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Indian initiatives in science with the SKA

T. Roy Choudhury*! and Yashwant Gupta!

! National Centre for Radio Astrophysics, TIFR, Pune 411007, India

Indian has been associated with the Square Kilometre Array (SKA), a international mega-project to
build the world’s largest telescope, from the beginning. The association has been strengthened recently
when India joined the SKA Organisation as a full member. The first phase of the SKA, called the SKA-1,
is currently in the design phase with construction expected to start within the next couple of years, i.e.,
around 2018. Early science is expected to be possible from around 2022 or so. So it is natural that
Indian scientists are looking to enhance their scientific contribution to the SKA, and also to build up a
base of astronomers that will be prepared to use the SKA when it is ready.

SKA-related initiatives in India are overseen by the “SKA-India Consortium” which has over a dozen
member organisations from all over the country. In particular, the science initiatives in different areas
are coordinated by the SKA-India Science Working Groups (SWGs), somewhat in line with what is
being done by the SKA Office for the international science community. These Indian SWGs have been
instrumental in creating awareness related to the SKA within the Indian scientists by organising talks,
workshops, meetings etc. The number of scientists interested in the SKA has grown substantially over
the last couple of years. The SWGs have not only been able to attract radio astronomers, but also
astronomers working in other wave bands and theoreticians interested in model building and signal
predictions.

The capabilities of SKA-1 will be phenomenal, for a variety of science goals and applications, and
will far surpass that of any existing or planned radio astronomy facility. The goals cover a wide range of
research areas starting from understanding the formation of stars using hyperfine transition of neutral
hydrogen to testing Einstein’s theory of general relativity using pulsars to detailed understanding of
some of the early phases in the life of the Universe. At present, the international community is busy
in developing up the so-called “Key Science Projects” (KSPs), i.e., large scale collaborative projects
addressing key scientific questions.

Keeping in line with the above, the Indian astronomers too are looking to build up their science cases
so that they are in positions to play significant roles in the appropriate KSPs of interest. The first task
along these lines has been to prepare a set of articles highlighting the science areas which Indians are
interested in, and also to provide initial plans for what they would want to do with the SKA. The first
collection of the articles was published as a booklet during the workshop on “Indian Participation in
the SKA” held in NCRA-TIFR, Pune on February 16, 2015. Over the last one year these articles have
been refined and more material added to produce the next version of the booklet, which we call the
“SKA-India Science Book: Version 27.

As one will see, the science book contains articles covering a wide range of science areas, almost all
areas that are being explored by the SKA international community. The areas cover nearby objects like
neutron stars as well as distant ones like galaxy clusters, AGNs and the first stars. One would find a
wide variety in terms of the techniques too. On the one hand, there are articles exploring possibilities of
conducting immediate observations using the SKA pathfinders (e.g., uGMRT), and extending these to
the future with the SKA. On the other hand, there are articles describing theoretical models and making
predictions for the SKA. There are also plans of coordinating with observations in other wave bands,
as well as gravitational waves. Such a coordination between astronomers from different backgrounds is
crucial in making full use of a facility as advanced as the SKA.

We hope the present set of articles would provide a clear direction, both to the international as well
as the Indian community, regarding the SKA-related science areas of current interest within India. We
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also hope that these will enthuse more astronomers to get involved with the SKA, thus allowing the
community to explore subjects beyond what has been covered in the present booklet.

We would like to thank all members of the SKA-India community who have contributed their time
and effort enthusiastically to this collection of articles, and look forward to continued and increased
participation from the Indian astronomy community in these endeavours.



Neutron Star Physics in the SKA Era: An Indian Perspective

Sushan Konar*!, Manjari Bagchi?, Debades Bandyopadhyay?, Sarmistha Banik?,
Dipankar Bhattacharya®, Sudip Bhattacharyya®, R. T. Gangadhara’, A. Gopakumar®,
Yashwant Guptal, B. C. Joshi!, Yogesh Maan!, Chandreyee Maitra®, Dipanjan
Mukherjee®, Archana Pai'®, Biswajit Paul'!, Alak K. Ray®, and Firoza K. Sutaria’

YNCRA-TIFR, Pune
2IMSe, Chennai
3SINP, Kolkata

4 BITS-Pilani, Hyderabad
SIUCAA, Pune
S TIFR, Mumbai
"IIAp, Bangalore
8CEA, Saclay
YRSAA-ANU, Canberra
07ISER, Thiruvananthapuram
" RRI, Bangalore

Abstract

It is an exceptionally opportune time for Astrophysics when a number of next-generation mega-
instruments are poised to observe the universe across the entire electromagnetic spectrum with
unprecedented data quality. The Square Kilometre Array (SKA) is undoubtedly one of the major
components of this scenario. In particular, the SKA is expected to discover tens of thousands of new
neutron stars giving a major philip to a wide range of scientific investigations. India has a sizeable
community of scientists working on different aspects of neutron star physics with immediate access to
both the uGMRT (an SKA pathfinder) and the recently launched X-ray observatory Astrosat. The
current interests of the community largely centre around studies of - a) the neutron star equation of
state, b) the evolution of neutron stars in binaries, ¢) the magnetic fields of the neutron stars, d) the
radio pulsar emission mechanism, and e) the radio pulsars as probes of gravitational physics. This
article summarizes the science goals of the Indian neutron star community in the SKA era, with
significant focus on coordinated efforts among the SKA and other existing/upcoming instruments.

1 Introduction

Since the first detection of a neutron star (NS) as a radio pulsar (Hewish et al. 1968), we now have some
~ 2500 objects detected with diverse characteristic properties across almost the entire electromagnetic
spectrum (Manchester et al. 2005). A consequence of this is the emergence of a large number of distinct
observational classes. Over the years, the study of this huge variety of neutron stars has mainly been
focused into three primary areas - i) to understand the evolutionary (or otherwise) connection between the
distinct observational classes, ii) to understand the physical processes relevant in and around a neutron
star and iii) to use the neutron stars as tools to understand certain aspects of fundamental physics.

All of these areas are expected to receive a tremendous boost with the advent of new generation in-
struments. In particular, because neutron star astronomy depends greatly on radio observations, the
SKA era would be of paramount importance. Potential applications include pulsar search and survey,
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pulsar magnetospheric studies, characterisation of transient objects (like RRATS) identification of gravi-
tational wave candidates, and so on. These will provide new insights and results in topics of fundamental
importance. The combination of the high spectral, time and spatial resolution and the unprecedented
sensitivity of the SKA will radically advance our understanding of basic physical processes operative in
the vast population of neutron stars and provide a solid foundation for the future advancement of the
field. The extent of such impact has recently been discussed in great detail in the international neutron
star community (Tauris et al. 2015; Watts et al. 2015; Keane et al. 2015; Shao et al. 2015; Hessels et al.
2015; Karastergiou et al. 2015; Eatough et al. 2015; Gelfand et al. 2015; Antoniadis et al. 2015). In
this document we focus on the areas of particular interest to the Indian scientists working in different
areas of neutron star physics.

2 The Generation : NS - SNR associations

Canonically neutron stars are created as end products of core collapse supernovae (CC-SNe). To date
only 79 of them have been spatially associated with supernovae remnants (SNR). While in most cases,
the spin down ages of the pulsars match well with the life time of the SNRs, there exist several objects
of comparable age, for which no SNRs have been detected in any electromagnetic band. This could
be a selection effect, caused by the sensitivity limitations of the (multi-waveband) instruments, or it
could be due to factors controlling the temporal and spatial evolution and emissivity of the SNRs. As
the supernova shock propagates through the interstellar medium (ISM), forming an SNR, its life time
dominated by the following four distinct phases.

1. The free expansion phase - This may last for several hundred years and is dominated by thermal
emission, wherein the mass of the swept up ISM dust and gases is very small compared to the
mass of the ejecta (Migm < Mejecta), With the temperature of the fast moving medium being in
the range T ~ 10 — 107 K (Chevalier 1977).

2. The adiabatic (Sedov-Taylor) expansion phase - This is reached when Mgy =~ Mejecta, and in
this phase the cooling ejecta also emits X-ray lines and thermal bremsstrahlung in the entire
electromagnetic band from the radio to the X-rays.

3. The “snow-plow” phase - This is dominated by radiative cooling, and is reached when Mgy >
Mejecta, and T < 10° K, leading to optical and UV line emission. This phase continues for ~
105 year, leading to

4. The final mixing of the ISM and the ejecta such that the shell breaks up in clumps (possibly due
to Rayleigh—Taylor and Kelvin—Helmholtz instabilities) and disperses the SN-provender’s material,
and the energy of the shock is dissipated in the ISM.

The duration for which the SNR remains in each phase, and its spectra, are determined by strength of
the SNe shock, the Mejecta, the density of the CSM (all of which in turn depend on the properties of the
progenitor), and also on the mass and thermodynamic properties of the ISM.

In the absence of a central compact object (CCO), SNRs are mostly identified by their morphology
(shell-like, plerionic, or composite structure) and the presence of non-thermal (synchrotron) emission,
emitted mainly by highly relativistic electrons accelerated by magnetic fields trapped in the remnant,
along with some diffuse emission from thermal bremsstrahlung processes. While the reverse shock in
a young SNR serves as a good accelerator, in older SNRs, the radio morphology (mainly filamentary
emission) and luminosity also trace out regions of turbulence induced amplification of magnetic fields in
the SNRs, caused by interaction with the ISM clouds. Further, the spectral index of the synchrotron
emission (especially early in the lifetime of the SNR), can be changed significantly by the high energy
cosmic rays (mainly protons) in the presence of strong magnetic fields (Jun & Jones 1999).

There exist several radio pulsars (PSR) with spin down ages below 7 ~ 10* year, with magnetic field
in the range of 10?2 < Bgyt ~ 10" G (i.e. from “ordinary” pulsars to magnetars), which have no
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observational evidence of any associated SNRs (see table [1]). Likewise, while the presence of a CCO
would confirm a CC-SNe, its absence in an SNR may also be because of a high kick velocity imparted
to the CCO at birth, or because the emission is beamed away from us, with any thermal radiation being
below the detection threshold of instruments in appropriate wavebands (young CCOs emit thermally
in the 0.2-10 keV band). For example, the nearest, recent SNR, SN1987A, shows no CCO but VLA
observations do show some evidence of a PWN 4. Finally, the paucity of SNR-PSR associations may
simply be because (a) the canonical "age” of SNRs is being grossly over-estimated, and/or (b) the pulsar
velocities at birth may have been severely under-estimated. All of these then raise important questions
about galactic rate of supernovae across types, the poorly understood physics of supernovae and neutron
star (or magnetar) formation, and SNe shock-ISM interaction. The high spatial resolution of SKA, and
its higher sensitivity should be able to answer at least some of these, both by probing the structure of
Galactic SNRs down to higher resolution and faintness, and by discovering new SNRs which may have
been missed out due to limits on the current surveys.

The neutron stars associated with the CC-SNe fall into two categories; the pulsar wind nebula (PWN)
and the Central Compact objects (CCO). In young pulsars, the rapid rotation and large magnetic fields
(B > 10'2 G) accelerate particles and produce energetic winds, resulting in spin-down of the neutron
star. Confinement of the pulsar winds in the surrounding medium generates luminous PWN seen all
across the electromagnetic spectrum, shining most prominently in radio and X-rays. First proposed by
Rees (1974), morphology of the PWNe can provide crucial information on the properties of the outflow,
the interacting ambient medium and the geometry of the pulsar powering it (see (Gaensler & Slane
2006), and references therein). In the innermost regions, relativistic outflows in the form of torus and
jets are formed; the geometry of which reveals the orientation of the pulsar spin axes and can provide
information on the formation of kicks imparted in the moments following their formation. The larger-
scale structures of the PWN provide insights on the ambient magnetic field and signatures of interaction
with the supernova ejecta. The evolution of a PWN inside an SNR follows three important evolutionary
phases: an initial free-expansion in the supernova ejecta, the collision between the PWN and SNR reverse
shock, which crushes the PWN subjecting it to various instabilities, and eventually subsonic re-expansion
of the PWN in the shock heated ejecta (Gelfand et al. 2007) and references therein). An additional later
phase might also be identified, when the pulsar’s motion becomes supersonic at it approaches the shell
of the supernova remnant and it acquires a bow-shock morphology (van der Swaluw, Downes, & Keegan
2004).

CCOs are X-ray point-like sources found at the centre of supernova remnants (Pavlov 2005). They
have a purely thermal X-ray spectrum with KT ~ 0.2-0.5 keV and luminosity ~ 1033 — 103? erg s~1.
No radio/Gamma-ray counterparts have been found. There is also no evidence of an extended nebular
emission surrounding these objects.

3 The Population

3.1 Classification

Even though some 2500 neutron stars with diverse characteristic properties have been observed, inter-
estingly the processes responsible for the generation of the observed emitted energy are basically of three
types. This leads to a simple classification of the neutron stars according to the nature of energy genera-
tion in them (Konar 2013). Primarily, we have - the rotation powered pulsars (RPP) powered by the loss
of rotational energy due to magnetic braking; and the accretion powered pulsars (APP) where material
accretion from a companion gives rise to energetic radiation. Then there is the new class of internal
energy powered neutron stars (IENS) (for want of a better name) where the emission is suspected to
come from their internal reservoir of energy (be it that of a very strong magnetic field or the residual
heat of a young neutron star) (Kaspi 2010).

1. Rotation Powered Pulsars (RPP) : - As of now, there are about three types that fall into
these category.
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Figure 1: Different observational classes of neutron stars (with some measurement/estimate of the mag-
netic fields) in the P — B plane.

Data : RPP - ATNF pulsar catalogue, RRAT - http://astro.phys.wvu.edu/rratalog/, Magnetar
- http://www.physics.mcgill.ca/ pulsar/magnetar/main.html, AMXP - Patruno & Watts (2012),
Mukherjee et al. (2015); HMXB - Caballero & Wilms (2012), INS - Haberl (2007), Kaplan & van Kerk-
wicjk (2009); CCO - Halpern & Gotthelf (2010), Ho (2013);

Legends : 1/B - isolated/binary, GC - globular cluster, GD - galactic disc, EG - extra-galactic objects



(a)
(b)

()

These are mainly the classical radio pulsars (PSR - P ~ 15, B ~ 10!t — 1013® Q), powered
by the loss of rotational energy due to magnetic braking.

Among the current sample of 2000+ radio pulsars known primarily in our Galaxy, millisecond
radio pulsars (MSRP - P<20 ms, B<10'° G) now number almost 200 (Lorimer 2009).
This famous (and initially the only) sub-class of RPPs, have different evolutionary histories,
involving long-lived binary systems and a ‘recycling’ accretion episode reducing both the spin-
period and the magnetic field (Tauris 2011).

The mildly recycled pulsars (MRP), defined as objects with P ~ 20—100 ms and B, < 10! G.
The rotating radio transients (RRAT) are also likely to be a sub-class of RPPs; suspected to
be extreme cases of nulling/intermittent pulsars.

2. Accretion Powered Pulsars (APP) : - Depending on the mass of the donor star these are
classified as High-Mass X-ray Binaries (HMXB) or Low-Mass X-Ray Binaries (LMXB).

(a)

Neutron stars in HMXBs typically have B, ~ 10'2 G and O or B type companions and
mostly show up as an X-ray pulsars (XRP) (Caballero & Wilms 2012).They have a hard
X-ray spectrum (KT > 15 keV). The spectrum exhibits possible signatures of interaction
of the accreted material with the strong magnetic field of the neutron star in the form of
Comptonisation, and the presence of broad absorption lines known as Cyclotron Resonance
Scattering Features (CRSF). CRSFs are found in more than 20 XRPs, and is a direct tracer
of the magnetic field strength of the neutron star from the 12-B-12 rule: E. = 11.6 keV
L B

17z X 1oz G; E¢ being the centroid energy, z the gravitational red-shift and B the magnetic
field strength of the neutron star.

LMXBs, on the other hand, harbour neutron stars with magnetic fields significantly weak-
ened (B<10'! G) through an extended phase of accretion. Physical process taking place
in such accreting systems are manifested as - thermonuclear X-ray bursts; accretion-powered
millisecond-period pulsations; kilohertz quasi-periodic oscillations; broad relativistic iron lines;
and quiescent emissions (Bhattacharyya 2010). These have given rise to two exciting obser-
vational classes in recent times - the accreting millisecond X-ray pulsars (AMXP) and the
accreting millisecond X-ray bursters (AMXB).

3. Internal Energy Powered Neutron Stars : - The connecting link between these classes is the
fact that the mechanism of energy generation is not obvious for any of them. For most part it is
suspected that the decay of a strong magnetic field or residual cooling might be responsible for the
observed emission.

(a)

Magnetars are thought to be young, isolated neutron stars and they shine because of the
decay of their super-strong magnetic fields and are actually related to soft gamma ray repeaters
(SGR) and anomalous X-ray pulsars (AXP). It is believed that the main energy source of
these objects is the decay of super-strong magnetic fields (magnetar model) (Thompson &
Duncan 1996).

The handful of X-ray bright compact central objects (CCO) are characterised by absence
both of associated nebulae and of counterparts at other wavelengths and exceptionally low
magnetic fields (B ~ 10'° G). It has been suggested that a regime of hypercritical accretion
immediately after the birth of the neutron star could bury the original field to deeper regions
of the crust (Vigano & Pons 2012).

The seven isolated neutron stars (INS), popularly known as Magnificent Seven, are optically
faint, have blackbody-like X-ray spectra (T ~ 10° K), relatively nearby and have long spin-
periods (P ~ —10 s). They are probably like ordinary pulsars but a combination of strong
magnetic field and spatial proximity make them visible in X-rays.

One of the prime challenges of neutron star research has always been to find a unifying theme to explain
the menagerie presented by the disparate observational classes (shown in Fig.1]) of the neutron stars.
The magnetic field, ranging from 10® G in MSRPs to 10'® G in magnetars, has been central to this
theme. It plays an important role in determining the evolution of the spin, the radiative properties and
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the interaction of a neutrons star with its surrounding medium. Consequently, it is the evolution of the
magnetic field which link these classes.

Some of the evolutionary pathways have now become well established through decades of investigation
by a number of researchers. For example, the connection between the ordinary radio pulsars with their
millisecond cousins via binary processing is now an established evolutionary pathway (Bhattacharya
2002; Konar 2013; Konar, Mukherjee, & Bhattacharya 2016). On the other hand, to understand the
connection between different types of isolated neutron stars a detailed theory of magneto-thermal evolu-
tion is being developed only in the last few years (see Pons, Miralles, & Geppert (2009); Kaspi (2010);
and Vigano (2013) for details of these model and other references). Therefore, it appears that a scheme
of grand unification, encompassing all the varieties, has started to emerge now. And it is expected that
in the SKA era important gaps in this unification scheme could be filled.

3.2 Radio Pulsars : Statistical Studies

Timing irregularities seen in radio pulsar rotation rates are of two kinds - a) timing noise : continuous,
noise-like fluctuations; and b) glitches. The abrupt cessation of pulsed radio emission for several pulse
periods, observed in some hundred odd pulsars, is known as the phenomenon of nulling. The nature
and degree of this nulling varies from one pulsar to the other. We undertake a comprehensive statistical
study of these pulsars.

In the second part, we also include the intermittent pulsars and the RRATSs in our study. Recently, it
has been suggested that there may exist a trend for nulling activity, going from ordinary nulling pulsars
to intermittents to RRATSs. Here we try to quantify the nulling behaviour to check for any difference
between these different classes of pulsars. With that aim we find the proximity of a given object to the
death-line. We find that for any assumed death-line the statistical distribution of q d for ordinary nulling
pulsars is very different from that of the RRATs. A number of scenarios were proposed to explain the
new observational class of RRATs. Assuming them to be a completely separate population of neutron
stars leads to the conclusion that in such a situation the inferred number of Galactic neutron stars would
be totally at variance with the Galactic supernova rates (Keane et al. 2010). They have also been
conjectured to be part of the normal pulsar intermittency spectrum - the case of extreme nulling, which
have been shown not to hold much promise recently (Konar, Gupta, & Agarwal 2016).

A glitch is a timing irregularity of radio pulsars, marked by a sudden increase in the spin-frequency v
which may sometimes be followed by a relaxation towards its unperturbed value. These are probably
caused by sudden and irregular transfer of angular momentum to the solid crust of the neutron star by a
super-fluid component rotating faster; or by the crust quakes. It has been suggested that the bimodality
seen within the range of glitch values actually pertain to these two separate mechanisms (Yu et al. 2013).
Our statistical analysis supports the conjecture that there exist more than one glitch mechanism corre-
sponding to different intrinsic energies. We suggest that mechanisms responsible for glitches are perhaps
different for different energy regimes, originating in different regions of the star (Konar & Arjunwadkar
2014).

