of 21-cm). We plan to use the SKA to carry out the deepest observations
of the diffuse neutral Hydrogen gas to trace the evolution of cosmic structure in the 6 < z < 30
range, unveiling the epoch when the very first luminous structure were born and how their
growth ionized the intergalactic medium.

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

Cosmic Reionization:

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

300 Myr

Heating Era:

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

e Image tomography of cosmic reionization

Image tomography of cosmic reionization

100 Myr

20 Myr

Cosmic Dawn:

Most models of structure formation
predict the first stars to form at z ~
30 and start to shine in an otherwise
dark Universe. Their UV radiation
excites the neutral Hydrogen gas
which becomes a source of 21-cm
radiation. As the intergalactic medium
is colder than the cosmic microwave
background (CMB), the 21-cm is
expected to be seen in absorption.

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

around them.

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

Simulations

e - . . . Simulated image of
of the Ao oty o 5 o & a, S the 21-cm signal at

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

z = B. The image
was convolved to
the expected SKA
resolution. Largely
ionized regions are
in blue.

SKA observations will
be able to map the
contrast between
ionized and neutral
regioninthe B <z <

139 29 278 12 redshift range.

(cMpe)
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e 21-cm forest

21-cm forest

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

Flux Density (mly)

1 1
128 129 130 131
Observing Frequency (MHz)

Related 2004 “Science with the Square Kilometre Array” Chapters:

“Probing the dark ages with the Square Kilometre Array” Carilli et al.

“Observations of HI 21-cm absorption by the neutral IGM during the epoch of re-ionization
with the Square Kilometre Array” Carilli et al.

2.2.5 Extragalactic Continuum (galaxies/AGN, galaxy clusters)

This working group is focused on the study of continuum emission from galaxies, AGN and
galaxy clusters over Cosmic time, including the evolution of the cosmic star-formation rate
out to the epoch of reionization.

The ExtraGalactic Continuum Banner is here.

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

e Star Formation History

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

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

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

Detailed Astrophysics of Local Galaxies

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

Galaxy Clusters

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

Strong Gravitational Lensing

Gravitational lensing produces multiple images of distant radio sources, allowing the
mass distribution of the foreground gravitational lensing galaxy to be modelled, whilst
providing a high magnification view of the high redshift Universe. The SKA-MID array
will have an angular resolution of <0.5 arcsec, which is ideally suited for detecting
gravitational lensing by galaxy-scale dark matter haloes. Shown is a simulation (left
and middle) of a gravitationally lensed extended star-forming galaxy and a point-like
AGN with a total flux-density of 1 mJy, when observed with SKA-MID (McKean et
al. 2015). The sensitivity and wide field-of-view of SKA-MID will discover over 10°
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new gravitationally lensed radio sources (at least 3 orders of magnitude more that are
currently known) from a shallow all sky survey over 1.65-3.05 GHz, which will be used
to test models for dark matter and galaxy formation. Also shown is a simulation of
HI in emission from a high redshift object when observed at ~500 MHz (redshift 1.86;
Deane, Obreschkow & Heywood 2015). The large differential magnification preferentially
boosts part of the HI rotation disk line profile, allowing the detection of intrinsically faint
objects out to redshift 2.

Related 2004 “Science with the Square Kilometre Array” Chapters:

“Galaxy evolution, cosmology and dark energy with the Square Kilometre Array” Rawlings
et al.

“Relativistic jets” Bicknell et al.

“Compact radio cores: from the firstblack holes to the last” Falcke et al.

“Deep radio continuum studies with the SKA: evolution of radio AGN populations” Jackson
“Disks, tori and cocoons: emission and absoprtion diagnostics of AGN environments” Morganti
et al.

“Surveys of compact extragalactic radio sources” Gurvits

“Predictions for the SKA from hierachical galaxy formation models” Baugh et al.

“Searching for high redshift centimeter wave continuum, line and maser emission using the
Square Kilometre array” Blain et al.

2.2.6 Extragalactic Spectral Line

This is the listing of the (non-HI) extragalactic spectral line science working group, addressing
spectral line work not covered by the HI Science Working Group or the Our Galaxy Science
Working Group.

The Extragalactic Spectral Line Banner is here.