3.3 Radio Pulsars : Synthesis Studies

Population synthesis study is the effort to understand the cumulative properties of neutron stars in
different ‘classes’ and to reveal the underlying physics behind such observed properties. One simple
method of population synthesis study is the so called ‘snapshot’ method where people study the observed
properties of one or more ‘classes’ or ‘sub-classes’ (Hui, Cheng, & Taam 2010; Konar 2010; Papitto et al.
2014). This method is not always sufficient to reveal the true characteristics of a ‘class’ of neutron stars,
mainly because of our limitations in observing neutron stars. So the detailed ‘full dynamical’ method
becomes unavoidable (Bhattacharya et al. 1992; Faucher-Giguere & Kaspi 2006; Story, Gonthier, &
Harding 2007; Ridley & Lorimer 2010). In this method, one first chooses a set of initial parameters for
the objects belonging to the ‘class’ or ‘classes’ under investigation (Monte-Carlo simulations), then model
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the evolution of the objects with chosen parameters, as well as their observability, i.e. the probability of
detection. Finally one justifies the choice of initial parameters, evolutionary models, etc., by comparing
the ‘observable’ properties of the synthetic set of objects with the observed properties of such objects.
This method sometime reveals interesting properties of the objects under investigation, e.g., the study by
Bhattacharya et al. (1992) first established the fact that the magnetic field of isolated rotation powered
radio pulsars does not decay. Sometimes, methods intermediate between the ‘snapshot’ approach and
the ‘full dynamical” approach have been used (Lorimer et al. 1993; Hansen & Phinney 1997; Bagchi,
Lorimer, & Chennamangalam 2011; Gullén et al. 2014). Note that, because of the complexity of the
‘full dynamical’ approach and uncertainties in initial conditions, this method is more popular to study
isolated radio pulsars with the initial point of the evolution started at the birth of the neutron stars. In
principle, one can perform the study starting from the zero age main sequence phase of the progenitor of
the neutron star, as theory of evolution of massive stars is well known. Similarly, there are many studies
on evolution and formation of neutron stars in binaries (Bhattacharya & van den Heuvel 1991; Verbunt
1993; Portegies Zwart & Yungelson 1998; Dewi, Podsiadlowski, & Sena 2006; Belczynski et al. 2008;
Kiel et al. 2008; Tauris et al. 2013), where the evolution and detectability of binary radio pulsars had
not been studied. Thus population synthesis remains an open avenue, which is likely to shed more light
on the physics of different sub-classes of rotation powered pulsars (for example, the RRATSs) which are
yet to be understood properly. Population synthesis will be useful for other areas of research as well,
including gravitational wave astronomy, short GRBs etc. Moreover, there is enough scope of employing
population synthesis methods to other ‘classes’ of neutron stars, e.g., APPs.

It is expected that the SKA will lead to discoveries of more RPPs (Smits et al. 2009; Smits et al. 2011).
This larger data set will enable us to test existing and future population synthesis studies better. Also,
due to its higher sensitivity and execution of motivated pulsar surveys, SKA might discover expected sub-
classes of RPPs including pulsars with stellar mass black hole (BH) companions, companions, galactic
centre pulsars, etc., and probably even some unexpected /unknown sub-classes. Presently, GMRT is being
widely used for pulsar surveys and will be used for such purposes in the near future. Lessons learnt from
GMRT pulsar surveys will help to devise efficient pulsar surveys using the SKA.

3.4 Black-widows & Redbacks : super-Jupiter companions

Observation of molecular lines in the ablated wind of super-Jupiter companions of black-widow and/or
redback pulsars can provide an interesting line of investigation into the physics of these systems. The
first black-widow pulsar observed is PSR B1957+20 (Fruchter, Stinebring, & Taylor 1988; Fruchter
et al. 1990), a millisecond radio pulsar (Pspi, = 6.2 ms) ablating its companion in a binary system
(Pory = 9.17 hr). It has been suggested (Kluzniak et al. 1988; Phinney et al. 1988) that strong gamma-
ray irradiation from the millisecond pulsar drives the wind from the companion star and gives rise to
a bow shock between the wind and pulsar magnetic field. The pulsar is likely to be left as an isolated
millisecond pulsar after few times 10% yr. The observability of these binary pulsars in the black widow
state implies that the lifetime of this transitory phase cannot be much shorter. Given the strong pulsar
radiation and the relativistic electron-positron outflow ablating its companion to drive a comet-tail like
wind, it is feasible to search for absorption lines in radio spectra.

Detection of OH line absorption through radio line spectroscopy in intra-binary space around a few
millisecond pulsars has recently been suggested (Ray & Loeb 2015). A detection may lead to a better
understanding of past evolutionary history of such systems as well as the composition of the companions
themselves. The knowledge may help us to discern formation scenarios of ultra low mass companions of
pulsars. Detection of OH lines would lead to constraints on the present state, e.g. the mass and radius
of the companion. OH is usually formed by the dissociation of HoO molecule, so it is often considered
a proxy for water, the most sought after molecule in the exoplanet context. Black widow and redback
pulsars have the characteristics that make them good targets for OH line detection observations since
pulsar timing and optical observations allow us to determine their geometry, including the eclipsing
region, well and their short orbital periods allow for repeated observations over many orbits within
reasonable time-lines to build up gated exposure time on the radio pulses near eclipse ingress and egress.
The geometry for a pulsar beam passing through the ablated wind of a companion orbiting a typical
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Figure 2: The geometry of a pulsar beam passing through the ablated wind from the super-Jupiter
companion orbiting a black widow pulsar. The wind may be rich in Oxygen if the companion is the
remnant of a star that has generated Carbon or Oxygen during its own evolutionary process.

black widow pulsar is shown in Fig. 2.

The intended targets would have to include binary, millisecond pulsars with high spin-down power and
moderate radio flux densities, with ultra-low mass (or even comparable to Jupiter mass) companions in
close orbits (P,rp ~ 2 — 14 hr). Their moderate mean flux densities and their small orbital dimensions
would make them good targets for OH absorption studies against their pulsed flux. It has been argued
that even with existing telescopes like GBT, Arecibo and Parkes it should be possible to detect the OH
line from black-widow and redback pulsars (Ray & Loeb 2015). Such lines in absorption spectroscopy
or maser emission in the (ISM) has already been detected for a few pulsars (Stanimirovié et al. 2003;
Weisberg et al. 2005; Minter 2008).

Future telescopes like the Square Kilometer Array (SKA) will have typically ten (SKA1-Mid) to hundred
times (full SKA) flux sensitivity compared to GBT. With SKA-1 increased sensitivity in L-band (Band3)
using low noise amplifiers, it will be possible to carry out such molecular line detections down to a
pulsar mean flux density level of 0.7 mJy or lower, opening up several other known pulsar targets for
similar studies. In addition, many newly discovered pulsar targets will become available for studies of
composition of the winds from the companion.

4 The Evolution

4.1 In HMXBs

While the double neutron star (DNS) binaries and the yet to be discovered NS-BH binaries are the
most promising candidates for the gravitational wave detectors, formation rates of such systems depend
crucially on the formation, co-evolution, and survival rates of the massive binary stellar systems. One
important phase of such binaries, in which their evolution can be measured with high accuracy is the
HMZXB phase in which one component has evolved to a compact star, most often a high magnetic field
neutron star. The accreting neutron star in such a system is an X-ray pulsar that enables accurate
measurement of the orbital parameters and its evolution. In almost all of the accreting X-ray pulsars
with super-giant companion stars, the orbital evolution time scale is found to be short, less than a
million year; suggesting a tidal force driven orbital evolution (Paul et al. 2011). The evolution of such
systems, leading to the formation of DNS or NS-BH binaries in some of them therefore must account
for the measured orbital decay rates of such systems. The orbital decay may lead to more compact
configuration which will increase the survival rate during the second supernova explosion and the decay
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may also lead to complete spiral-in which will lead to a single remnant. The orbital evolution of only a
handful of such systems have been followed so far. Measurements of orbital decay of a large number of
HMZXBs are expected to be performed with Astrosat and other planned X-ray timing instruments. This
would have an impact on the rate of DNS and NS-BH binary searches with the SKA and eventually have
an impact on the event rate estimate of gravitational wave detectors.

4.2 In LMXBs, Transition Pulsars

MSRPs are thought to be spun up by a billion-year-long phase of angular momentum transfer in
LMXBs (Alpar et al. 1982; Radhakrishnan & Srinivasan 1982). While this hypothesis is widely ac-
cepted, till recently, a direct connection between MSRPs and LMXBs was not established, because radio
pulsations were not observed from an LMXB. This is very important to understand the binary evolution
and accretion processes, because the extent of spinning up depends on (1) the evolution of accretion rate
and structure due to the evolution of the binary properties, (2) whether accretion primarily happens via
a geometrically thin accretion disk and hence transfers a large amount of angular momentum, (3) what
fraction of the accreted matter leaves the system via jet and wind, (4) whether accretion happens con-
tinuously or intermittently, and so on. Observation of radio pulsation from an X-ray binary also gives us
a unique opportunity to study how pulsar radiation and pulsar wind nebula affect the accretion process.
Recently, three sources (PSR J1023+0038, PSR J1227-4853, PSR J1824-2452I) have shown transitions
between the radio pulsar phase and the LMXB phase (Archibald et al. 2009; Roy et al. 2015; Papitto
et al. 2013). Each of the three systems is a Redback system, that is a binary stellar system with an
ms pulsar and a main-sequence star rotating around each other. These discoveries have confirmed that
such sources can change between radio pulsar state and LMXB state back and forth. Moreover, various
low-intensity X-ray states have recently been reported for these sources (Linares 2014). So, as mentioned
earlier, the systems showing both radio pulsar and LMXB phases can be very useful to probe binary
evolution, accretion-ejection mechanism, and so on. In order to achieve this, it is essential to discover
as many such systems as possible, and study them in both radio and X-rays in various intensity states.
So far, roughly 18 red-back systems are known. SKA will increase this number by at least a factor of a
few (Keane et al. 2015). Moreover, the two phases may be discovered even from non-redback sources.
The radio pulsation phase of this increased population should be observed and monitored with SKA.
When the radio pulsation disappears, or when the source X-ray intensity increases as detected with X-ray
monitors, X-ray pointed observations should be done. This way the above mentioned scientific problems
can be addressed very effectively by observations with SKA and proposed X-ray observatories such as
Astrosat and Athena.

4.3 Evolution of the magnetic fields

As mentioned in section 3.1, the evolution of magnetic field is one of the central ingredients in under-
standing the interconnections between different observational classes of the neutron stars. The evolution
of the magnetic field in accreting neutron stars has been of sustained interest to a number of Indian
scientists over the years. The following summarises the recent efforts in this area which is expected to
get a fillip with the expected increase in the number of transient pulsars (like black-widow & redback,
for example) and other categories in the SKA era.

In accreting neutron star binaries, matter is channelled along the magnetic field lines from the accretion
disc to the poles forming an accretion column (Ghosh & Lamb 1978; Basko & Sunyaev 1976). The
matter accumulated at the base of such accretion columns can significantly distort the local magnetic field
due (Melatos & Phinney 2001; Payne & Melatos 2004; Mukherjee & Bhattacharya 2012). Understanding
the evolution of the accretion mounds and its effect on the neutron star’s magnetic field will help address
several open questions, which can be broadly classified into two categories:

1. Short term evolution of the accretion column: The accreted matter will be confined by the mag-
netic field at the polar cap of the neutron star. However, beyond a threshold accreted mass,
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pressure driven plasma instabilities will cause the matter to break out of the magnetic confinement
and spread over the neutron star (Mukherjee, Bhattacharya, & Mignone 2013a; Mukherjee, Bhat-
tacharya, & Mignone 2013b; Ferrigno et al. 2013). Such dynamic processes occurring over short
time scales (local Aflven times and accretion time scales) will leave a significant imprint in the local
magnetic field topology. The dynamics of the spreading of matter from accretion columns remains
an unresolved question, both from observational and theoretical perspectives.

The local field topology can be directly probed from observations of cyclotron resonance scattering
features (CRSF) from X-ray observations (Harding & Lai 2006). Distortions in the magnetic field
is also expected to cause to complex line shapes in the CRSF profiles (Mukherjee & Bhattacharya
2012; Mukherjee, Bhattacharya, & Mignone 2013a). Due to limited capabilities of existing instru-
ments, there have been only a few detections of asymmetric line profiles (Pottschmidt et al. 2005;
Fiirst et al. 2015). Future observations with Astrosat, NuStar and Hitomi is expected to constrain
the physics of accretion columns further. Theoretical understanding of the interplay of radiation
pressure and infalling matter and its effect on continuum radiation is also currently lacking. Such
studies will help better constrain models of accretion columns which is currently used to model
X-ray observations.

2. Long term evolution of the magnetic field: The low magnetic field strengths of millisecond pulsars
have long been attributed to recycling due to accretion (Bisnovatyi-Kogan & Komberg 1974; Ro-
mani 1990). However, the exact mechanism of field decay is still unclear. Although diamagnetic
screening due to field burial has been proposed (Melatos & Phinney 2001; Payne & Melatos 2004;
Choudhuri & Konar 2002; Konar & Choudhuri 2004) as a possible mechanism, there is no clear
consensus on whether large scale field burial is possible without re-emergence (Cumming, Zweibel,
& Bildsten 2001) or if MHD instabilities (Mukherjee, Bhattacharya, & Mignone 2013a; Mukherjee,
Bhattacharya, & Mignone 2013b) may inhibit deformation of field lines required to reduce the ap-
parent dipole moment. Accretion enhanced ohmic decay of magnetic fields (Konar 1997; Konar &
Bhattacharya 1997; Konar & Bhattacharya 1999) is another plausible mechanism that may reduce
the magnetic fields to values observed for millisecond pulsars. However the current works do not
address in detail the dynamics of spreading resulting from magnetic channelling of matter onto the
neutron star, which needs to be addressed. Such studies will also help understand the evolution of
magnetic field strength of accreting neutron stars from ~ 10'2 G to ~ 10® G in millisecond pulsars.

Recently two accretion powered pulsars have shown evidences of long term evolution of the magnetic
field through evolution of the CRSF centroid energy. Her X-1 has shown long term evolution of the
CRSF independent to other observables both in the form of a sudden jump followed by a gradual
decay (Staubert et al. 2014; Klochkov et al. 2015). 4U 1538-522 also shows signatures of an
evolving CRSF energy (Hemphill et al. 2016).

5 The Interior

5.1 State of the matter

Shortly after the discovery of pulsars, the study of dense matter in the core of neutron stars had gained
momentum (Glendenning 1996). The rapid accumulation of data on compact stars in recent years may
shed light on the gross properties of cold dense matter far off normal nuclear matter density. Neutron
star matter encompasses a wide range of densities, from the density of iron nucleus at the surface of
the star to several times normal nuclear matter density in the core. Since the chemical potentials of
nucleons and leptons increase rapidly with density in the interior of neutron stars, several novel phases
with large strangeness fraction such as, hyperon matter, Bose-Einstein condensates of strange mesons
and quark matter may appear there. It is to be noted that strange matter typically makes the equation
of state (EoS) softer resulting in a smaller maximum mass for neutron stars than that for the nuclear
EoS (Glendenning 1996).

Observed masses and radii of neutron stars are direct probes of compositions and EoS of the interior.
The theoretical mass-radius relationship of compact stars could be directly compared with measured
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masses and radii from various observations. Consequently, the composition and EoS of dense matter in
neutron stars might be constrained. Neutron star masses have been estimated to very high degree of
accuracy. This has been possible because post-Keplerian parameters such as time derivative of orbital
period, advance of periastron, Shapiro delay, Einstein time delay etc. were measured in several binary
pulsars. Currently the accurately measured highest neutron star mass is 2.01£0.04 Mg (Antoniadis et al.
2013). This puts a strong constraint on the EoS of neutron star matter. Those EoS which can not satisfy
the 2 Mg, constraint, are ruled out (Banik, Hempel, & Bandyopadhyay 2014).

Unlike masses, radii of neutron stars have not been accurately measured yet. After the discovery of highly
relativistic binary systems such as the double pulsar system, PSR J00737-3039, for which masses of both
the pulsars are known accurately, it was argued that a precise measurement of moment of inertia () of
one pulsar might overcome the uncertainties in the determination of radius (R) because dimensionally
I o« M R? (Lattimer & Schutz 2005). In relativistic binary systems, higher order post Newtonian (PN)
effects could be measured. Furthermore, the relativistic spin-orbit (SO) coupling may manifest in an
extra advancement of periastron above the PN contributions such that the total advance of periastron
is W = wipy + wapny + Wso (Damour & Schafer 1988). The SO contribution has a small effect and
could be measured when it is comparable to the 2PN contribution. The measurement of the SO effect
leads to the determination of moment of inertia of a pulsar in the double pulsar system (Watts et al.
2015; Shao et al. 2015). With the present day timing accuracy for the pulsar A of PSR J0737-3039, the
determination of moment of inertia at 10 percent level would take about 20 years.

This situation would change with the advent of the SKA. Substantial advancement in the timing precision
is expected to come from the SKA. The high precision timing technique in the SKA would determine the
moment of inertia of a pulsar earlier than that in the present day scenario. The accurate determination of
masses and moments of inertia of pulsars in relativistic binary systems with the SKA leads to simultaneous
knowledge about masses, radii and spin frequencies of pulsars which would be used to confront different
theoretical models and constrain the EoS and compositions in neutron star interior or even yield the EoS
in a model independent way by inverting the Tolman-Oppenheimer-Volkoff equation (Lindblom 1992).
The EoS and compositions of dense matter extracted from neutron star observations are also important
for the construction of EoS tables for CC-SNe simulations, neutron star mergers and understanding
the appearance of strange matter in the early post bounce phase of a CC-SNe (Banik, Hempel, &
Bandyopadhyay 2014).

The spin-off from the measurement of moment of inertia in the SKA era will be manifold. It was
already predicted that the plot of moment of inertia versus rotational velocity (£2) might reveal some
interesting features of pulsars. It was shown that after the initial spin down of a pulsar along a supra-
massive sequence, there was a spin up followed by another spin down in the I vs. Q plane (Weber
1999; Zdunik et al. 2004; Banik et al. 2004). This is known as the back bending (S-shaped curve in
the plot) phenomenon. This phenomenon was attributed to the strong first order phase transition from
nuclear matter to some exotic (hyperon, kaon condensed or quark) matter. The SKA might provide an
opportunity to investigate the back bending phenomenon and the existence of exotic matter in pulsars.

Another interesting possibility is the presence of super-fluidity in neutron star matter. Generally it
is inferred that pulsar glitches are the manifestation of super-fluid neutron matter in neutron stars
(Andersson et al. 2012). Recently, it has been argued whether the moment of inertia of the super-fluid
reservoir in the inner crust is sufficient to explain the latest observational data of pulsar glitches or not
(Andersson et al. 2012; Chamel 2013). When the entrainment effect which couples the neutron super-
fluid with the crust, is taken into account, a larger angular momentum reservoir is needed for observed
glitches (Andersson et al. 2012). Consequently, the required super-fluid moment of inertia exceeds that
of the super-fluid crust. This indicates that some part of the super-fluid core would contribute to pulsar
glitches. It would be worth investigating the super-fluidity in neutron stars in general and the super-fluid
moment of inertia fraction for pulsar glitches in particular using the precision pulsar timing technique of
the SKA.

The Indian Neutron Star Community has tremendous expertise in theoretical modelling of the EoS of
dense matter and mass-radius relationships of (non)rotating neutron stars and will contribute immensely
in the science programme of the SKA.
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5.2 EOS constraints from thermonuclear bursts

Thermonuclear X-ray bursts are observed from neutron star low-mass X-ray binaries. These bursts orig-
inate from intermittent unstable thermonuclear burning of accumulated accreted matter on the neutron
star surface (Strohmayer & Bildsten 2006). Thermonuclear bursts provide the following methods to
measure neutron star parameters, and hence to constrain the theoretically proposed equation of state
models of neutron star cores (see Bhattacharyya (2010) and references therein). (1) Continuum spectrum
method: fitting of the continuum burst spectrum with an appropriate model can be useful to measure the
neutron star radius. (2) Spectral line method: atomic spectral line observed from the surface of a neutron
star provides a clean method to measure the neutron star radius to mass ratio (Bhattacharyya, Miller,
& Lamb 2006). However, so far a reliable detection of such a line has not been done. (3) Photospheric
radius expansion burst method: a strong burst, which shows an expansion of the photosphere, can be
used to constrain the mass-radius space of neutron stars (Ozel 2006). (4) Burst oscillation method:
intensity variation during thermonuclear X-ray bursts, i.e., burst oscillation, provides the neutron star
spin frequency with an accuracy usually much better than 1% (Chakrabarty et al. 2003). The fitting of
phase-folded burst oscillation light curves with an appropriate relativistic model can be useful to measure
neutron star mass and radius (Bhattacharyya et al. 2005; Lo et al. 2013). (5) Millihertz (mHz) quasi-
periodic oscillation (QPO) method: mHz QPO, which originates from marginally stable thermonuclear
burning on neutron stars, can be used to measure the stellar surface gravity, and hence to constrain the
mass-radius space of neutron stars (Heger, Cumming, & Woosley 2007). Given the systematic uncer-
tainties in measurements, a joint application of some of these methods can be very useful to constrain
neutron star parameters. Burst properties can be studied with current and future X-ray instruments,
including those of the upcoming Astrosat. In its time, only the LAXPC instrument of Astrosat will have
the capability to detect burst oscillations. The above mentioned methods will be complementary to the
capability of SKA to measure neutron star parameters (Watts et al. 2015).

6 The Magnetosphere

6.1 Radio Pulsars

A majority of the known neutron stars are radio pulsars, and have been detected via their radio emis-
sion. Soon after the discovery of the first pulsar (Hewish et al. 1968), it became clear that the pulsed
nature of the received signal is likely due to a misalignment of the rotation and the magnetic axes of
the pulsar (Radhakrishnan & Cooke 1969). Yet, a complete understanding of the underlying physical
mechanisms responsible for the radio emission is far from complete.

The key to the pulsar puzzle lies in a critical understanding of the emission region geometry through
a comparison of the high time resolution pulse data and high-sensitivity precision polarimetry with
quantitative theoretical predictions. Omne of the limitations has been the lack of precision data. The
radio emission region of a pulsar is small and it is at an altitude of a few hundred kilometers depending
on field geometry. It is thought that the radio-loud regions in pulsar magnetosphere are ruled by plasma
electrodynamics in a rotating system. The magnetic field is strong enough to constrain the plasma
flow to one dimension, and quantise the gyro-motion. The induced electric field is strong enough to
accelerate charges to very high Lorentz factors. A relativistic plasma within this system emits coherent
radiation as a by-product of pair creation and plasma dynamics. Although this hypothesis has gained
wide acceptance, it must be tested by measurements using the widest possible bandwidths, the highest
possible time resolution and the best possible sensitivity of the proposed SKA. An extreme antithetical
model is one in which the emission is infinitely beamed radiating tangentially to the local magnetic field
lines (Gangadhara 2004).

The sensitivities and the ranges of operating frequencies of the present instruments are such that these
are sufficient only for certain specific magnetospheric studies. But there exist other areas of investigation
which are possible only with sufficient increase in sensitivity that will be facilitated by SKA. A subset of
studies related to the pulsar emission mechanism, broadly divided on the basis of the timescales involved
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and the extents of the emission regions, are discussed below.

1. Phenomena at single pulse timescales: There are primarily 3 kinds of intriguing phenomena ob-
served in single pulse sequences of a significant number of pulsars — pulse-nulling, sub-pulse drifting
and mode-changing. Nulling is an interesting phenomenon wherein the pulse suddenly disappears,
implying possibly a complete cessation of emission or emitted flux density below the detection sen-
sitivity of current generation telescopes. Recent studies exploiting simultaneous multi-frequency
observations using different telescopes suggest that the magnetospheric changes responsible for ob-
served nulling occur at a global scale (Gajjar et al. 2014). Detecting nulls with duration of one
or only a few pulse periods has been possible only for bright pulsars. The high sensitivity of SKA
will help in (1) detection of any faint emission during the apparent nulls, and (2) studying the
nulling properties of faint pulsars. The increased sensitivity will also help in studying the emission
properties of pulsars when the transition from one profile mode to the other takes place. Both these
aspects will provide crucial inputs to modelling of physical theories explaining these phenomena.

Sub-pulse drifting or sub-pulse modulation involves intriguing modulations in single pulse com-
ponents, which indicate towards physical processes occurring at a range of timescales — from a
few milliseconds to a few hundreds of seconds. A phenomenological model (carousel model) to
explain sub-pulse drifting was suggested (Ruderman & Sutherland 1975) at a very early stage.
The carousel model was modified to address some of the observed inconsistencies (Gil & Sendyk
2000). Significant observational advances have also been made in this direction. Several pulsars
have been studied in detailed, with some studies providing strong support to the above carousel
model (Vivekanand & Joshi 1999; Deshpande & Rankin 1999; Deshpande & Rankin 2001; Asgekar
& Deshpande 2005) while the others indicating towards inconsistencies in the model (Edwards,
Stappers, & van Leeuwen 2003; Maan & Deshpande 2014). Some other models also have been
proposed (Clemens & Rosen 2004; Clemens & Rosen 2008; Jones 2013; Jones 2014) to explain the
sub-pulse modulation in pulsars. Further observational progress on this front, like systematic tests
of various proposed models, requires high sensitivity and good quality full-polarimetric measure-
ments of pulsars at wide range of frequencies. Such measurements are possible with the existing
telescopes only for a sample of bright pulsars. SKA will make it possible to extend these studies
to even the fainter pulsars, and hence, aid in developing a robust physical model applicable to
majority of pulsars.

2. Phenomena at micro- and nano-second timescales: Micro-structures (less-ordered intensity vari-
ations with time-scales 1 to 500 us) are seen in nearly all bright pulsars, but no consensus has
been reached as to their origins It is suspected that these are tied to plasma dynamics within the
emission regions. Detection and study of micro-structures obviously needs detection of single pulses
with sufficiently high signal to noise ratios (S/N).

Giant pulse (GP) emissions — a phenomenon currently known to be exhibited by only about a
dozen radio pulsars (out of nearly 2500 known) — are short-duration (sometimes as short as a few
nanoseconds) burst-like sporadic increases of individual pulse intensities (Hankins et al. 2003). The
peak flux densities of GPs can exceed those of regular individual pulses by factors of hundreds or
even thousands. Although several mechanisms have been proposed for the observed GP emission,
there is no satisfactory answer for a question as simple as following: what are the identifying
characteristics of the pulsars that emit giant pulses?

Large bandwidths are required to separate intrinsic frequency structure from that imposed by
propagation through the inhomogeneous interstellar medium, i.e., interstellar scattering. New
technology in the form of low-noise decade-bandwidth dual-polarisation antenna feeds and asso-
ciated low-noise amplifiers are required as well as data recording systems fast enough to sample
these bandwidths. The increased sensitivity facilitated by SKA will help in detection and study
of microstructures as well as giant pulses from a statistically large number of pulsars. The purity
of the polarisation measurements of such detections will also provide crucial help in localising the
physical emission regions, and hence, in understanding the emission mechanism of these features.

3. Ultra-wide bandwidth, ultra-high time resolution observations are critical, because models diverge in
what they predict for short time scales and fundamental emitter bandwidths. The emission changes
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within one rotation period, so we must have the highest possible sensitivity to see individual “pulses”.
We need radio observations which can resolve the dynamic time-scales of the plasma (on the order
of ~ 1077 to 107° s), the intrinsic plasma-turbulent time scales (as short as ~ 107 s), and reveal
the intrinsic bandwidths of the emission.

4. Motion of emission point: With the advent of long baseline interferometry it is possible to measure
the astrometric motion of pulsar emission point with respect to rotation phase (Pen et al. 2014).
The relativistic effects such as aberration and retardation (A/R) effects indeed change the locations
of emission point coordinates (Gangadhara & Gupta 2001; Gupta & Gangadhara 2003; Gangadhara
2005), and they are much effective in millisecond pulsars compared to the normal ones. To resolve
the emission region of a pulsar would require nano- or picoarcsecond imaging, which is challenging
to achieve with the existing telescopes.

5. Polarimetry: Resolution of single pulses to the micro-structure level with full Stokes polarisation is
required to advance our understanding of the pulsar radio emission mechanism and the propagation
effects in the pulsar magnetosphere. Wave polarisation provides almost all information about the
emission geometry and reflects the physics of the emission and/or propagation directly. High
sensitivity is absolutely a key because useful polarimetry requires that the received signal level S
substantially exceed the noise level N, e.g., S/N >1. What determines the linear and circular
polarisation of a signal? What causes the rapid orthogonal mode transitions in linear polarisation,
and the rapid sign changes of circular polarisation? Are these a signature of the emission process, or
a result of propagation in the pulsar magnetosphere? Although calibration techniques for accurate
polarimetry are now well known, attention must be paid to the polarisation characteristics of new
wide-band feed systems to assure that they can be accurately and unambiguously calibrated. To
take advantage of these wide bands we will need fast digital “backend” data acquisition systems with
high dynamic range to allow interference excision without corrupting pulsar signals in interference-
free bands.

6. Pulsar Emission Physics: The SKA is expected to greatly help us to address some of the key
problems in pulsar physics.

e How can we construct the 3D structure of pulsar emission beam? Currently the 3D structure of
pulsar emission is not clear whether it is conal or patchy. There are arguments for concentric
rings near and around the magnetic field axis (Rankin 1983; Rankin 1993; Gangadhara &
Gupta 2001; Mitra & Rankin 2002) or random locations in the beam rather than in some
coherent conal structure (Lyne & Manchester 1988). Gangadhara & Gupta (2001) have further
showed that at any given radio frequency the emissions close to magnetic axis comes from lower
altitude compared to the conal emissions. The individual pulses that build the stable profile
show enormous diversity in their overall characteristics. One needs to understand how the
single pulses averaged to a stable mean profile. Deduction of 3D structure of the pulsar radio
beam and how it forms from individual pulses, comprises a major step in revealing the pulsar
radio emission mechanism. One has to study in a large survey the beam shapes of young and
old pulsars to resolve this issue.

e Modelling of polarisation of pulsar profiles - Both the emission process and the viewing ge-
ometry set the polarisation state of the pulsar radio emission, which is expected to be further
modified by the propagation effects in pulsar magnetosphere. Gangadhara (2010) has de-
veloped a polarisation model of pulsars based on curvature emission, and shown how the
S-type polarisation angle swing correlates with the sense of circular polarisation. Further,
Kumar and Gangadhara (2012b, 2012a, 2013) generalised the polarisation model to include
aberration-retardation and polar cap currents. Propagation effects have been observed, the
most prominent being orthogonal modes of polarisation, which are generated in the magne-
tospheric plasma. Understanding the nature and origin of orthogonal polarisation modes in
magnetospheric plasma is crucial in understanding pulsar emission physics. The observing
capabilities of SKA is expected to resolve the issue of the origin of orthogonal polarisation
modes: intrinsic to the emission process or generated by the propagation effects.

7. Continuous/unpulsed/off-pulse Emission : Presence of a continuous emission component, i.e., emis-
sion in the off-pulse regime or far from the main pulse in the profile, has been long looked for. It is
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only recently that such emissions have been made from the pulsars B0525+21 and B2045—16 (Basu,
Athreya, & Mitra 2011). A magnetospheric origin of such off-pulse emission raises questions about
the location of the emission region. These detections have been possible due to the availability of
a fast sampling time (~ 125 ms) in the interferometric mode of the GMRT. GMRT’s fast sam-
pling time is adequate to resolve the off-pulse emission only for a handful of pulsars, that too very
coarsely. The strength of the off-pulse emission has also been found to be only about 1% of that of
the main pulse, demanding a very high sensitivity instrument. The SKA, with its high sensitivity,
possible gating in 100 bins across the pulsar period and large frequency coverage will be an ideal
and much awaited telescope to carry out the off-pulse emission searches and studies.

Apart from the known emission components detailed above, very faint radio emission from a some of the
gamma-ray pulsars, earlier considered to be radio-quiet, have been detected. Two of these gamma-ray
pulsars, J0106+4855 and J190740602, have been found to emit in radio with L-band flux densities below
10 uJy (Pletsch et al. 2012; Abdo et al. 2010). Furthermore, another gamma-ray pulsar, J1732—3131,
has been found to emit at low radio frequencies (Maan, Aswathappa, & Deshpande 2012; Maan &
Aswathappa 2014; Maan et al. 2016) with an upper limit on its flux density at L-band being 50 pJy.
Unusual radio emission from these gamma-ray pulsars might also be detected in the form of “giant-pulses”
or bursty emission (Maan 2015). Detection of such faint or bursty radio emission from these pulsars
might suggest presence of radio emission from all the gamma-ray pulsars that is below the detection
sensitivity of current telescopes. The upcoming telescopes SKA and FAST, with their unprecedented
sensitivities, might uncover such faint emission from these pulsars, and hence, a new class of faint radio
pulsars. Detection of the faint emission with polarimetric information will also play a crucial role in
understanding the location of the gamma-ray emission regions relative to the radio emission regions.

6.2 Fast Radio Bursts

Fast radio bursts (FRB) are a recently discovered (Lorimer et al. 2007; Thornton et al. 2013; Spitler
et al. 2014a; Ravi, Shannon, & Jameson 2015) class of radio transients which are of very short duration
(~ millisecond), show characteristics of propagation through cold, diffuse plasma, and likely originate
at cosmological distances. There are different hypotheses for creation mechanism of FRBs, including
super-conducting strings (Vachaspati 2008; Yu et al. 2014), merger of binary white dwarfs (Kashiyama,
Toka, & Mészdros 2013) or neutron stars (Totani 2013), collapse of supra-massive neutron stars (Falcke &
Rezzolla 2014), exploding black holes (Barrau, Rovelli, & Vidotto 2014), dark matter induced collapse of
neutron stars (Fuller & Ott 2015), and many others. None of the above hypotheses is established beyond
doubt, and the understanding of the physical origin of FRBs remains as an open challenge. Moreover,
discovery of more FRBs might lead to better understanding of the intergalactic medium (Zheng et al.
2014).

A theoretical understanding of FRBs, supplemented by a search for new FRBs in existing pulsars surveys,
is of significant recent interest. Already, the Parkes FRB triggers are being investigated with the GMRT
for their afterglow emissions. Moreover, there is an ongoing project to develop a transient detection
system at GMRT (Bhat et al. 2013), which might be very successful to detect FRBs. More details on
FRBs and description of activities and interests among Indian researchers can be found in the write-up
presented by the ‘Transient Science Working Group’.

7 Gravitational Physics : Pulsar probes

Two key Science goals of the SKA involve exploring the nature of relativistic gravity and to directly detect
nano-Hertz gravitational waves, predicted in general relativity. At present, Pulsars in binary systems
are extremely successful in testing general relativity in the strong field regime (Stairs 2003; Stairs 2004;
Kramer et al. 2006; Stairs 2010). These pulsar binaries usually include neutron star-white dwarf (NS-
WD) and neutron star-neutron star (NS-NS) systems. Unfortunately, neutron star-black hole (NS-BH)
binaries are yet to be discovered, although different studies on such possible binaries in the Galactic disk
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(Pfahl, Podsiadlowski, & Rappaport 2005; Kiel & Hurley 2009), globular clusters (Sigurdsson 2003), and
near the Galactic centre (Faucher-Giguere & Loeb 2011) have been presented. If NS-BH binaries have
small orbital periods (around a day), as predicted (Pfahl, Podsiadlowski, & Rappaport 2005; Kiel &
Hurley 2009), these might lead to superior tests of general relativity, provided technical difficulties can
be overcome. These systems might also help to determine the spin parameter of the BH and test the
validity of the Cosmic Censorship Conjecture and to test the BH no-hair theorem (Shao et al. 2015). As
NS-BH binaries are also important sources for gravitational waves for Advanced LIGO, understanding
of the properties of these systems from pulsar data analysis will help the gravitational wave community
to build better waveform templates.

The orbital dynamics of pulsars in binary systems are generally described in terms of five Keplerian
and eight post-Keplerian parameters (Damour & Deruelle 1986; Kopeikin 1994; Lorimer & Kramer
2004). The leading order expressions under general relativity have been used for the post-Keplerian
parameters. Measurements of these post-Keplerian parameters (through pulsar timing analysis) lead to
the determination of the masses of the pulsar and the companion. For a NS-BH binary, the values of these
post-Keplerian parameters will be larger, e.g., the Shapiro range parameter for a NS-BH binary is more
than seven times larger than that for a NS-NS binary (Bagchi & Torres 2014). Such high values of these
leading order post-Keplerian parameters for NS-BH systems imply that these terms will be measurable
even with a shorter data span. Moreover, even the higher order terms might be significant, and if that
is the case, one would need to incorporate these higher order terms while performing timing analysis to
avoid obtaining inaccurate system parameters (Bagchi 2013; Bagchi & Torres 2014).

The central region of the galaxy has a dense population of visible stars. It is quite likely that compact
objects, such as black holes (BHs) (Morris 1993; Freitag, Amaro-Seoane, & Kalogera 2006), neutron stars
and Intermediate Mass Black Holes (IMBH) (Portegies Zwart et al. 2006) may also be present there.
The discovery and timing of millisecond pulsars in the centre of our galaxy (hereafter GC) may allow us
to detect long wavelength gravitational waves (GWs) emitted from the SGR A* region due to large mass
black-holes orbiting the central super-massive black-hole (SMBH). This will allow us to “gravitationally
probe” these crowded regions which are usually obscured in the electromagnetic channels (Kocsis, Ray, &
Portegies Zwart 2012). The GW signal generated by a population of objects (the “foreground”) is smooth
if the average number per A f frequency bin satisfies (AN) > 1. The GW spectrum becomes spiky (with
(AN) < 1) above a critical frequency fies that depends on the number of objects within 1pc of the GC
and on the timing observation span. Sources within r..s generate distinct spectral peaks above frequency
fres- These sources are resolvable. The GW spectrum transitions from continuous to discrete at higher
frequencies inside the Pulsar Timing Array frequency band. If pulsars are observed repeatedly in time
for an observation span T' = 10 yr and with an interval At = 1 week, this can probe the range of GW
frequencies: 3 x 1079 Hz (3nHz) < f < 3 x 1075 Hz (3000nHz). The cosmological GW background from
the whole population of massive black hole binaries (MBHBs) is actually an astrophysical “noise” for the
purpose of measuring the GWs of objects orbiting SgrA*. The characteristic GW amplitudes (either of
a stochastic background or of a resolvable source) can be translated into into a “characteristic timing
residual” dt.(f) corresponding to a delay in the time of arrivals of pulses due to GWs, after averaging
over the sky position and polarisation. The results of simulations are summarised in Fig 1. BHs in orbit
around SMBH SgrA* generates a continuous GW spectrum with f < 40 nHz. A 100 ns - 10 us timing
accuracy with SKA will be sufficient to detect IMBHs (1000 M), if they exist, in a 3 yr observation if
stable PSRs 0.1 — 1 pc away from SgrA* are timed.