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

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

The main science drivers are:

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

e unique diagnostics from masers and radio recombination lines,

e absorption along the line of sight to background continuum sources.
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e Redshifted CO lines and dense gas tracers (HCN, HCO+, HNC, CS...)

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

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

e Masers as tracers of AGN, starbursts, stars in Local Group (H20, OH, SiO...)

At sub-pc scale around AGN, water masers are so strong that VLBI resolution gives
the black hole mass, & distance with a precise and accurate estimate of HO (e.g. NGC
4258, Greenhill et al. 1996; UGC 3789, Reid et al. 2013, and ref. therein). The 22
GHz line may be observed at z = 0 with an upgrade to SKA, and z > 0.5 with SKA-
Mid, providing a wealth of new H20 maser sources from the local to distant Universe
(e.g. Tarchi & Castangia 2013). More than 100 OH megamasers have been detected in
starbursts (e.g. Darling & Giovanelli 2002), at z = 0.1 ~ 0.23. They are 2-4 orders of
magnitude stronger than OH galactic masers. With SKA, the survey at all redshift up
to z = 5 will allow to follow the cosmic starburst history.

OH masers in the Galaxy trace regions where new stars are born as well as evolved stars.
With SKA at 18cm, it will be possible to explore them in the Local Group galaxies (e.g.,
Etoka et al 2015).

e Radio Recombination Lines (RRLs)

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

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

e Absorption lines in intervening galaxies in front of quasars
SKA will give access to a plethora of bright background radio sources to probe molecular
absorption along their line of sight. The absorption technique is extremely sensitive
and molecules can be used as invaluable cosmological probes. Not only the chemical
state of the absorbing gas can be explored in depth, (e.g., complex organic molecules,
isotopologues), but molecules also reveal the ISM physics (e.g., cosmic-ray ionization,
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molecular gas fraction) and gas excitation (measurement of the CMB temperature as a
function of redshift). Rare isotopologues give us the possibility to track isotopic ratios
and enrichment by nucleosynthesis products over cosmic times. Finally, some molecules
(e.g., NH3, CH30H, CH) are sensitive tracers to test possible cosmological variations of
the fundamental constants (e.g, proton-to-electron mass ratio p, fine structure constant
Q).

2.2.7 HI galaxy science

This working group is focused on the history of gas in our universe through the study of atomic
HI line emission and absorption, mainly at redshifts from ~ 0to ~ 1.5.
The HI Banner is here

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

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

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

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

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

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

Related 2004 “Science with the Square Kilometre Array” Chapters:

“Galaxy evolution, cosmology and dark energy with the Square Kilometre Array” Rawlings
et al.

“Relativistic jets” Bicknell et al.

“Compact radio cores: from the firstblack holes to the last” Falcke et al.

“The accretion history of the universe with the SKA” Jarvis and Rawlings

“Deep radio continuum studies with the SKA: evolution of radio AGN populations” Jackson
“Disks, tori and cocoons: emission and absoprtion diagnostics of AGN environments” Morganti
et al.

“Surveys of compact extragalactic radio sources” Gurvits

“From gas to galaxies” vand der Hulst et al.

“Predictions for the SKA from hierachical galaxy formation models” Baugh et al.

“Searching for high redshift centimeter wave continuum, line and maser emission using the
Square Kilometre array” Blain et al.

“21 cm absorption stiudies with the Square Kilometre Array” Kanekar & Briggs

2.2.8 Magnetism

This working group addresses the fundamental physics of cosmic magnetism.

The Magnetism Banner is here.

The Cosmic Magnetism Science Working Group is focused on defin-
ing the role of magnetic fields in the physical processes that de-
termine the structure and evolution of the Universe. The SKA’s
Rotation Measure Grid survey will establish the origin and evolu-
tion of magnetic fields throughout the cosmos.

Magnetic fields are a major agent of energetic processes in vari-
ous cosmic objects, from star forming regions and stellar remnants,
through galaxies, including our own Milky Way, to the large-scale
structure of the Universe. Magnetism has long been recognized as
a crucial element in these problems, but new technology is required
to make the observational progress needed for a full understanding
of how these processes unfold in practice.