A large population of pulsars could be present inside the GC ((Pfahl & Loeb 2004)). The recent discovery
of GC magnetar SGR J1745-29 in the X-ray bands with NuSTAR and subsequently in the 1.2 — 18.95
GHz radio bands ((Bower et al. 2014), (Spitler et al. 2014b)) shows that the source angular sizes are
consistent with scatter broadened size of SgrA* at each radio frequency. Additionally, pulse broadening
timescale at 1 GHz ((Spitler et al. 2014b)) is several orders of magnitude lower than the scattering
predicted by NE2001 model (Cordes & Lazio 2002). (Chennamangalam & Lorimer 2014) estimate an
upper limit of ~ 950 potentially observable radio loud pulsars in GC. However, (Dexter & O’Leary 2014)
point out that despite several deep radio surveys no ordinary pulsars have been detected very close to
the GC and suggest an intrinsic deficit in the ordinary (i.e. slow) pulsar population. (Macquart &
Kanekar 2015) distinguish two possible scattering scenarios affecting the search for millisecond pulsar
search in the GC and suggest that in the weak scattering regime (if applicable for a large part of the
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Monte Carlo realization (histogram) of BHs in orbit around SMBH
in random orientation of circular orbits for a 10 yr observation span

20,000 BHs, 10 Mg,,,, within 1 pc, n(r) ~r-2

Distance to pulsar = 1 pc Distance to pulsar = 0.1 pc
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Figure 3: Detectable phase space of characteristic strain amplitude h, and GW frequency f with pulsar
timing with a probe pulsar at 1pc (left) and 0.1 pc (right) from the Galactic Centre. Dotted white lines
show the orientation-averaged h. for fixed timing residuals measured from the probe pulsars. Yellow
and cyan dashed lines show respectively the binary orientation-averaged timing residuals caused by
individual stellar BHs and IMBHs on circular orbits around the SMBH in a 10 yr timing of the probe
pulsar, assuming 1 object (source) per frequency bin. Green lines (histogram) show the timing residuals
for a random realisation of 10 Mg, stellar BHs in the cluster (20,000 BHs within 1 pc with number density
o r72). At high f, only few bins are occupied, generating a spiky signal. At lower f, many sources
overlap to create a continuous spectrum. Magenta dashed lines show the cosmological stochastic GW
background which can be much smaller, especially as f increases. For other (steeper) BH population
density profiles or for BH orbits with isotropic thermal eccentricity distributions, see Kocsis et al (2012).
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GC) a substantial fraction of the pulsars (> 1 mJy kpc? at 1.4 GHz) would be detected when observed
with SKA-Mid in the X-band (~ 8 GHz) and possibly a smaller fraction even with EVLA and GBT at a
less deep level. For the strong scattering regime however, the full high frequency (~ 25 GHz) capability
of the SKA on the longer term will be necessary. The detection and long term accurate timing of stable
millisecond pulsars near the GC will be of interest to the Indian partners of the SKA community from
multiple perspectives of probing the contents of the galactic centre, detecting gravitational waves and
tests of strong gravity.

A NS-BH system will be a very good tool to test the validity of non-conservative theories of gravity,
which produce a self acceleration of the centre of mass of a binary (Bagchi & Torres 2014). Moreover,
within the framework of general relativity and many other theories of gravity, any perturbation in the
space-time (like rotating neutron stars or black holes, neutron stars with other compact objects as
binary companions, etc.) produces ripples, i.e. gravitational waves. For the case of general relativity, the
emission of the monopolar gravitational wave is forbidden by the conservation of mass and the emission
of the dipolar gravitational wave is forbidden by the conservation of momentum. The quadrupolar
emission remains as the lowest order mode of emission of gravitational waves under this theory. The
existence of such emission has been established by measurement of the decrease of the orbital period of
many NS-NS and NS-WD binaries. But there are many hypothetical alternative theories of gravity (like
the ‘scalar-tensor’ theories) which allow emission of monopolar and dipolar gravitational waves. NS-BH
systems will be better systems to detect such emissions as the combined effect of monopolar, dipolar
and qudrupolar gravitational wave emission is much larger for such a system than that of NS-WD
systems (Bagchi & Torres 2014). It will be interesting to probe the implications of employing adiabatic
precessional equation for the orbital plane in the context of testing the BH no-hair theorem. It turns
out that going beyond such an adiabatic approximation is relevant while constructing gravitational wave
inspiral templates (Gopakumar & Schifer 2011; Gupta & Gopakumar 2014). Going beyond the above
adiabatic approximation can lead to certain quasi-periodic variations of angles that specify the orbit.
This is qualitatively similar to quasi-periodic evolution of few Keplerian parameters while incorporating
the effect of gravitational wave emission in a non-adiabatic manner as detailed in (Damour, Gopakumar,
& Iyer 2004).

However, a NS-BH system will not be as good as a NS-WD system while trying to probe possible variation
in the value of the gravitational constant G or to test strong equivalence principle (Bagchi & Torres 2014).
Another interesting possibility will be to observe millisecond pulsar binaries whose companions are visible
in the optical and near-infrared wavelengths with large telescopes like the Thirty Meter Telescope in the
square kilometer array era. The combined optical and radio observations of such double spectroscopic
binaries should eventually allow us to test ‘scalar-tensor’ relativity theories in certain interesting regime
which are at present difficult to achieve (Khargharia et al. 2012).

On the gravitational wave aspect, we plan to pursue investigations that can provide constructs, relevant
for analysing pulsar timing array data, that model gravitational waves from massive spinning black hole
binaries in post-Newtonian eccentric (and hyperbolic) orbits. These investigations are expected to be
influenced by (Damour, Gopakumar, & Iyer 2004; Tessmer & Gopakumar 2007; Gopakumar & Schéfer
2011; De Vittori et al. 2014) that provided accurate and effect prescription to construct post-Newtonian
accurate gravitational wave templates compact binaries in non-circular orbits.

Super-massive Black Hole binaries (SMBHBs) are putative sources in nanoHertz gravitational wave
astronomy. Incoherent superposition a large number of SMBHBS is expected to produce stochastic back-
ground signal for Pulsar Timing Arrays (PTA). Though it is unlikely to resolve the sources individually,
such a possibility has been explored for z<2 (Sesana, Vecchio, & Colacino 2008; Olmez, Mandic, &
Siemens 2010; Ravi et al. 2012). The authors further study and show that with 100 pulsars, the SMB-
HBs can be located with 40 degree square (Sesana & Vecchio 2010). Pertaining to the early inspiral
phase, the signal from such source is monochromatic in nature. The maximum likelihood approach has
been further developed to explore the feasibility to localise the SMBHB source with a PTA (Babak &
Sesana 2012). Recently, we have defined the figures of merit of PTA to quantify its efficiency and probe
the angular resolution ability as well as the polarisation recovery of the underlying SMBHB source (Agar-
wal & Pai 2016). This work clearly demonstrates the idea of using PTA as a multi-detector network to
detect gravitational waves from SMBHBs.
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The fast spinning accreting neutron stars with an accretion mound are potential sources for the ground
based gravitational wave detectors (Bildsten 1998). These sources are attractive due their spin frequency
being several hundred hertz, a match with the GW detectors. At the same time, gravitational wave search
from these sources are very computation intensive because its detection will require coherent analysis of
data over a long period of time, a couple of years. One needs to know the spin and orbital parameters
of the system and their evolution very accurately over this entire period. Otherwise, the parameters
space for search is very large (Watts & Krishnan 2009) rendering it impossible and it will also reduce
the significance of any detected signal. The spin and orbital evolution of a few accreting millisecond
pulsars are known (Hartman et al. 2008), but unfortunately, these systems are transient, and therefore
have lower average mass accretion rate, aka weak gravitation wave signal. Some transient sources, like
EXO 0748-676, can however, be very potential candidate as they spend long periods in X-ray bright
state and go into quiescence in between. If SKA finds radio pulsations from some of these sources in
quiescence (same as the the transitional LMXBS), which will also help establish the orbital parameters,
gravitation wave searches can be done over relatively smaller parameter ranges during their future X-ray
bright states.

8 Multi-wavelength Studies

Observations with Astrosat will improve our understanding of neutron stars in X-ray binaries in several
ways. The biggest advantage that Astrosat provides is in terms of large effective area of the LAXPC
instrument, especially over a wide energy band extending upto 80 keV. Among the known and yet to be
discovered LMXBs, Astrosat is likely to discover more accreting millisecond X-ray pulsars, the improved
statistics will give better understanding of the mechanism and limits of the neutron star spin-up via
accretion in LMXBs. Discovery of more pulsars in the process of spinning up in LMXBs, like the 11 Hz
accreting pulsar in the globular cluster Terzan 5 will be additional support for the process of spinning
up of neutron stars through their LMXB phase. Observations of the KHz quasi-periodic oscillations,
thermonuclear burst oscillations, and thermonuclear burst spectroscopy are also likely to be significantly
improved with Astrosat. All of these are very useful for understanding the EOS of neutron stars.

Astrosat will carry out a lot of study of the high magnetic field accreting neutron stars, more commonly
known as accreting X-ray pulsars, most of which are found in HMXB systems. Different aspects of
X-ray pulsar studies with Astrosat that are of wider interest are i) magnetic field configuration of the
neutron stars, ii) possible alignment of the spin and magnetic axis, iii) magnetic field evolution in the
accretion phase. Understanding of these will improve with Astrosat measurements of energy and intensity
dependence of the pulse profiles of these systems and pulse phase dependence, luminosity dependence,
and time dependence of the cyclotron line parameters of the X-ray pulsars. A type of relatively newly
known accreting systems are the fast X-ray transients with super-giant companion stars. Though most
of these systems are expected to harbour high magnetic field neutron stars, persistent X-ray pulsations
have been detected in only three of these systems and cyclotron line has been detected in only one
system. Astrosat observations are likely to bring more clarity to the nature of the compact objects in
these systems and perhaps provide insight onto why accretion from wind in these systems give different
X-ray features in the form of fast transient outbursts.

Though the immediate emphasis of this document has been the impact of SKA era on neutron star
research and the immediate benefits of Astrosat, we need to remember that a large number of other
high-sensitivity instruments (both in radio and higher energies) are also upcoming; many of which has
active Indian participation (like, SKA, TMT, LIGO etc.). It is imperative that maximal advantage is
taken of the science capabilities of these. In tables [2] & [3] we present a comprehensive list of such
instruments and note down the particular kind of investigations that could be undertaken using them.
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9 Summary

It is noted that the interests of the neutron star community in India correspond closely to the SKA
science goals, in regard to the pulsar astronomy. We are now beginning to define theoretical calcula-
tions/simulations as well as observational projects, keeping in mind that the community can immediately
make use of the recently launched X-ray instrument Astrosat and the upgraded GMRT (uGMRT)
which has been given the SKA pathfinder status. Execution of these projects, theoretical as well as
observational, would prepare the community to take appropriate use of the SKA capabilities in future.
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Table 1. Pulsars with no associated SNRs
Name Association Ts Bs Erot

Yr G erg.s !
1 J1050-5953 XRS 2.68e+03  5.02e+14  5.6e+33
2 J1023-5746 GRS(F) 4.6e+03 6.62e+12 1.1e+37
3 J1838-0537 * 4.89¢+03  8.39¢e+12  6.0e+36
4 JO0100-7211 EXGAL:SMC,XRS 6.76e+03  3.93e+14 1.4e+33
5 J1357-6429 XRS:PWN 7.31e403  7.83e+12 3.1e+36
6 B1610-50 * 7.42e+03 1.08e+13 1.6e+36
7 J1617-5055 GRS 8.13e+03 3.1le+12 1.6e+37
8 J1734-3333 * 8.13e+03  5.22e+13 5.6e+34
9 J1708-4008 XRS 8.9e+03 4.7e+14 5.8e+32
10 J1418-6058  GRS(F),GRS(H) 1.03e+04  4.38e+12  4.9e+36
11 J1301-6305 * 1.1e+04 7.1le412 1.7e+36
12 J1809-1943 XRS(AXP) 1.13e+04 2.1e+14 1.8e+33
13 J1746-2850 * 1.27e4+04 3.85e+13  4.2e+34
14 J1420-6048  GRS(F),GRS(H) 1.3e404  24le+12  1.0e+37
15 J1413-6141 * 1.36e+04  9.88e+12  5.6e+35
16 J1826-1256  GRS(F),XRS(AXP),PWN  1.44e+04 3.7e+12  3.6e+36
17 J1702-4310 * 1.7e4+04 7.42e+12  6.3e+35
18  J2021+43651 GRS,GRS(F) 1.72e+04  3.19e+12  3.4e+36
19 J211144606 GRS(F) 1.75e4+04 4.8le+12 1.4e+36
20 J2004+3429 * 1.85e+04  7.14e+12  5.8e+35
21  B1046-58 GRS(F) 2.03e+04  3.49e+12  2.0e+36
22 B1737-30 * 2.06e+04 1.7e+13 8.2e+34
23 J1856+0245 GRS(H),XRS (AXP) 2.06e+04 2.27e+12  4.6e+36
24 J1935+2025 * 2.09¢e+04  2.23e+12  4.7e+36
25 B1823-13 GRS, XRS:PWN 2.14e+04 2.8e+12 2.8e+36
26 J1934+2352 * 2.16e+04  4.89e+12 9.1e+35
27 J1958+42846  GRS(F) 2.17e+04  7.94e+12 3.4e+35
28  J1838-0655 XRS (AXP), GRS(H) 2.27e+04  1.89e+12  5.5e+36
29  J1135-6055 * 2.3e+04 3.05e+12  2.1e+36
30  J1909+0749 % 2.47e+4+04  6.07e+12  4.5e+35
31 J1410-6132 * 2.48e+04 1.28e+12 1.0e+37
32 J1747-2958 GRS (PWN) 2.55e+04  2.49e+12  2.5e+36
33 B1727-33 * 2.6e+04 3.48e+12 1.2e+36
34  J2238+5903 GRS(F) 2.66e+04  4.02e+12  8.9e+35
35 J1821-1419 * 2.93e+04  3.89e+13 7.8e+33
36  J1841-0524 * 3.02e+04 1.03e+13 1.0e+35
37  J1524-5625 * 3.18e+04 1.77e+12 3.2e+36
38 J1112-6103 * 3.27e+04  1.45e+12 4.5e+36
39 J1718-3718 * 3.32e+04  7.47e+13 1.7e+33
40  J1837-0604 * 3.38e+04  2.11le+12 2.0e+36
41 J1833-0831 XRS (SGR) 3.49e+04 1.63e+14  3.1e+32
42 J0729-1448 * 3.52e+04 5.4e+12 2.8e+35
43 J1932+1916 * 3.54e+04  4.46e+12 4.1e+35
44 J1551-5310 * 3.68e+04  9.52e+12 8.3e+34
45 J1907+0918 * 3.8e+04 4.67e+12  3.2e+35
46 J1015-5719 * 3.86e+04  2.87e+12 8.3e+35
47  B1930+22 * 3.98e+04  2.92e+12 7.5e+35
48  J1044-5737 GRS(F) 4.03e+04  2.79e+12  8.0e+35
49  J1815-1738 * 4.04e+04  3.98e+12  3.9e+35
50 J1637-4642 * 4.12e+04  3.06e+12  6.4e+35
51  J1849-0001 XRS,GRS,GRS(H) 4.29e+04  7.49e+11  9.8e+36
52 J1745-2900 XRS (AXP) 4.31e+04 7.3e+13 1.0e+33
53  J1813-1246 GRS 4.34e+04 9.3e+11 6.2e+36
54  J0631+1036 GRS(F) 4.36e+04  5.55e+12 1.7e+35
55  J0940-5428 * 4.22e+04 1.72e+12 1.9e+36
56  J0631+1036 GRS(F) 4.36e+04  5.55e+12 1.7e+35
57  J1524-5706 * 4.96e4+04  2.02e+13  1.0e+34
58  J1412-6145 * 5.06e+04  5.64e+12 1.2e+35
59  J1809-1917 XRS (PWN) 5.13e+04 1.47e+12 1.8e+36
60 J1737-3137 * 5.14e+04 8e+12 6.0e+34
61  J1838-0453 * 5.22e+04  6.72e+12 8.3e+34
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81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

Table 1 (cont’d)

J1055-6028 GRS
J1702-4128 %
J1422-6138 %

J1841-0345 %

J0633+0632  GRS(F)
J1429-5911  GRS(F)
J1406-6121  *

J19384-2213 %

J024846021  GRS(F)
J1541-5535 %

J1413-6205  GRS(F)
J1806-2125  *

J1105-6107  XRS
J1459-6053  GRS(F)
J1850-0026  *

J0534-6703 ~ EXGAL:LMC
J0146+6145 XRS
J19544-2836  GRS(F)
J1636-4440  *

J18574-0143
J1601-5335
J1828-1101
J0901-4624
B1727-47
J1855+0527
J1928+1746
J1847-0130
J1705-3950
J1814-1744
J1738-2955
J1638-4608
J1803-2149
B1916+14
BO611+22  *

RS(F)

*Q************

J1718-3825  GRS(F),GRS(H)

J1028-5819  GRS(F)
J1913+0446
J1558-5756
J1531-5610
J19094-0912
J221645759

EE

* %

5.35e+04
5.51e+04
5.58e+04
5.59e+04
5.92e+-04
6.02e+-04
6.17e+04
6.2e+04
6.24e+4-04
6.25e+04
6.28e+04
6.29e+4-04
6.33e+04
6.47e+04
6.75e+04
6.78e+04
6.91e+04
6.94e+4-04
7.01e+04
7.1e+04
7.33e+04
7.71le404
8e+04
8.04e+04
8.26e+-04
8.26e+04
8.33e+04
8.34e+4-04
8.46e+4-04
8.58e+04
8.56e+04
8.63e+04
8.81e+04
8.93e+04
8.95e+-04
9e+-04
9.18e+-04
9.54e+4-04
9.71e4+04
9.87e+04
9.62e+04

1.74e+12
3.12e+12
5.81e+12
3.48e+12
4.92e+12
1.9e+12
3.45e+12
2.69e+12
3.5e+12
4.77e+12
1.76e+12
7.74e+12
1.0le+12
1.63e+12
2.58e+12
2.81e+13
1.33e+14
1.42e+12
3.14e+12
2.11e+12
4.29e+12
1.05e+12
6.29e+12
1.18e+13
1.95e+13
9.64e+11
9.36e+13
4.45e+12
5.51e+13
6.1e+12
3.83e+12
1.46e+12
1.6e+13
4.52e+12
1.0le+12
1.23e+12
2.15e+13
1.46e+13
1.09e+12
2.86e+12
5.44e+12

1.2e+4-36
3.4e+35
9.6e+34
2.7e+35
1.2e+435
7.7e+35
2.2e+35
3.7e+35
2.1e+35
1.1e+35
8.3e+35
4.3e+34
2.5e+36
9.1e+35
3.3e+35
2.8e+33
1.2e4-32
1.0e+-36
2.1e+35
4.5e+35
1.0e+35
1.6e+36
4.0e+-34
1.1e+34
3.9e+33
1.6e+4-36
1.7e+432
7.4e+34
4.7e+32
3.7e+34
9.4e+34
6.4e+35
5.1e+33
6.2e+34
1.3e+36
8.3e+35
2.6e+33
5.2e4+33
9.1e+35
1.3e+35
3.7e+34

*List of all pulsars with spin down ages < 10° year, with no associated super-
nova remnant. The list is in ascending order of age, and the surface magnetic
field (Bsyrf), and rotational energy (E"mt) of the pulsar are provided. Extra-
galactic sources, those associated with pulsar wind nebulae (PWN), magnetars
(SGRs or AXPs) or any other spatially coincident X-ray source (XRS), or
Gamma-ray source (GRS) discovered by Fermi (F) or Hess (H) is indicated.
For further details of pulsar properties, associations and references, please see
the ATNF pulsar catalogue.
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Abstract
The square-kilometer array (SKA) is expected to enrich the neutron star (NS) catalogues by at
least an order of magnitude over their current state. In this article, we present a meta-analysis (from
a methodological viewpoint) of statistical analyses performed using existing NS data, with a two-fold
goal. First, this should bring out how statistical models and methods are shaped and dictated by the
science problem being addressed. Second, it is hoped that these analyses will provide useful starting
points for deeper analyses involving richer data from SKA whenever it becomes available.

1 Introduction

The twenty-first century science has been aptly described as large data sets, complex questions science
(Effron, 2011). Astronomy and astrophysics are no exceptions, with well-known examples including
extensive sky surveys (Brunner et al., 2002) and observational cosmology (Hamilton, 2014). In the
context of radio astronomy the square-kilometer array (SKA) is expected to enrich the neutron star
(NS) physics by increasing the observed NS population by at least an order of magnitude over its current
size. This would also imply discovery of new objects leading to better sampling of under-represented NS
categories, precision measurements of intrinsic properties such as spin period and magnetic field, and
high quality data on pulsar magnetospheric phenomena such as micro-structures, nulling, mode-changing,
glitching, etc. On the one hand, this will present a unique opportunity to seek answers to interesting
and fundamental questions about the extreme physics underlying these exotic objects in the universe.
On the other hand, with an unprecedented increase in the data size and complexity great refinements in
statistical and computational methods would be necessary. This article presents case studies intended
to illustrate how statistical methods may be meaningfully devised or adopted in the light of appropriate
questions.

Two important lessons have been learnt in the course of this work. First, the methodologies need to
be tested on the available data to understand their limits and suitability keeping in mind that eventually
the data volumes would become much larger. Second, it would be important to involve scientists from
allied fields (eg. statistics and computer/computational science) for a fresher perspective on the handling
of the data. We believe these lessons would be of significance in the large-data regime of the SKA era.

2 Neutron Star taxonomy

What different categories of NS objects are suggested by the available data? Data-driven taxonomy
of NS objects is an imminent direction for methodological research in the light of SKA. Arguably, the
most precise measurements available for NS are for the two fundamental intrinsic properties, namely,
spin period and magnetic field. In principle, any other available measurements can also be used for this
purpose. Such data-driven research can benefit immensely from the use of advanced statistical methods
for data modeling, identifying potential outliers, clustering/classification together with investigation
of the most typical or atypical elements in a class, density estimation, regression, statistical/machine
learning etc. (Hastie et al., 2009; Wasserman, 2004, 2006).

*mihir.arjunwadkar@gmail.com
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A work in progress (Kashikar et al., 2016) explores machine learning methods to categorize NS
using their two fundamental intrinsic properties (spin period and magnetic field). Specifically, we have
explored a few standard clustering methods such as hierarchical clustering, k-means, k-medoids, etc.
Optimal number of clusters needs to be decided up-front in these approaches, and most methods for this
purpose rely on different criteria that take into account the within-cluster and between-cluster variability
of clustering (Hastie et al., 2009). For available NS data, the optimal number of clusters turns out to be 2
or 3, primarily separating regular pulsars from millisecond pulsars. However, the within-cluster variability
is quite high. Further, because the two intrinsic properties are highly correlated positively, it turns out
that clustering carried out using magnetic field alone provides nearly the same results. This suggests
that additional information on other variables, possibly orthogonal to the two existing ones, should
provide better classification. Supervised learning (i.e., classification) methods can be employed to assess
the role of these variables in corroborating the existing (physics-based) classification. Our preliminary
results (not shown) indicate that the existing NS groups are not linearly separable on the basis of these
two variables alone: This again underscores the need for reliable data on other NS characteristics so
as to improve data-driven classification. Unequal class sizes pose another challenge with these data.
The performance of many supervised classification algorithms is adversely affected by variation in group
sizes. Further, commonly used measures of misclassification such as accuracy fail to take into account
the effect of unequal group sizes. For example, if 5 observations from a group of size 20 are misclassified,
that results into a misclassification rate of 25% for that particular group. However, if the total number
of observations is large, the overall misclassification rate reported to be low due to less misclassification
in the bigger groups. Hence, while developing or adopting classification methods, this issue needs to be
taken into consideration.

3 Radio Pulsar Statistics

3.1 Glitch : multiple populations?

Do the pulsar glitch data support the above view that there could be more than one mechanism re-
sponsible for producing glitches? What do the data say about the glitch distribution having more than
one mode? These questions are addressed in (Konar and Arjunwadkar, 2014). Because the estimated
error bars on glitch magnitudes are at least an order-of-magnitude smaller, we decided to ignore them
and to consider the glitch magnitudes as well-determined, precise data. This can be thought of as a
data-modeling assumption that simplifies the subsequent analysis, because if the glitch data were not so
precise, then what may appear multimodal in one data set may not appear so in another.

Given the nature of the question, it was natural to consider formulating this problem as a statistical
inference problem involving hypothesis tests where the null hypothesis is that of unimodality. The specific
tests we applied to a recent version of a glitch data set (Espinoza et al., 2011) were the dip test (Hartigan
and Hartigan, 1985), the Silverman test (Silverman, 1981; Hall and York, 2001), and the bimodality test
(Holzmann and Vollmer, 2008). The individual p-values of all tests suggest strong evidence against the
null hypothesis of unimodality. While applying a battery of hypothesis tests to a data set may not seem
like a good statistical practice, this was done here for exploratory purposes only to arrive at tentative
qualitative conclusions.

We also considered a more general scenario in which the data may be unimodal but has the structure
suggestive of a mixture of multiple populations. This suggested modeling the glitch data using a mixture
model; specifically, a mixture of Gaussian probability distributions (McLachlan and Peel, 2000) each
representing one glitch mechanism. The Gaussianity assumption can be contested. For example, self-
organized criticality considerations (see, e.g., Aschwanden (2011)), if applicable in the glitch context,
may suggest a mixture of Pareto-like power-law distributions. It was used here only to see if there is
enough structure to glitch data to support the multiple-populations view. Use of Gaussian mixtures, in
particular, can lead to serious over-fitting and identifiability problems, which could invalidate an analysis
or render it inconclusive. This pathology was avoided through judicious use of BIC-based model selection
(Burnham and Anderson, 2002), and the results suggest structure in the glitch probability distribution
which supports the multiple populations view.
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3.2 Nulling fraction

Certain pulsars cease to emit pulses abruptly for one or more consecutive periods. this phenomenon is
called nulling (Backer, 1970). The proportion of pulses not emitted, which is a gross measure of the extent
of nulling, is called the null fraction (NF). The phenomenon of nulling, along with related phenomena
such as mode-changing, intermittency, micro-structure, etc., are important for an understanding of the
emission mechanisms operative in pulsars. The portions of a pulse with and without appreciable emission
are called, respectively, the on-pulse and off-pulse parts. NF is conventionally estimated using pulse
energy data, by matching off-pulse and on-pulse energy histograms (Ritchings, 1976). This approach,
although simple and popular, relies on histograms and thereby on an ad hoc choice of the histogram bin
width. Such ad hoc approaches that do not have firm grounding in statistical theory come with little
or no formal guaranties (e.g., regarding their behaviour in the asymptotic regime, contamination in the
data, etc.). Further, obtaining error bars in the form of valid confidence intervals is usually difficult in
such approaches.

This problem of estimating NF together with valid confidence intervals is considered in Arjunwadkar
et al. (2016), where we use Gaussian mixture models (McLachlan and Peel, 2000) to model the on-pulse
energy distribution. This methodology comprises of Gaussian mixtures to model the pulse energy data,
a robust multivariate method to identify outliers in the data, the EM algorithm to fit models to the
data, BIC-based model selection (Burnham and Anderson, 2002) to choose an optimal mixture model,
and two bootstrap prescriptions for computing confidence intervals on the null fraction (Wasserman,
2004). We have presented results on archival Giant Meterwave Radio Telescope (GMRT) data for a set
of well-characterized pulsars to illustrate and validate the methodology.

A key feature of this methodology is the use of off-pulse energy distribution parameters to constrain
the null-pulse Gaussian in the mixture model. Together with BIC-based model selection, this use of
available information helps alleviate the identifiability and over-fitting problems notoriously associated
with Gaussian mixtures. Compared to the conventional method, this methodology works well even for
data with moderately low signal-to-noise ratio (SNR). Indeed, a companion paper (Rajwade et al., 2016)
applies this methodology to investigate nulling in millisecond pulsars where the SNR is quite low.

This methodology can be criticized on two counts. First, the computational cost, which scales with the
data size and the number of bootstrap replications, can be high especially for large data sets. (Thankfully,
the bootstrap is a happily parallel computation.) Second, from a statistical modeling viewpoint, is such
detailed model as a Gaussian mixture really necessary if the purpose is only to obtain NF? Perhaps not.
Our hope is that, in future, such detailed modeling of the on-pulse energy distribution, which can be
thought of as a probabilistic description of the emission profile of a pulsar, might turn out to be useful
as device for characterizing or classifying pulsars.

3.3 Pulse micro-structure

Sufficiently bright single pulses from many pulsars, when observed with sufficient time resolution, show
intensity fluctuations over longer timescales of the order of the pulse period, and shorter timescales of
the order of tens of microseconds. The latter, which are quasi-periodic intensity variations, are called the
micro-structure of a pulse (Craft et al., 1968). Individual single pulses show considerable variability over
and above the average pulse profile on both timescales. The micro-structure timescale is characteristic
to a pulsar. Both timescales (micro-structure and pulsar period) and their relationship to each other are
important from the perspective of pulsar emissions mechanisms.

The problem of estimating the micro-structure timescale is considered in Mitra et al. (2015). The
traditional device for extracting micro-structure timescales is the auto-correlation function (ACF), where
timescales are estimated as minima or maxima in the ACF. The procedure is confounded by the fact that
the ACF of a pulse is dominated by power at low frequencies; i.e., by the longer-timescale variations,
which we refer to as the envelope. In this frequency-domain view, micro-structure corresponds to higher-
frequency but low-power features in the power spectrum. Additional oscillations can result from the
presence of noise in the pulse time series. To be able to estimate the micro-structure timescale using
ACF, one therefore needs to isolate the micro-structure component from the noise and the envelope
components. After considering many different methods both in the time and frequency domains, the
strategy which worked best was as follows: First, obtain a model-independent smoothing spline fit with
optimal smoothing; this gives a de-noised version of the pulse. Second, estimate the envelope using kernel
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regression with a heuristic bandwidth which smoothens out the microstructure component completely.
The difference in these two fits is taken to the microstructure component, which is used to estimate
timescales via the ACF approach.

The strength of this approach is that it tries to neatly separate noise, envelope, and microstructure
components of a pulse time series. Shortcomings of this approach are (a) that the envelope is obtained
using a heuristic bandwidth obtained through trial-and-error; and (b) is that formal analysis of the
behaviour of our complete prescription has not been done. Despite this, the approach is turning out
to be useful in analyzing single pulses (see, e.g., Mitra et al. (2016)), and we hope that its limits of
applicability as well as better alternatives will emerge with its continued use in the community.

3.4 Knowledge about pulsar spectral indices and luminosity distribution

It is a well-known fact that pulsars are not equally bright at different frequencies, and the frequency
dependence of pulsar brightness is expressed with the equation S, o« v® where S, is the flux density
of the pulsar at the observing frequency v, and « is known as the “spectral index. The value of « is
different for different pulsars. But for most of them, it lies in the range of —1 to —2 implying that
pulsars are in general brighter at lower frequencies. The distribution of spectral indices of all 330 pulsars
(for which spectral indices have been estimated as of February 2016) has a mean of -1.67 and median
-1.70. There are extreme examples like PSR J071140931 (v = —3.5) and PSR J1740+1000 (o = 0.9).
There are also a few pulsars with almost flat spectrum, the values of « lying between +0.30 to —0.30.
Some pulsars even show deviations from a single power law, and their luminosities peak at a particular
values of the frequency, for some the peak is around 1 GHz (Kijak et al., 2007), while for some others
the peak has been noticed around 100 MHz (Malofeev et al., 1994). The subset of 39 MSPs has less
diverse values for the spectral index, the maximum value is —1.1 and the minimum is —2.9 while the
mean being —1.86 and median -1.80. It is conventional to use a« = —1.9 for MSPs (Toscano et al., 1998;
Bagchi et al., 2011). But there is not many extensive statistical analyses on the distribution of «, mostly
because the dataset is not large enough. One exception is the recent study by Bates, Lorimer, Verbiest
(Bates et al., 2013) who used a population synthesis technique and a likelihood analysis and concluded
that the distribution of a from different pulsar surveys can be modelled by a Gaussian distribution with
a mean of —1.4 and unit standard deviation. They also concluded that the high-frequency (> 2 GHz)
surveys preferentially select flatter-spectrum pulsars and the opposite is true for lower-frequency (< 1
GHz) surveys, and hypothesized that many known pulsars which have been detected at high frequencies
will have small, or positive, spectral indices. More data on pulsar spectral indices coming out of flux
density measurements over a wide frequency range, followed by extensive statistical analysis will be
useful to understand this diversity, and whether there is any relation between the spectral index and
other properties of pulsars, eventually shedding more light into the difficult-to-grasp pulsar emission
mechanism. SKA and its pathfinders (including uGMRT) can contribute significantly in this issue.

Then, there is the question on the distribution of pulsar luminosities (or ‘pseudo-luminosities’ L, =
S, d? where d is the distance). During the last three decades of the last century, L, has been considered as
a function of the spin period and the first time derivative of the spin period (see (Bagchi, 2013) for a recent
review on all those spin dependent luminosity modelling). But afterwards, people started to use spin
independent luminosity distribution functions. The most popular was the use of a ‘power-law’ or a ‘broken
power law’. The most extensive work in this line is the one by Lorimer et al. (1993) (Lorimer et al., 1993)
who found that that the distribution of total galactic population of pulsars with Lsoo > 10 mJy kpc?
could be expressed as N (> Lygo) = (7.34£1.06) x 10* L}, and the distribution of potentially observable
pulsars with Lyoo > 10 mJy kpc? could be expressed as N (> Lag) = (1.31 +0.17) x 10*Lyp, in both
of the cases N(> Lygp) is the total number of pulsars having luminosities equal to or greater than
Lygo. Later, a long-normal distribution with mean —1.1 and standard deviation 0.9, has been preferred
by different studies (Faucher-Gigure and Kaspi, 2006; Bagchi et al., 2011) employing simulations and
Kolmogorov-Smirnov test to check the agreement between the simulated and the observed data, although
the power-law models could not be ruled out.
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3.5 Use of Bayes’ theorem in pulsar astronomy

Bayesian statistics is becoming increasingly popular in pulsar astronomy, so in this section we would like
to discuss about this. Bayes’ theorem can be written as (Wall and Jenkins, 2003; Gregory, 2005):

91©, 4)p(®.4) "
poLa)

where © is a set of parameters, Z is the data and .# is a model describing the parameters. In
this notation, p(®|2,.#) represents the probability of obtaining a set of parameter values given the
data and the model, and is termed the joint posterior probability density. Similarly, p(2|©,.#) is the
probability of having obtained the observed data, given the parameter values and the model, and is
called the likelihood, and p(®|.#), the a priori probability dictated by the model, is called the prior
probability density. The denominator, p(2|.#) is termed the evidence, and is just a normalizing factor
that can be dropped since when one is only interested in relative probabilities.

Notable applications of Bayes’ theorem over the last tetrad of years include the prediction of observ-
able population of pulsars in some of the Galactic globular clusters (Chennamangalam et al., 2013), in
the Large Magellanic Cloud (Ridley et al., 2013) and close to the Galactic centre (Chennamangalam and
Lorimer, 2014), all using the presently known population as the prior. Another example is the prediction
of the Galactic neutron star—neutron star merger rate using the data of the double pulsar as a prior
(Kim et al., 2015). Earlier, Bayesian analysis has been employed to understand the uncertainties in
pulsar distance measurements due to Lutz-Kelker bias (Verbiest et al., 2010, 2012). It is obvious that
improved prior improves Bayesian predictions within a particular model. Thus, there is enough scope to
improve results of earlier studies as well as to study unexplored properties of pulsars using the present
and upcoming data from uGMRT and other radio telescopes. These results will eventually be tested in
the SKA era with much richer dataset.

p(©2,.) = 2
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Abstract

Stars and planetary systems are formed out of molecular clouds in the interstellar medium.
Although the sequence of steps involved in star and planet formation are generally known, a com-
prehensive theory which describes the details of the processes that drive star and planet formation
is still missing. The Square Kilometre Array (SKA), with its unprecedented sensitivity and angular
resolution, will play a major role in filling these gaps in our understanding. In this article, we present
a few science cases that the Indian star formation community is interested in pursuing with SKA,
which include investigation of AU-sized structures in the neutral ISM, the origin of thermal and
non-thermal radio jets from protostars, the accretion history of protostars, and formation of massive
stars and their effect on the surrounding medium.

1 Introduction

The formation of stars and planetary systems out of interstellar clouds is one of the central problems
in contemporary astrophysics. Multi-wavelength observational studies, augmented by theoretical and
laboratory studies in the last three decades or so have been successful in providing a frame work to
understand the formation of stars and planetary systems. In the current paradigm for low-mass star
formation, the process begins with the gravitational collapse of a slowly rotating cloud core, leading to
the formation of a central protostar surrounded by a rotating disk and an overlying envelope from which
the material rains down onto the disk (see reviews: Shu et al., 1987a; McKee & Ostriker, 2007). Since the
total angular momentum is conserved during the collapse, the high angular momentum material in the
outer envelope first collapses to form a disk, before getting accreted onto the central protostar (Ulrich,
1976; Cassen & Moosman, 1981; Terebey et al., 1984). In the early embedded stages, the system drives
powerful bipolar jets/outflows, the origin of which is not entirely understood. As the system evolves,
the envelope dissipates either by draining onto the disk or cleared out by stellar winds and outflows,
leaving behind a young pre-main sequence star surrounded by a disk. Planetary systems are formed out
of such protoplanetary disks which are the natural byproducts of star formation process (e.g. Stahler
& Palla, 2004; Hartmann, 2009). Although the different stages in the formation of star and planetary
systems are broadly understood, the details of the various processes that drive star and planet formation
is only poorly known. Several questions remain to be answered. How are molecular clouds formed out of
neutral Interstellar medium (ISM) and how long do they last? What processes controls the efficiency of
star formation in molecular clouds? What determines the final stellar mass? What drives the accretion
in protostars? What is the launching mechanisms for the jets in young stars? How are they collimated
and accelerated to such large distances? How are planetary systems formed out of protoplanetary disks
in a few Myr timescale? What determines their architecture? What are the processes that dissipate
protoplanetary disks in a few Myr? In addition, as opposed to low-mass star formation, there is no
coherent picture yet for the formation of massive stars.

*manoj.puravankara@tifr.res.in
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The Square Kilometre Array (SKA), with its unprecedented sensitivity and angular resolution, will
play a major role in answering several of these questions. Below we discuss a few of problems in star
and planet formation that SKA can directly address.

2 Investigation of the AU-sized structures in ISM: SKA-TMT
Synergies

The 21-cm absorption observable in the spectra of bright continuum sources in the background are used to
probe the properties of the cold atomic component of interstellar medium (ISM). Several interferometric
studies of the bright extended sources have revealed the existence of structure in cold HI gas (Clark
et al., 1962; Clark, 1965). Subsequently, over the past few decades, both observations and theory have
provided ample evidence for the existence of structures in the ISM on scales from ~1 kpc down to ~1 pc
(e.g., Dickey & Lockman, 1990). Adopting typical values of thermal pressure, temperature and observed
column density of the cold neutral medium (CNM) as Py, ~ 2250 cm~3 K (Jenkins & Tripp, 2001), T~70
K (Heiles & Troland, 2003) and 5 x 10*® cm ™2 (Heiles & Troland, 2003), the typical expected scale length
for CNM feature is about 1 pc. Thus it came as a surprise when observers began to report structures on
AU scales in several sightlines. These results were based on spatial mapping of the HI absorption-line
profiles across extended extragalactic background sources (Dieter et al., 1976; Diamond et al., 1989; Davis
et al., 1996; Faison & Goss, 2001), temporal and spatial variations of optical interstellar absorption lines
(like NaI D and CallK) against binary stars (Meyer & Blades, 1996; Watson & Meyer, 1996), globular
clusters (Meyer & Lauroesch, 1999), and the time variability of HI absorption profiles against high proper
motion pulsars (Deshpande et al., 1992; Frail et al., 1994; Johnston et al., 2003). In addition to these,
the presence of AU-sized structures in the ionized (Fiedler et al., 1987; Romani et al., 1987) and the
molecular (Marscher et al., 1993) components of ISM, though not as prevalent as in CNM, has invoked
further interest in the topic.

The thermal pressure calculated for the observed AU-sized structures, assuming them as blobs of HI
gas having a spherical geometry, is found to be much higher than the hydrostatic equilibrium pressure of
the ISM or the standard thermal pressure of the CNM (Heiles, 1997). Thus it is difficult to comprehend
the existance of these sturctures in pressure equilibrium with other components of ISM. Also, such over-
dense and over-pressured structures are expected to be short-lived yet are omnipresent in observations.
Several explainations were proposed to reconcile the observations. Heiles (1997) suggested that the
observed AU-sized structures are actually gas distribution in nonspherical geometries like curved filaments
and/or sheets that happen to be aligned along the line of sight. On the other hand, Deshpande (2000)
argued that the opacity fluctuations seen in the HI observations correspond to a natural extension of
a hierarchical structure from large to small scales organized based on a single power law distribution.
The scintillation phenomenon combined with the velocity gradient across the absorbing H I gas was
suggested by Gwinn (2001) to explain the optical depth fluctuations seen especially in multi-epoch
pulsar observations.

Apart from understanding the mechanisms involved in the formation and the physical properties of
the AU-sized structures, one of the most important questions to address first is whether the structures
detected in the radio and optical observations are same or different. To investigate this we required to
make observations of same sightlines. With the future facilities like SKA and TMT, this study should
be possible. It would also be important to make such study in locations which are diverse in physical
properties to ascertain the effects of environment on the formation of AU-sized structures.