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

e A dense Faraday Rotation Measure (RM) Grid
The SKA will produce a Faraday RM Grid, comprising polarimetric detections of 7-14
million radio galaxies, 250-500 times as many as the current state of the art. In addition
to understanding the nature of the polarized sources themselves, the SKA’s RM Grid will
be used to probe a wide range of extended, intervening foreground sources, including:

— Milky Way and sources within (HII regions, SNRs, HVCs, masers ...)
— Magellanic Clouds

— Nearby galaxies

— Galaxy Clusters

— Radio Galaxies

— Cosmic Web

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

A visual impression of the projected source density as v
SKA1-MID. Image credit: S.A. Ma g data from Tay
and Schnitzeler et al (2019).

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

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

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

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

How do active galaxies influence their environments?

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

2.2.10 Pulsars

2.2.11 Solar, Heliospheric & lonospheric Physics
2.2.12 Transients

2.2.13 High Energy Cosmic Particles (Focus Group)
2.2.14 VLBI

2.3 SKA Technology[5]
2.4 Unprecedented Scale

The SKA will eventually use thousands of dishes and up to a million low-frequency antennas
that will enable astronomers to monitor the sky in unprecedented detail and survey the entire
sky much faster than any system currently in existence.

Its unique configuration will give the SKA unrivalled scope in observations, largely exceeding
the image resolution quality of the Hubble Space Telescope.

It will also have the ability to image huge areas of sky in parallel a feat which no survey
telescope has ever achieved on this scale with this level of sensitivity. With a range of other
large telescopes in the optical and infra-red being built and launched into space over the
coming decades, the SKA will perfectly augment, complement and lead the way in scientific
discovery.

2.5 Co-hosting

Both South Africa’s Karoo region and Western Australia’s Murchison Shire were chosen as
co-hosting locations for many scientific and technical reasons, from the atmospherics above
the sites, through to the radio quietness, which comes from being some of the most remote
locations on Earth.

South Africa’s Karoo will host the core of the high and mid frequency dishes, ultimately
extending over the African continent. Australia’s Murchison Shire will host the low-frequency
antennas.

2.6 A global effort

World leading scientists and engineers designing and developing a system which will require
supercomputers faster than any in existence in 2015, and network technology that will generate
more data traffic than the entire Internet.
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2.7 Phased development

In Australia, the SKA low-frequency telescope will comprise 512 stations in a large core and
three spiral arms creating a maximum baseline of 65km. Each of the stations will contain
around 250 individual antennas, meaning almost 130,000 will be installed on site in total.

Initially, 476 of these stations will be constructed with a maximum baseline of 40km. The
further away antennas are from the core of the telescope, the more expensive they become,
so slightly reducing the number in the early stages of construction will allow the SKA to stay
within the budget available at the time construction begins. The remainder will be added
when funding allows.

2.8 Precursors and pathfinders

Even before the SKA comes online, a series of demonstrator telescopes and systems known as
pathfinders and precursors, are already operational or under development across the world,
paving the way for the kinds of technology which the SKA will need to pioneer to make the
huge data available to scientists.

13 June 2014, SKA Science Conference, Giardini Naxos, Italy , game-changing-science-with-
the-ska-discussed-in-sicily

The talks given throughout the week highlighted the integral role pathfinder telescopes have
played in the process (such as the JVLA in the US, LOFAR in the Netherlands, etc.). A
number of these pathfinder telescopes were deployed from the beginning with the goal in mind
to enable engineers to test technologies and allow astronomers to conduct early research and
refine the key science fields leading up to the SKA. As such, they are a great success in them-
selves.

Precursor telescopes — pathfinder telescopes located on the SKA core sites in Western Australia
and South Africa — have also seen great progress. The Murchison Widefield Array (MWA)
in Western Australia which is conducting research in the low frequencies has been routinely
operating since July 2013, the Australian SKA Pathfinder (ASKAP) also in WA is currently
being commissioned with 6 of its 36 antennas already conducting science-grade observations,
and MeerKAT, the South African precursor telescope under construction, with its first an-
tenna recently inaugurated.

“We’ve had an intense week of first class science presentations from the community that truly
show just how much the SKA will add to our understanding of the Universe.” concluded Prof
Robert Braun, Director of Science at the SKA Organisation. “Not only has the science case
for the SKA grown even stronger, but we’re also more excited than ever about the “unknown
unknowns”, the other discoveries we cannot even predict but are sure the SKA will bring”.
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