3 Jets and outflows from protostars

During the early stages of their formation, young stars drive powerful jets/outflows. They play a signifi-
cant role in the evolution of a protostar as they transfer angular momentum from the young protostellar
system to its environment, in the absence of which accretion cannot occur and a star cannot form. Jets
are believed to drive the large scale outflows. The mechanism for the launch of jets, however, is far from
certain although significant advances have been made through various numerical simulation(Zanni et al.,
2007; Fendt, 2006; Ouyed & Pudritz, 1997). Most successful models of jet engines invoke magnetic fields
for the launch and driving of jets. It is still not clear if the engine for jet launch is the interface between
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the star’s magnetosphere and disk (X-wind model, Shu et al., 2000) or a wide range of disk radii (disk or
D-wind model, Konigl & Pudritz, 2000). In the X-wind model, jets are launched magneto-centrifugally
from accretion disks when their inner edges interact with strongly magnetised stars. Disk-wind model
on the other hand, explain jets as centrifugally driven winds in magnetised accretion disks, powered by
accretion.

Protostellar jets are observed at multiple frequencies. Observations at different frequencies trace
different locations and physical processes associated with jets/outflows. For example, CO observations
at submillimeter /millimeter wavelengths trace the molecular gas entrained and swept-up by jets which
provide a fossil record of the mass loss history of the protostar (Bontemps et al., 1996; Bachiller &
Tafalla, 1999; Richer et al., 2000). Optical and near-IR forbidden lines such as [S II], [O III] and [Fe II]
(e.g Bally et al., 2007; Nisini, 2009) probe fast (a few tens to few hundreds of km s~!), highly collimated
and partially ionised jets. Because of the large line-of-sight extinction towards protostars, these optical
and IR lines are generally used to trace outer parts of the jets, farther out from the central engine, and
in relatively evolved protostars with tenuous envelopes. Mid- and far-IR fine structure lines such [O I,
[Fe II], [Si II], observed with Spitzer and Herschel, suffer relatively less extinction, and they trace hot
gas that is currently being shocked in jets (e.g. Watson et al., in prep). The spatial resolution of Spitzer
and Herschel, however, is relatively poor (10” for [OI] at 63 pum) and cannot probe the innermost parts
of the jet close to where it is launched. Despite the existence of a wealth of observational studies, the
nature of the primary jets from protostars is far from clear. Several questions remain: Where and how
are protostellar jets launched and accelerated? How are they collimated to such high degree? How does
the jet propagation and interaction affect the surrounding medium? How do the jet properties evolve
with system age? How long does jet production persist?

3.1 ‘Thermal’ radio jets from protostars

Observations at cm wavelengths have revealed the presence of compact continuum emission centered on
protostars which is often found to be elongated roughly in the direction of the large-scale jet/outflow,
indicating that the cm emission traces the base of the jet very close to the driving source (e.g. Anglada,
1996; Reipurth et al., 2002, 2004). The cm flux density generally has a positive spectral index (F,, o< v%;
a ~ 0.6 for winds or radio jets) and the emission is thought to be dominated by thermal free-free radiation
from ionised gas (Reynolds, 1986; Curiel et al., 1989). Thus, cm emission from low-mass protostars traces
collimated and ionised jets extending to a few hundred AUs from the exciting source and corresponding
to material ejected from the protostars with dynamical ages of the order of a few years or less.

Unlike the near-infrared and optical, there have been relatively fewer studies of protostellar jets in
the radio regime as the emission is relatively weak, of the order of few mJy. Most of the detection of the
radio jets have been for low-mass protostars that are relatively nearby (Girart et al., 2002). In the case
of massive protostars, only a handful of radio jets have been detected due to the observational difficulties
encountered in studying the early phases of massive stars. Sensitive polarisation measurements at cm
wavelengths using VLA of a jet GGD27-28 (Carrasco-Gonzdlez et al., 2010a) has shown that the magnetic
field lines are parallel to the jet axis upto ~ 2500 AU and increases in intensity towards the centre. The
investigation of radio jets is of significance from massive protostars as it can help us constrain the models
of massive star formation as the location and timing of launch of jet can throw light on the massive star
formation scenario vis-a-vis low mass star formation.

SKA will address some very fundamental questions linked to the origin and collimation of jets by
probing radio emission from the jet very close to launch point from the central exciting object. At 1
GHz, SKA should be able to observe regions as close as 25-30 AU from the central protostar at 100 pc.
Although radio emission detected from jets is very weak (mJy level), a sensitive interferometer like SKA
will detect radio emission from nearly all jets and outflows in the solar neighbourhood, including that
from low mass protostars.

3.2 Tracing mass accretion history from jets/outflows

Mass accretion in young stellar objects is thought to be highly time variable and episodic (e.g. Kenyon
et al., 1990; Hartmann & Kenyon, 1996; Evans et al., 2009; Dunham & Vorobyov, 2012). While outbursts
of varying intensities and frequencies have been observed in several young stars (e.g Herbig, 1977; Kenyon,
1995; Green et al., 2006; Fischer et al., 2012; Green et al., 2013; Audard et al., 2014), a detailed picture
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of the time evolution of mass accretion from early protostellar phase to late pre-main sequence phase is
still missing. This is primarily because, most of the commonly used direct observational tracers of mass
accretion such as UV and optical continuum excess and emission lines of Ha, Paj, Bry fall at wavelengths
< 2 pum (e.g. Calvet & Gullbring, 1998; Muzerolle et al., 1998a,b, 2001), and are heavily extinguished
toward protostars which are deeply embedded in their natal core. Jets and outflows from embedded
protostars, on the other hand, are more readily accessible to observations than the direct accretion
tracers, particularly at far-IR, mm and radio wavelengths, where the line of sight extinction can be very
low. Observations of protostellar jets and outflows at these wavelengths provide important diagnostics
for the energetics of mass ejection and mass loss rates from protostars (e.g. Bachiller & Tafalla, 1999;
Richer et al., 2000; Hollenbach et al., 1989; Reynolds, 1986). Moreover, mass accretion and ejection in
protostars are thought to be strongly coupled. Theoretical models of mass ejection mechanisms from
protostars predict a linear relation between mass loss rate from protostars, Mout, and mass accretion
rate, Myce, onto the protostar (Shu et al., 1994; Najita & Shu, 1994; Pelletier & Pudritz, 1992; Wardle
& Koenigl, 1993; Matt & Pudritz, 2005, 2008). Thus, observed properties of mass ejection can be used
to study the mass accretion history in protostars.

Observations of molecular outflows from protostars at (sub)mm wavelengths measures time-averaged
flow energetic parameters, viz., the mechanical luminosity (Lmecn) and the momentum flux or outflow
force (Fco). Since the observed molecular outflows are driven by protostellar jets, the measured Lecn
and Fco of the outflows are the rates at which kinetic energy and momentum are injected into the flow
by the jets. These are time-averaged rates over the dynamical timescale of the observed molecular flow,
which is typically in the range of 10*—10° yr. Thus from (sub)mm CO observations we can obtain mass
loss rates from protostars averaged over 104—10° yr. Observations of protostellar jets in the [O I] line
at 63 um provide mass loss rates averaged over the cooling timescale of ~100 yr (e.g. Hollenbach, 1985;
Watson, 1985, Manoj et al. in prep). On the other hand, the ionised jets observed at radio wavelengths
have dynamical timescales of ~ a few yr, thus measuring the instantaneous mass loss rates. With its
high sensitivity and angular resolution, SKA will resolve ‘thermal’ jets from several hundreds of low-mass
protostars in star forming regions within 500 pc from us, most of which has already been observed in
(sub)mm CO lines and with Herschel. Thus, equipped with protostellar mass loss rates smoothed over a
few yr, 100 yr and 10* yr, we will be able to study the detailed time evolution of mass ejection/accretion
in protostars. Such a study will place strong constraints on the frequency, amplitude and duration of
episodic accretion events in protostars during their early stages of evolution.

3.3 Non-thermal jets from protostars

Although the radio jets from protostars show positive spectral index, in a few cases the cm flux density
in strong radio knots is found to have negative spectral slopes, indicative of non-thermal emission (e.g.
Curiel et al., 1993; Wilner et al., 1999). Linearly polarised emission has been detected in some of
them, confirming that the emission mechanism is non-thermal synchrotron emission (e.g. Carrasco-
Gonzélez et al., 2010b). This provides evidence for the presence of a population of electrons accelerated
to relativistic energies. It is generally thought that the electrons are accelerated to such high velocities in
strong and fast shocks (e.g. Carrasco-Gonzdlez et al., 2010b), but the exact mechanism is far from clear.
Negative spectral indices at cm wavelengths are observed in only a few systems, and the polarisation
measurements exist for even fewer. Linear polarisation measurements are difficult as polarised flux
density is only a fraction (typically ~10%) of the total emission and the total radio emission itself is very
weak, particularly in low-mass protostars.

With the high senisitivity offered by SKA we will be able to detect the ionised jets in protostars across
a wide frequency range (few GHz to MHz) and measure the spectral indices in a large number of sources to
study the incidence of non-thermal emission. Follow-up linear polarisation measurements of sources which
show negative spectral indices will allow us to infer the energy spectrum of the population of relativistic
electrons and to study the details of particle acceleration mechanisms. In addition, such studies will
also map the magnetic fields in protostellar jets, which will help address questions of collimation and
acceleration of jets.
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4 Formation of high-mass stars and their effect on the surround-
ing ISM

High-mass stars, with their radiative, mechanical and chemical feedback, play an important role in the
dynamical and chemical evolution of the interstellar medium (ISM) and the galaxy. The outpouring of
UV photons and the associated generation of HII regions, accompanied by strong stellar winds profoundly
alter the surrounding ISM. Apart from this, massive stars down to ~ 8 Mg evolve to become Type II
Supernovae and hence inject energy and heavy elements to the ISM. However, the formation mechanism
and the very early phases of evolution of this mass regime is still not well understood although the
basic feature of the collapse of a rotating cloud core is applicable to all mass ranges. The question that
arises is whether the formation mechanism of high-mass stars (greater than ~ 8 Mg) is just a scaled
up version of the low mass regime or the processes involved are completely different. The formation
scenario is expected to be different for the high-mass range because the accretion timescales become
larger than the protostar contraction timescales implying that the star ‘switches on’ (i.e reaches the
zero age main-sequence, ZAMS) while still accreting. This invokes the ‘radiation-pressure’ problem that
inhibits further accretion onto the protostar (Kahn, 1974; Wolfire & Cassinelli, 1987) thereby questioning
the very formation of higher mass stars which are observationally a reality. This implies that these stars
accrete a significant fraction of mass while on the main-sequence.

Theoretically, there is still no general consensus on the processes in play during the initial stages of
massive star formation. Monolithic collapse with scaled up parameters such as larger mass accretion rates
and outflows have been proposed (Yorke & Sonnhalter, 2002). Another contender is the turbulent core
model where massive stars form in gravitationally bound cores supported by turbulence and magnetic
field (McKee & Tan, 2003). Alternative models called competitive accretion models have been proposed
by Bonnell et al. (2004) where small stars form via gravitational collapse and then grow by gravitational
accretion of gas that was initially unbound to the star. Observationally, factors that hinder the investi-
gation of massive stars in their infancy include rarity of sources (owing to fast evolutionary time scales),
formation in clustered environment, large distances, complex, embedded and influenced environment, as
well as high extinction. Hence, observational studies to probe the various phases involved in high-mass
star formation and the effect they have on the surrounding ISM are of crucial importance in validating
the proposed theories.

4.1 Understanding the Early Phases

Initial studies on samples of young massive star forming regions were based on far-infrared colours of
IRAS (Palla et al., 1991; Wouterloot et al., 1993; Palagi et al., 1993). This was used to recognise
and understand sign-posts of massive star formation. In the last couple of decades, the importance of
multiwavelength observations spanning a wide wavelength range has been realised in the investigation
massive star forming regions. Along the lines of the well established phases of low-mass stars (Shu et al.,
1987b), recently there have been a number of attempts to classify the evolutionary stage of massive
star forming regions on the basis of signposts such as masers, near and mid- infrared emission, jets and
outflows, shocked gas as well as the presence of radio emission (Molinari et al., 2008; Battersby et al.,
2010; Sénchez-Monge et al., 2013; Giannetti et al., 2013). The early phases of massive star forming sites
are characterised by presence of cold clumps detected in millimetre continuum and infrared emission,
presence of water or methanol maser and low levels of radio continuum emission (Molinari et al., 2008;
Sénchez-Monge et al., 2013). The earliest evolutionary phase is categorised as Type 1 with dominant
millimetre emission and possibly located close to an infrared source, but not coincident with it. This
corresponds to high-mass protostars embedded in dusty clumps, surrounded by infrared emission that
could originate from more evolved, nearby lower mass stars. Regions associated with the Type 2 phase
have both millimetre and infrared emission. These would be deeply embedded Zero Age Main Sequence
(ZAMS) OB stars that are still undergoing accretion. And finally the Type 3 phase, where the associated
regions show only infrared emission but are located near a millimetre source. These would represent
ZAMS OB stars surrounded only by remnants of their parental clumps. Radio continuum emission at
centimetre wavelengths has been detected mostly (72%) from Type 2 and Type 3 sources and only a
small fraction (7%) from Type 1 sources (Sdnchez-Monge et al., 2013). Battersby et al. (2010) have also
examined massive star formation by investigating a number of infrared dark clouds and have described
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an observational evolutionary sequence comprising of four stages: (i) quiescent clump, (ii) clump with
signature of active star formation (maser, green fuzzy, or 24 ym emission), (iii) initiation of ultracompact
HII region, and (iv) diffuse red clump, finally leading to formation of a young stellar stellar cluster. This
clearly indicates the well-known premise that as evolution proceeds, the radio emission from ionised gas
becomes stronger and expands as the newly formed massive star evolves. Hence, high-resolution radio
continuum mapping holds the potential of unravelling the onset of Lyman continuum photon emission
from massive stars, thus providing impetus for a rigorous study of the early phases of massive stars.

Ultra-compact (UC) HII regions are associated with the early phases of the massive stars soon after
they are born and still deeply embedded in the prenatal cloud. These HII regions display a variety
of radio morphologies. Studying these morphology holds the key to understanding the nature of the
surrounding ISM during the formation of the star. Of special interest are the cometary morphologies
seen in 20% of the UC HII regions (Wood & Churchwell, 1989). Reid & Ho (1985) first suggested that
the cometary appearance of such HII regions is due to the relative motion of the star against the dense
molecular material. This led to the bow-shock model by van Buren et al. (1990) which postulated the
cometary HII regions as bow-shocks created by wind-blowing massive stars moving supersonically through
molecular clouds. This is due to the balance between the stellar wind pressure and the ram pressure of
the molecular material as the result of motion of the massive star. The bow-shock model makes specific
predictions regarding the internal motions of ionised gas with respect to the nearby molecular material.
The ionised material near the cometary head should be moving, on average, with the velocity of the star
and further down towards the tail, velocity of the ionised gas should be slower, approaching that of the
molecular cloud.

From among the UC HII regions, a distinct class of exceptionally small and dense objects are observed
which are termed as Hyper-compact (HC) HII regions. These HC HII regions display broad radio
recombination line profiles compared to the UC HII regions (Sewilo et al., 2004). The observed line
profiles of the HC HII regions lie inbetween the massive YSOs with strong ionized stellar wind and the
slow UC HII regions. Since the database of HC HII regions is very limited, morphologies of these objects
are not studied in detail. Understanding the mechanisms responsible for the broad line profiles is of
importance and crucially linked to the very early phase of high-mass star formation. High resolution
radio recombination line studies would not only shed light on this but would also provide information
on the morphology.

4.2 Triggered star formation in Molecular Clouds

As the star-forming nebula evolves, the OB stars contained within it can move far from their original
birthplaces. Moreover, molecular clouds are clumpy and inhomogeneous on all scales. Therefore, dis-
placement of the local gas and creation of non-spherical ionization fronts changes the overall structure
of the GMC. Studies of individual UC HII regions show evidence for the evolutionary sequence of the
associated nebulae. These regions can mutually interact and influence the future course of star formation
in the entire molecular cloud. The W3/ W4/ W5 star-forming complexes are prime examples of how this
can happen. This region contains some of the richest and well-studied populations of deeply embedded
massive stars. It presents evidence of triggered star formation, wherein new generations of stars have
been triggered by previous generations of OB stars. The presence of thousands of young, low-mass stars
in this region demonstrates that the low-mass versus high-mass star formation scenarios need not nec-
essarily work in isolation. The W4 region is the nearest example of a galactic superbubble powered by
the winds of supernovae and massive OB stars. Isolated clouds seen near some GMCs could have been
torn away from the parent GMC by the action of OB star winds.

It is known that significant fraction of the cluster population in a star forming region is confined
to just a few rich clusters. Only a global view of the region, as opposed to studies of UC H II regions
alone, would be able to tell us why and how these regions emerge from the molecular cloud. Another
well studied object, W51, is a giant complex composed of several H II regions spread over an area of 1°.
It broadly comprises of four components, each having futher sub-components, with different properties
related to star formation. Again, observations of the entire region would enable an overall understanding
of such GMCs.
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4.3 Mid-infrared Bubbles

An interesting manifestation of the interplay between the massive stars and the surrounding ISM is
seen in the form of mid-infrared bubbles. The strong stellar winds emanating from high-mass stars
interact with the ambient interstellar gas resulting in an expanding spherical system - a ‘bubble’. The
interior is filled with hot (7' > 106K), shocked, and tenuous stellar wind. The swept-up interstellar gas
is compressed into a thin spherical shell. When the dynamical pressure of the winds emanating from
the early-type star falls to the value of the thermal pressure of the surrounding, a reverse shock slows
down the wind. This shocked gas drives a strong shock into the ambient interstellar medium, sweeping
it up resulting in the bubble. Catalogs of IR bubbles have been compiled by (Churchwell et al., 2006,
2007) and more recently by (Simpson et al., 2012, - The Milky Way Project). These are based on
the Spitzer - GLIMPSE and MIPSGAL survey images. These bubbles are believed to be driven by a
central massive star or stellar cluster since substantial UV radiation is required to excite the polycyclic
aromatic hydrocarbons (PAHs) lines in the IRAC bands. Strong stellar winds from OB stars would
result in an evacuated cavity around the central star. This is consistent with the observed morphology.
A good correlation has also been seen between IR bubbles and HII regions (Churchwell et al., 2006, 2007;
Deharveng et al., 2010). Populations of young stellar objects (YSOs) are seen towards the periphery
of several bubbles suggesting triggered star formation (Deharveng et al., 2010). Hence, these objects
provide an ideal database not only for probing high-mass star formation but also for understanding the
proposed theories related to triggered or sequential star formation (Zinnecker & Yorke, 2007; Elmegreen
& Lada, 1977). The two commonly accepted models for this are the collect and collapse ((CC) Elmegreen
& Lada, 1977; Deharveng et al., 2010, and references therein) and radiatively driven implosion (RDI)
((RDI) Lefloch & Lazareff, 1994). Their association with massive star formation, the connection between
initial and triggered star formation and preferred mechanism for sequential star formation (CC or RDI)
are still some questions that remain unanswered.

High resolution radio continuum emission provides crucial information on the triggering source, ion-
ization zone, variation of spectral indices in different zones of the bubble. The radio luminosity allows
us to understand the dynamics of the stellar wind as well. Of further interest is the search for UC HII
regions in the periphery of these bubbles that can shed light on the possibility of expanding HII regions
triggering massive star formation. This aspect is still not clearly understood given that the feedback
from the initial massive OB stars are known to influence the cloud and inhibit the next generation of
star formation. Several studies like those by Hopkins et al. (2011), (Matzner, 2002), Dale & Bonnell
(2011) make the scenario of sequential massive star formation complicated. This makes radio continuum
observations of bubbles crucial.

4.4 Massive Star formation studies using GMRT and role of SKA

The Giant Metrewave Radio Telescope (GMRT) has given Indian astronomers opportunities to study
massive star formation at low radio frequencies. A number of massive star forming regions have been
explored in conjunction with infrared and submillimetre wavebands. Vig et al. (2006) investigated the
radio morphology of IRAS 1911141048, that indicates the presence of highly inhomogeneous medium in
the neighbourhood of an ultracompact HII region. Twenty compact sources including one non-thermal
source were detected here. The sources having near-infrared counterparts are found to have matching
spectral types for a good fraction of radio sources. Comparative evolutionary stage of two star forming
regions were estimated based on the multiwavelength information. However, not all compact radio
sources are internally excited by an embedded ZAMS star. In cases such as IRAS 17258-3637 (Vig et al.,
2014) and TRAS 0605542039 (Tej et al., 2006), apart from the brightest compact source that represents
the location of exciting star, several high density radio clumps have been detected that are likely to be
externally ionised in a clumpy medium. Studies of young clusters in HII (Mallick et al., 2015) regions
and sites of triggered star formation associated with expanding HII regions(Samal et al., 2014) have also
been investigated using GMRT observations.

In star formation studies, a prominent advantage of GMRT has been in the simultaneous mapping of
compact and diffuse emission as result of the antenna distribution in the hybrid array. While massive stars
in earlier evolutionary stages have only compact emission, as they evolve into the surrounding parental
cocoon of gas and dust, they ionise the ambient medium that gives rise to the nebulosity associated with
it (Kim & Koo, 2001). The spectral indices of diffuse emission can provide information on the mechanism
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of ionisation, thermal versus non-thermal. Spectral indices of diffuse emission extending upto 3 pc have
been determined towards the cometary HII region IRAS 17256-3631 at low frequencies (Veena et al.,
2016). It is interesting to note that non-thermal emission is seen prominently towards the tail region
that is ionisation bounded. It has been proposed that the diffuse non-thermal emission corresponds to
synchrotron radiation from electrons that are accelerated in the region of interaction between stellar
wind and ambient cloud material (Garay et al., 1996).

With SKA, we will be able to examine various phases in the formation of massive stars when they start
radiating. SKA can play a prominent role towards detecting the earliest HII regions, i.e hypercompact
HIT regions with its sensitivity and resolution. For instance, at a distance of 1 kpc, SKA should be able
to resolve distances upto ~ 100 AU at 2 GHz. This should help understand the nature of hypercompact
HII regions, i.e whether it is arising due to thermally evaporating flow from disks (Lugo et al., 2004) or
gravitationally trapped ionised accretion flow (Keto, 2002). The kinematics of HII regions, investigated
by mapping radio recombination lines, should help understand the properties, morphology of the HII
region and give clues about HII region formation history including triggered star formation. The large
field-of-view SKA (~ 1 sq deg at 1.4 GHz) would also enable in obtaining a global picture of GMCs and
HII regions within them.
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Abstract

With the high sensitivity and wide-field coverage of the SKA, very large samples of explosive
transients are expected to be discovered. Radio wavelengths, especially in commensal survey mode,
are particularly well suited for uncovering transient phenomena, as observations at radio wavelengths
may suffer less obscuration than in other bands (e.g. optical/IR or X-rays) due to dust and other
absorption. At the same time, multiwaveband information often provides critical source classification
rapidly than possible with only radio band data. Therefore, multiwaveband observational efforts with
wide fields of view will be the key to progress of transients astronomy from the middle 2020s offering
unprecedented deep images and high spatial and spectral resolutions. Radio observations of gamma
ray bursts (GRBs) with SKA will uncover not only much fainter bursts verifying claims of sensitivity
limited population versus intrinsically dim GRBs, one will also discover the enigmatic population of
orphan afterglows. Dust extinction causing the supernova rate problem is expected to be lifted in
the SKA era. In addition, finally the debate of single degenerate scenario versus double degenerate
scenario will be put to rest in thermonuclear supernovae since highly sensitive measurements will lead
to very accurate mass loss estimation in these supernovae. One also expects to detect gravitationally
lensed supernovae in far away Universe in the SKA bands. Radio counterparts of the gravitational
waves are likely to become a reality once SKA comes online.

1 Introduction

Square kilometre Array (SKA) when ready will be world’s largest radio telescope, to be built in Australia
and S. Africa. It will be built in two phases. Phase I is expected to complete in 2020; Phase IT will
be completed in 2024. Phase I will have ~ 10% of the total collecting area. SKA will have a range
of detectors: from aperture arrays to dishes; and will span the frequency range from a few tens of
megahertz to a few gigahertz. SKA will have unique combination of great sensitivity, wide field of view
and unprecedented computing power. Exploration of the transient Universe is an exciting and fast-
emerging area within radio astronomy. With its wider field of view and higher sensitivity, the SKA,
holds great potential to revolutionize this relatively new and exciting field, thereby opening up incredible
new science avenues in astrophysics.

1.1 Explosive Transients

Transient radio sources are compact sources and are locations of explosive or dynamic events. Transient
phenomenon usually represent extremes of gravitational and magnetic fields, velocity, temperature, pres-
sure and density. In terms of duration, radio transients phenomenon can be classified into two classes,
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long time variability (min-days) and bursting radio sky (msec-sec; Carilli, 2014). Transients in radio
bands are mainly dominated by three kinds of emission mechanisms:

1:) Incoherent synchrotron emission: Transients with incoherent emission show relatively slow vari-
ability, and are limited by brightness temperature. These events are mainly associated with explosive
events, such as Gamma Ray Bursts (GRBs), supernovae (SNe), X-ray binaries (XRBs), tidal disruption
events (TDE) etc. Incoherent transients are mostly discovered in the images of the sky.

2:) Non-thermal coherent emission: Transients associated with coherent emission show relatively
fast variability, high brightness temperature and often show high polarization associated with them,
such as Fast Radio bursts (FRBs; Thornton et al., 2013), pulsars, flare stars etc. The coherent emission
transients are discovered in time series observations. The short-duration transients are powerful probes
of intervening media owing to dispersion, scattering and Faraday rotation.

3:) Thermal emission: These kind of emission is seen in slow transients like novae, symbiotic stars.

The dynamic radio sky is poorly sampled as compared to sky in X-ray and y-ray bands. To search for
transient phase space, one needs the combination of sensitivity, field of view and time on the sky. This
has been difficult to realise simultaneously, hence there have been a very few comprehensive transient
surveys in radio bands. In addition, the variation in time scales (nano seconds to minutes), and complex
structures in frequency-time plane makes things further difficult. The advent of the multi-beam receivers
placed on the single dish telescopes, such as Parkes and Arecibo has led us to detect new phenomena
such as rotating radio transients (RRATSs), FRBs etc. However, much larger FOV is required to discover
more of such phenomena.

In India active research is going on in transient astronomy, especially in the fields of SNe, GRBs,
Pulsars & related phenomenology, novae, X-ray binaries, TDEs, Galactic black hole candidates, and
electromagnetic (EM) signatures in gravitational waves (GWs). Major observational facilities operated
by National Centre for Radio Astrophysics (NCRA), Aryabhatta Research Institute of Observational
Sciences (ARIES), Indian Institute of Astrophysics (ITA), Inter University Centre of Astronomy & As-
trophysics (IUCAA) are widely used. Researchers also avail the wealth of archival data from high energy
space missions like RXTE, XMM Newton, SWIFT, Chandra and Fermi. Groups are also working to-
wards multimessenger astronomy mainly in the context of GWs. Indian Astronomers have access to
several observational facilities, both presently existing and to come in the future (e.g., Pandey, 2013).

1.2 SKA, SKA precursors/pathfinders for transients

SKA has adopted transients as its key science goal as it is well in tune with the concept of SKA which
is “The primary success metric for the SKA Observatory will be the significance of its role in making
fundamental scientific discoveries and facilitating overall scientific progress, expressed as high impact,
peer-reviewed scientific papers using SKA data”. SKA will open up a new parameter space in the search
for radio transients. Some of the basic questions to ask in context of SKA are the following: What
do we know about the radio transient sky? How can we improve searches for radio transients? What
successes do we expect from SKA pathfinders? How will SKA pathfinders improve our understanding
of transients? To achieve the above goals, one needs the right combination of different technologies.
Many of these technologies and ideas are being tested with the SKA pathfinders and precursors, such
as ASKAP, MWA, LOFAR, uGMRT etc.. The use of widely distributed many small elements for the
SKA means that one needs to take advantage of vast computing resources to be able to sample a larger
fraction of the sky. Also the discovery of truly transient events relies on having excellent instantaneous
sensitivity.

The SKA-International transient Science Working Group (SWG) is driven by key science of (i) FRB
cosmology, (ii) Cosmic explosions and extreme astrophysics, (iii) black hole growth and feedback, (iv)
Electromagnetic counterparts of GW transients. For SKA to be an optimal telescope for transient science,
the international transient SWG has recommended mainly two changes to SKA Phase 1 design:

Commensal Transient Searches:

It is important to do near-real-time searching of all data for transient event. This will increase rate of
events by at least one order of magnitude. Also the detection needs to be reported widely, globally and
rapidly.

Rapid (robotic) Response to Triggers:

One may be able to detect very early-time radio emission (coherent or prompt synchrotron) if SKA has
Robotic response to external alerts, allowing very rapid follow-up of high-priority events. For example,
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the Arcminute Micro-kelvin Imager Large Array (AMI-LA) is world’s first robotic automated radio
telescope. Its response time to Swift triggers are only 30 seconds. AMI has provided the first millijansky-
level constraints on prolonged radio emission from GRBs within the first hour post-burst (Staley et al.,
2013).

Here it is important to note that multiwavelength observations of the sky are important for the de-
tection and follow-up of transient sources, as they provide complementary views of the same phenomena.
The SKA will be roughly contemporaneous with other International facilities like Large Synoptic Sur-
vey Telescope (LSST), Gaia, Thirty Meter Telescope (TMT) in optical /IR bands and next generation
successors of Swift, Chandra and XMM-Newton in the gamma-ray and X-ray bands (such as SVOM
(France-China), SMART-X (US) and ATHENA (ESA) missions). SKA is expected to increase number
of transients at least by an order of magnitude. In optical bands, LSST, which will be contemporary
of SKA, anticipates finding around 1 million transients per night. However, this rate is not known at
the GHz bands. But it is estimated that around 1% of the mJy sources are variable (Frail et al., 2012).
LOFAR has recently detected a transient at 10 Jy flux density level at 60 MHz band (Stewart et al.,
2015). The transient does not repeat and has no counterpart. The nature of this transient is enigmatic.
SKA-LOW will most likely detect 100s of such transients per day in MHz band. Frail et al. (2012) claims
that with 10 uJy rms, one can expect around 1 transient per degree. This is achievable by SKA Phase
1 mid frequency.

2 Gamma Ray Bursts

Gamma Ray Bursts (GRBs) were serendipitously discovered in late 1960s by Vela military satellites.
They are non-recurring bright flashes of y-rays lasting from seconds to minutes with an average observed
rate of around one burst per day. The energy isotropically released in «-rays ranges from ~ 10*® to
~ 10°* ergs. The prompt emission in majority of cases is in y-ray bands. In a few cases, optical
prompt emission is detected. The prompt emission spectrum is mostly non-thermal, though presence of
thermal or quasi-thermal components are seen in a handful of bursts (see Kumar & Zhang (2014) for a
review). Afterglow emission following the burst in longer wavelengths and lasting for longer time was
eventually discovered leading to the confirmation that the bursts are cosmological. GRBs are one of the
furthest known objects so far, the redshift distribution ranges from 0.008 to ~ 9 as of now. We currently
understand them as catastrophic events generating a central engine which launches an ultra-relativistic
collimated outflow.

After nearly 4 decades of extensive research, even though our knowledge about GRBs have definitely
enhanced, the very nature of the progenitor, and the radiation physics giving rise to the observed emission
in both prompt as well afterglow is yet to be solved. This is mainly attributed to its nonrecurring
behaviour, with the emission over only a short timescale resulting in unique and variable light curves.
Some of the prominent questions that need to be answered are: what is the nature of the content of the
outflow, is it baryonic dominated or Poynting flux?; what is the radiation physics: photospheric emission
or non-thermal processes such as synchrotron emission or inverse Compton?; from where exactly in the
outflow does the emission occur?; what are the microphysics involved in these radiation events?; what are
the dynamics of the outflow resulting in these variable light curves?; how does the transition between the
prompt and afterglow phase occur and what is its nature giving rise to the X-ray flares, plateaus, steep
decay in flux observed in the early X-ray afterglow?; GRB are believed to be collimated jet emissions to
reconcile with the observed energetics, however, this raises question as to why jet breaks are not observed
in all afterglow observations?

Resolving the above queries would enable us to use GRB as an effective cosmological tool to probe
the early universe. There are several theoretical models proposed for both prompt as well afterglow of
GRBs which are sometimes equally consistent with the data. Therefore, we are at such a juncture where
it is imperative for the forthcoming observations and studies of GRBs to be able to break the current
degeneracy between existing models. Afterglow emission has always been instrumental in diagnosing
burst physics like the energy in the explosion, structure of jet, nature of the ambient medium and the
physics of relativistic shocks. In this direction, it is evidently clear that we require a multi-wavelength
observational coverage of these events extending from gamma rays to radios, which can prove highly
constraining for existing theoretical models. This in turn would then become effective in developing a
global model connecting prompt to afterglow emission, which can also be adequately tested. SKA, with

54



its broad field of view and higher sensitivity would be able to play a key role in achieving this prospect
as well as in resolving many of the above mentioned open questions.

The combination of high sensitivity, high angular resolution, quick slewing time and broad band
frequency range of SKA will be extremely crucial for GRB science through radio observations.

2.1 Long versus Short GRBs

The histogram of GRB duration reveals a bimodal distribution (Kouveliotou et al., 1993): the long and
the short bursts. In the BATSE burst population, bursts with duration less than 2 s were classified as
short and those lasting for more than 2 s were classified as long. Apart from the duration, long and
short bursts also show difference in the hardness of their y-ray spectrum (Kouveliotou et al., 1993).
The short bursts are typically harder than the long ones. Subsequently, long GRBs at lower redshifts
are found to be associated with type Ib/c broad lined supernovae, thereby establishing their origin in
the gravitational collapse of massive stars (Woosley & Bloom, 2006). No short burst has so far been
found associated with supernovae. Further studies have revealed that the difference lies deeper than the
prompt emission, and extends to the burst environment. In accordance with the massive star hypothesis,
long GRBs are predominantly found in star forming regions of late type galaxies (Fruchter et al., 2006)
while short bursts are seen in a variety of environments (Fong, Berger, & Fox, 2010). Distribution of
the off-set of burst position from the photocentre of the host galaxy shows that short bursts typically
are further away from the central regions of the galaxy compared to their longer cousins (Fong, Berger,
& Fox, 2010). These evidences support a hypothesis that long bursts are possible end stages of massive
stars (M > 15M, ) while short bursts are associated with older stellar populations like compact objects.
Currently we believe that at least a fraction of short GRBs form due to the merger of compact object
binaries (see Berger (2014) for a review). With the recent discovery of gravitational waves (GWs), a
new era of Gravitational Wave Astronomy has begun which can shed more light into this model if short
GRBs or their afterglows are observed in coincidence with double NS or NS-BH mergers. (See Sec 5 of
SKA (2015) for capabilities of SKA to carry out electromagnetic follow up of GW events).

Recently a new class of GRBs, named ultra-long bursts (ULGRBs), are found to be lasting for several
thousands of seconds (Levan, 2015). It is speculated that ULGRBs are arising from a different class of
progenitors.

In the Swift era, almost 93% of GRBs have a detected X-ray afterglow, ~ 75% have detected optical
afterglows while only 31% have radio afterglows (Chandra & Frail, 2012). The SKA, with its extreme
sensitivity, will dramatically improve statistics of radio afterglows. Using numerical simulation of the
forward shock, Burlon et al. (2015) predicts around 400 — 500 radio afterglow detections per sr per yr in
SKA-1 Mid bands. In X-ray and optical bands GRB, fireball is almost always optically thin. However,
early evolution of low frequency (< 4 GHz) radio lightcurves is through the optically thick regime, the
lightcurve peak corresponds to transition from optically thick to thin regime. Hence, radio frequencies
are unique in probing the evolution of the self-absorption frequency, v,, which in turn can constrain
the physical parameters such as density of the environments etc.. Tracing the evolution of v, will also
help in scrutinizing basic assumptions in the standard fireball model, especially of the time-invariant
shock microphysics. SKA can densely sample the lightcurves of long as well as short GRBs at different
frequencies, towards this understanding. Thus radio emission from long versus short GRBs will reveal
the difference in the environments of these two classes of GRBs. However, Hancock et al. (2013) has
claimed that undetected afterglows are intrinsically dim rather than sensitivity limited. SKA will be
very crucial in lifting this degeneracy.

In the absence of v-ray trigger, either due to the jet pointing away from earth or due to unavailability
of a dedicated triggering instrument, orphan radio afterglows can be detected by SKA owing to its high
sensitivity. Burlon et al. (2015) predicts 300 — 400 orphan afterglows per all sky per week. Orphan
afterglow detection rates will help in drawing indirect limits of jet structure.

2.2 Unveiling the GRB Reverse Shock with SKA

According to the standard model, a central engine, perhaps a black-hole torus system or a millisecond
magnetar, formed during either the gravitational collapse of a massive star (for long GRBs) or the
merger of a double compact object binary (short bursts), launches an ultra-relativistic jet. The jet
energy could either be in the bulk kinetic energy of its baryonic content or in magnetic fields (Poynting
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Figure 1: (Left): Reverse and forward shock predictions in SKA-1 Mid Band-4 (4 GHz) and Band-5 (9.2
GHz) for standard parameters (energy in explosion Ei, = 10%?ergs; ambient medium density ng = 0.1
atom/cc; initial bulk Lorentz factor n = 100; energy content in forward and reverse shock electron
populations, €, = 0.1; energy content in forward shock magnetic field eg = 107°). The burst is assumed
to be at a redshift of 2. Reverse shock lightcurve strongly depends on the ratio Rz of reverse to forward
shock magnetic field energy density, in turn the magnetization of the ejecta. 3o flux limits for SKA-Mid
Band-4 and Band-5 for a 2hr on source integration are also shown for comparison. (Right): Radio flare
of GRB990123 in VLA 8 GHz scaled to different redshifts. 3o limits of SKA1-Mid Band-4 and Band-5
are plotted in the relevant redshift ranges.

Flux Dominated Outflow). Prompt emission arises due to internal dissipation of the outflow energy.
The remaining energy gets dissipated in the medium surrounding the burst ensuing longer wavelength
afterglow emission. However, in majority of GRBs, the early afterglow is influenced by continuous energy
supply from the central engine.

The external energy dissipation happens through a forward and reverse shock system. The forward
shock runs into the ambient medium and the reverse shock runs into the ejected material. Emission from
the reverse shock is seen in the early optical (Sari & Piran, 1999) and radio afterglows (Laskar et al.,
2013). Early afterglow is one of the main tools for probing the central engine. Particularly, the reverse
shock emission can shed light into the magnetization of the ejecta which is an important parameter in
knowing the jet launching mechanism.

There have been several observational as well as theoretical studies of radio reverse shock emission in
the literature. The first detection of a radio flare, expected to be originating from the reverse shock, was
for GRB990123. In recent times, deep and fast monitoring campaigns of radio reverse shock emission
could be achieved using JVLA (Chandra & Frail, 2012; Laskar et al., 2013) for a number of bursts. Reverse
shock emission is brighter in higher radio frequencies where self-absorption effects are relatively lesser.
Gao et al. (2013); Kopac et al. (2015) and Resmi & Zhang (2016) have done comprehensive analytical and
numerical calculations of radio reverse shock emission. Figure-1 (left) compares theoretical predictions
of reverse shock emission from Resmi & Zhang (2016). The lightcurves are calculated by assuming a
Newtonian reverse shock (thin shell regime) and ultra-relativistic forward shock system in a constant
density ambient medium. Difference in ejecta magnetization is reflected in the RS lightcurve peak time.
Radio afterglow monitoring campaigns in higher SKA bands will definitely be useful in exploring reverse
shock characteristics. In Figure-1 (right) we look into the detectability of GRB990123 had it been at
higher redshifts. The 8 GHz peak flux and corresponding t.,s are scaled accordingly. Accounting for
cosmological k-correction, the flux will correspond to SKA1-Mid Band-4 and Band-5 as the redshift
changes. SKA1-Mid will be able to detect a bright radio flare like GRB990123 even if it happens at a
redshift of ~ 10.

2.3 Late afterglow and calorimetry with SKA

Longevity is the highest advantage of radio bands in studying GRB afterglows. While X-ray and optical
afterglows stay above detection limits only for weeks or months, radio afterglows of nearby bursts can
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Figure 2: GMRT L-band lightcurve of GRB030329. Best power-law fit to late time L-band data is shown
as dashed red line. A spectral factor assuming index —0.5 is used to obtain the 4 GHz extrapolation
(blue dashed line). uGMRT and SKA Band-4 flux limits are for 2hr on source time. The dash-dot line
correspond to a burst 100 times fainter than GRB030329 in 4GHz.

be detected upto years (Frail, Waxman, & Kulkarnii, 2000; Resmi et al., 2005). A couple of very bright
afterglows have been observed in time scale of several years by VLA and GMRT. GRB 030329 is the
longest observed afterglow, in a campaign made possible through GMRT low frequency capabilities even
when the afterglow had gone below detection limits in higher frequencies. In figure-2 we plot the first
two years of observations of GRB030329 radio afterglow in GMRT L band.

The longevity of radio afterglows make them interesting laboratories to study the dynamics and
evolution of relativistic shocks. Fireball transition into non-relativistic regime can be probed through
low frequency radio bands Frail, Waxman, & Kulkarnii (2000); van der Horst et al. (2008) This regime
is largely unexplored due to limited number of bursts in past that stayed above detection limit beyond
sub-relativistic regime. Several numerical calculations exist for the afterglow evolution starting from
the relativistic phase and ending in the deep non-relativistic phase (van Eerten & MacFadyen, 2012;
De Colle et al., 2012). SKA with its microJansky level sensitivity will be able to extend the current
limits of afterglow longevity. This will provide us with an unprecedented opportunity to study the deep
non-relativistic regime of afterglow dynamics and thereby will be able to refine our understanding of
relativistic to non-relativistic transition of the blastwave and changing shock microphysics in the GRBs.
In the SKA era, these predictions can be tested against observations. Late afterglow phase where the
fireball is both sub-relativistic and nearly spherical, calorimetry can be employed to obtain the burst
energetics. These estimates will be free of relativistic effects and collimation corrections.

2.4 Connecting prompt and afterglow Physics

GRB prompt spectra in general look non-thermal in nature, and is generally modelled using a Band
function, which is a phenomenological function of two power laws smoothly joined at a peak parameterised
as Epeax Band et al. (1993). However, the study of GRB spectra using non-thermal models pointed out
several spectral features as well as questions such as how can sub peak spectra be both hard as well as
soft? (Preece et al., 1998; Goldstein et al., 2013); why is the E,eax of the Band function fits clustered in
a narrow energy range (Gruber et al., 2014; Goldstein et al., 2013); what drives the hardness-intensity
correlation characteristic of each burst? (Amati et al., 2002; Lu , Hou, & Liang, 2010; Amati, Frontera, &
Guidorzi, 2009) and more importantly, what gives rise to the observed high radiation efficiency in gamma
rays? (Cenko et al., 2010; Racusin et al., 2011). Pure non-thermal models faced difficulty in addressing
these questions, which evoked the idea of the presence of thermal component, which is inherent in the
standard fireball model, along with non-thermal component in the spectrum. BATSE spectral analysis
was limited due to its insufficient energy window (20 -2000 keV) in determining the overall shape of the
GRB spectrum. The Swift hard X-ray detector BAT, however, is not very sensitive above about 150 keV
(Meegan et al., 2009; Band, 2006) and hence cannot measure the prompt X-ray/ gamma-ray spectrum
accurately (majority of GRBs have their peak energy around 250 keV). However, this drawback was
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overcome by the launch of Fermi in 2008, providing observation over a broad energy range of nearly 7
orders of energy, 8 keV - 300 GeV, made possible by two main instruments onboard: Gamma ray burst
monitor (GBM) Meegan et al. (2009) and Large Area Telescope (LAT) Atwood et al. (2009). Some of
the key observations by Fermi had been: i) the delayed onset of high energy emission for both long and
short GRBs Abdo et al. (2009a,c, 2209b), ii) LAT emission tends to last longer Ackermann et al. (2013),
iii) very high Lorentz factors (~ 1000) are inferred for the detection of LAT high energy photons Abdo
et al. (2009a), iv) several bright bursts show a significant detection of multiple emission components such
as thermal component Guiriec et al. (2011); Axelsson et al. (2012); Burgess et al. (2014), power law Abdo
et al. (2209b) or spectral cut off at high energies Ackermann et al. (2011), in addition to the traditional
Band function, iv) interestingly, the Band function is found to have a different spectral shape in these
multi-component fitting Guiriec et al. (2013) and v) recently, it was shown by Axelsson & Borgonovo
(2015) that 78% of long GRBs and 85% of short GRBs have spectra with spectral width at full width
half maximum of the vF,, peak, that is much narrower than optically thin synchrotron emission, but still
broader than a blackbody.

Theoretical models of photospheric emission have currently become the pivot of the study of prompt
emission in GRBs. The time resolved analysis of the spectrum enables us to follow the dynamic spectral
evolution as well that in these outflow parameters with time, which is crucial to our understanding of
how progenitor evolves within the burst Iyyani et al. (2013, 2015, 2016).

While Swift and Fermi satellites have enriched our understanding of the GRBs by wide band spectral
measurement during the prompt emission by the Fermi satellite and quick localisation, follow up obser-
vation and the consequent redshift measurement by the Swift satellite (Gehrels et al., 2009; Gehrels &
Mészaros, 2012). But currently good spectral and timing measurement from early prompt phase to late
afterglow is available for a few sources and they are particularly lacking for the SHBs. Some of the key
problems that can be addressed by the observation of the radio afterglows by SKA in connection with
the prompt emission would be the following: i) The connection of LAT detected GRBs with delayed high
energy emission with afterglow parameters and comparing the Lorentz factor estimation with both LAT
detected GeV photons as well as from the afterglow physics Kidd & Troja (2014). If the photosphere
emission is detected in the prompt phase, this will also give an estimate of the dynamics of the outflow
Iyyani et al. (2013). This effort would enable to constrain the Lorentz factor of the outflow which is
one of the key dynamic parameters directly connected to the progenitor. ii) Evaluating the connection
as well as comparison between non-thermal emission of both the prompt as well as afterglow emission.
This would enable to constrain the microphysics of the shocks accelerating electrons to ultra-relativistic
energies eventually producing the observed radiation. iii) Detailed modelling of the afterglow observation
of both long and short GRBs, will enhance our knowledge about the circumstellar as well as interstel-
lar medium surrounding the progenitors. This will provide information about the host galaxy and the
environment which will be crucial in assessing the various proposed progenitor models for these bursts.

SKA with its finer sensitivity would play a key role in constraining the energetics of GRBs which is
crucial in estimating the radiation efficiency of the prompt emission of GRBs. This would include the
crucial detection of jet breaks in radios as well as in constraining the dynamics of the outflow parameters.
This would also strengthen our understanding of the hardness - intensity correlation Amati et al. (2002)
which can eventually enable us to adopt GRBs as standard candles to probe cosmology. Till to date GRB
is the most distant event probed by any astronomical observatory at a photometric redshift estimate of
z = 9.4 detected for the burst GRB 090429B Cucchiara et al. (2011). In co-ordination with both space
as well as ground based observatories in other wavelengths, SKA observations can be crucial in studying
the timing of the onset of emission in various wavelengths which can throw light on the issue of where
in the outflow does the emission occurs. There have been several detections of thermal component in
early X-ray afterglow Campana et al. (2006); Starling et al. (2012); Friis & Watson (2013) . It would
be interesting to find the component in longer wavelengths extending till radios which can then prove
highly constraining in assessing its connection to the observed prompt thermal emission or whether it
has a completely different origin.

The recently launched Astrosat satellite (Singh et al., 2014) carries a suite of instruments for multi-
wavelength studies and the Cadmium Zinc Telluride Imager (CZTI) can act as a monitor above about
80 keV (Rao, 2015; Bhalerao et al., 2015). CZTI, along with Swift, can provide prompt spectroscopy
and CZTI can localise Fermi detected GRBs correct to a few degrees. Further, for bright GRBs it
can provide time resolved polarisation measurements. Hence, for a few selected bright GRBs, CZTI, in
conjunction with other operational satellites, can provide wide band spectra-polarimetric information
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and if followed up by other ground based observatories like SKA pathfinder uGMRT, we can have a
complete observational picture of a few bright GRBs from early prompt phase to late afterglow. This
will provide us with a comprehensive picture of GRBs, thus enabling a good understanding of the emission
mechanisms.

3 Supernovae

Supernovae (SNe) are explosive events with two basic types: 1. thermonuclear Supernovae (SNe-Ia),
caused by the explosion of a massive white dwarf in a binary system. Their optical spectra are charac-
terized by the absence of H lines and the presence of Si II absorption line; 2. Core-Collapse Supernovae,
which mark the end of the life of massive stars. Their classification is based on the observed spectra.
Presence or absence of Hydrogen lines classify them as Type II versus Type I. In Type I SNe, presence
or absence of silicon lines categorize them between Type Ia versus Type Ib/c. Further Type Ib and Ic
are classified based on the presence and absence of Helium lines, respectively. Amongst Type II SNe,
the varied nature of light curves classify them into Type IIP, IIL and IIn.

The physical processes driving the radio emission, and its temporal and spectral properties, turns
to be not only a characteristic of these explosive events itself, but of the pre-explosive evolutionary
history of their precursor (progenitor) as well. Typically, there is almost no thermal radio emission in
these events. A common property of all explosive transients which show up in the radio is the presence
of some amount of circumstellar medium (CSM), either or diffuse, in the vicinity of the progenitor,
and the synchrotron emission is often successfully modelled as being produced by the interaction of the
explosion shock with this material. Incoherent radio emission has been detected from various types of
core-collapse supernovae, which includes SNe-Ib (e.g. PS15bgt Kamble et al., 2015), SNe-Ic (e.g. SN
2012ap, Chakraborti et al., 2015), SNe-IIn, E.G. SN 1995N (Chandra et al., 2009), SN 2006jd(Chandra
et al., 2012), SN 2010jl(Chandra et al., 2015), and SNe-IIP SNe, e.g. SN 2004et, ][] (Misra et al., 2007),
2011ja (Chakraborti et al., 2013), 20012aw (Yadav et al., 2014; Chakraborti et al., 2016). As a survey
instrument, SKA will be contemporaneous with LSST and WISE, thus opening a radio vista in to the
statistical properties of a dynamic universe, while as a follow-up instrument, its high sensitivity and
resolution will answer several crucial questions about the nature and origins of various SNe, both in the
early and in the present Universe.

3.1 Radio view of Core Collapse Supernovae

In supernovae, radio emission arises from shock interaction with the surrounding circumstellar medium
(CSM), which provides an important probe to see their last evolution stage. Since radio-SNe can show
both early and late radio emission, the most probable model would be that the emission itself comes
from relativistic electrons trapped in shocked CSM (early emission) or from the reverse shock itself, as it
propagates inwards in to the SNe ejecta (late emission)(Chevalier, 1998) Therefore, radio SNe probe the
dynamics of the SN ejecta, the progenitor structure, and the CSM. Since SSA necessarily requires the
presence of a magnetic field in the emitting region, radio spectra also provide insight in to the nature
of the CSM field, as well as in to the generation/disruption of fields in the SNe-ejecta. In addition,
signatures in the multifrequency radio light curves give concurrent information about how the shock
accelerated electrons cool in the presence of a long lasting optical emission from the SN through Inverse
Compton (IC) cooling or instead, whether synchrotron cooling dominates over IC cooling (Chevalier,
2006). Compton cooling of electrons could keep the radio light curve relatively flat in the optically thin
regime, whereas synchrotron cooling of electrons will be important if the magnetic field is efficiently
built up in the explosion. Radio light curves around 100 days can indicate whether Compton cooling
dominates over synchrotron cooling (Fig. 5 of Chevalier, 2006).

Radio data of a few type ITP SNe show long periods of radio brightness (e.g. beyond 100 days as in
SN 2004et, Fig/ 3). Radio data on SN 2012aw shows the rapid evolution of the radio spectrum between
30 to 70 days and a signature of cooling at higher frequencies (Chevalier, 2006). Early observations at
high frequencies are critical to the issue of IC cooling of radio emitting electrons. A fraction of type IIP
supernovae e.g. 2011ja (Chakraborti et al., 2013) may happen inside circumstellar bubbles blown by hot
progenitor or with complex circumstellar environments set up by variable winds.

SNe IIn are most complex in terms of stellar evolution. They encompass objects of different stellar
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Figure 3: Radio observations of SN 2012aw. The bands are as follows: S (3.0 GHz), C (5.0 GHz), X (8.5
GHz), K (21.0 GHz), and Ka (32.0 GHz) (Yadav et al., 2014).

evolution and mass loss history. Some SNe IIn, like SN 2005gl, appear to have a luminous blue variable
(LBV) star as their progenitor (Gal-Yam et al., 2007). A special class of SNe IIn is characterized by
spectral similarities to SNe Ia at peak light, but later shows SN IIn properties, e.g., SNe 2002ic and
2005gj. Some SNe IIn appear to be related to SNe Ib/c. Most recently SN 2009ip is the unique Type
IIn SN to have both a massive blue progenitor and LBV like episodic ejections (Mauerhan et al., 2013;
Margutti et al., 2013). A challenging problem in SNe IIn is that neither their evolutionary status, nor
the origin of the tremendous mass loss rates of their pre-SN progenitor stars is known. The estimated
mass-loss rates of SN IIn progenitors are much higher than those of usual massive stars (107* — 107!
Mg, yr~1). Thus SN IIn progenitors must have enhanced mass loss shortly before their explosions. Thus
to unveil the nature of the mysterious SN IIn progenitors and mass loss related to them, we need to
know the properties of the SN ejecta and dense CSM related to them.

Some SNe-Ib/Ic have been associated with long duration GRBs. However, as the cases of SN2009bb
and SN 2012ap have shown, there may be a class of stellar explosions which bridge the continuum between
jetted relativistic events like GRBs and the more spherically symmetric non-relativistic ”garden variety”
supernovae, without high energy counterparts. These recently discovered radio bright hypernovae (R-
HNe) raise important questions about the nature of their central driving engines. The possibilities
include: (a) relativistic jets which are formed deep inside the progenitor stars (and whose emergence is
suppressed) (Margutti et al., 2014a); (b) quasi spherical magnetized winds from fast-rotating magnetars,
leading to asymmetric explosions, and (c) re-energising of the shock, as the inner,slower moving shells
successively catch up with the shocked region and refresh it (Nakauchi et al., 2015, and references
therein) . The explosion geometry is is asymmetrical in the former two cases, and symmetrical in the
case of the refreshed shock. Few radio hypernovae have been detected so far, and again, a radio survey
like SKA would be the best option to increase the statistics for these events.

Typically, in SNe, spectral radio luminosity Lg ~ 1033 to 10%® erg s! at 5 GHz, making them fainter
by a factor of~ 10% in the radio than in the optical. However, there is much diversity in the radio light
curves, in the temporal evolution of the radio ”spectra”, and in the onset of radio emission in different
bands, as even across the same sub-class, there are both radio-bright and radio-suppressed events. The
latter may partly be a selection effect, which could be resolved with the high sensitivity of the SKA.

Radio lightcurves are crucial to understand the history of the progenitor star. However, currently
only ~ 10% of the discovered core-collapse SNe show radio emission. Only the radio-brightest SNe
are detected, and systematic searches of radio emission from core-collapse supernovae (CCSNe) are still
lacking, and only targeted searches of radio emission from just some of the optically discovered CCSNe
in the local universe have been carried out. And this in spite of optical searches missing a significant
fraction of CCSNe. This is because the optically dim SNe are missing due to either being intrinsically
faint or due to dust obscuration in the host galaxy. Therefore, radio supernova searches are much more
promising for yielding the complete, unobscured star-formation rates in the local universe. As an obvious
consequences of the increasing sensitivity of SKA, it will be possible to study a larger number of SNe
(from current 2 radio detections/yr up to 50 detections/yr with SKA). We would also be able to follow-up
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each of them for a longer time. The SKA1-mid will be able to detect many such dust obscured SNe,
especially for those located in the innermost regions of host galaxies. Also the detection of intrinsically
dim ones will also benefit from SKA1. The detection rate will provide unique information about the
current star formation rate and the initial mass function. The commensal, wide-field, blind transient
survey observations would result in an essentially complete census of all CCSNe in the local universe,
as well as an accurate determination of the true volumetric CCSN rate. The best option is likely to be
that of using SKA1 at a frequency of 1.7 GHz, angular resolution 17, FoV 18 deg?, good sensitivity 3.7
uJy/beam. With an improved sensitivity level of 1 uJy, one can detect the brightest of radio SNe, such
as the Type IIn SN 19887 at the cosmologically interesting distance of z=1.

3.2 Unveiling thermonuclear Supernovae with SKA

Despite their great cosmological importance, the exact nature of progenitors of SN-Ia remains unknown.
While the canonical model is that the SNe itself is caused by thermonuclear explosion of a CO WD,
initiated by accretion from a secondary, the nature of the secondary itself is still debatable. In the singly
degenerate (SD) progenitor scenario, the H- and/or He-rich secondary could be a non-degenerate star
which is either MS, immediately post-MS, or even a late evolved red-giant, while in the double degenerate
(DD) scenario it could be another WD in close contact binary, which merges in to the degenerate SNe
progenitor, leading to the thermonuclear runaway reaction. Despite the very large number of optical
observations of bright, nearby, SNe-Ia, which track the evolution of the SNe from shock outburst to
nebular stage, the exact model has not yet been confirmed. Population synthesis studies of SD and DD
models (Claeys et al., 2014; Rutter et al., 2009) suggests that the DD channel is the most probable one,
with multiple possible evolutionary sequences, leading to the formation of the close DD system. In any
case, it is to be expected that mass loss would have occurred from the progenitor(s) prior to explosion,
via stellar winds, Roche-Lobe overflow (RLOW), or in the common envelope (CE) phase, and a shock-
CSM interaction should produce radio emission, with the low frequencies (e.g.) SKA bands reaching
peak luminosity at a later time. This implies that the temporal, spectral and flux evolution of the radio
emission would serve as a trace of the physical properties of SNe shock and CSM interaction.

To date, no SNe-Ia has been detected in the radio, though this could also be a selection effect, in
that few bright SNe-Ia have been followed up in the radio band, immediately post-shock, and because
a less massive and/or dense CSM would mean that the radio flux density would lie below the detection
threshold of the current generation of radio telescopes. E.g. for the nearby SN-Ia SN2014J (at 3.5
Mpc), only an upper limits on flux density in the eMERLIN (37.2 and 40.8 uJy at 1.55 and 6.17 GHz
respectively), JVLA (12.0 and 24.0 pJy at 5.5 and 22 GHz respectively) and eEVN (28.5 puJy 1.66 GHz)
are known, for epochs spanning up to 35 days post explosion (Pérez-Torres et al. , 2014) — this lack of
prompt emission appears to be consistent with the DD progenitor model. Thus, for nearby type-Ia SNe
(=~ 2 such events are detect each year at Vpeqr < 13), even a non-detection of radio emission in the SKA
bands would set tight constraints on the mass loss history of the progenitor system, and hence on the
theoretical model. It is also to be noted that SNe of all kinds, whose optical emission is shrouded by
dust, would nevertheless be visible in the SKA bands, and therefore a survey of transient SKA sources
would further constrain supernova rates as a function of various galactic properties.

In addition, Supernova explosion triggers shock wave which expels and heats the surrounding CSM
and ISM, so forms supernova remnant (SNR). It is expected that more SNRs will be discovered by the
SKA. This may decrease the great number discrepancy between the expected and observed. Several
Supernova remnants have been confirmed to accelerate protons, main component of cosmic rays, to
very high energy by their shocks. The cosmic ray origin will hopefully be solved by combining the low
frequency (SKA) and very high frequency (Cherenkov Telescope Array: CTA) bands’ observations.

3.3 Gravitational Lensing of Transient Events

Time delay between multiple images of a Gravitationally lensed source is a powerful diagnostic of the
Physics of the source and Cosmology. Time delay in lensing is the only direct observable that gives the
Physical Scale of the system. Rich Galaxy clusters at intermediate redshift (order 0.2 to 1) are powerful
lenses. In the central region, multiple images are linearly magnified (according to certain characteristic
way) upto a factor of 100, and so, background galaxies at redshift of the order of 1 to 3 are elongated
into giant arcs of 10 - 30 arcseconds. (This is an important channel to possibly detect even galaxies in
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forming at redshifts of more than 6) There are more than 100 highly magnified lensed galaxies recorded
and the number is increasing with more and more systematic surveys.

If a supernova or GRB occurs in one such galaxy, it will appear in one of the images first then in
the other two images (or three, if magnification is sufficient for detection) at time lag of week to year
scale. (This was pointed out by Schneider & Wagoner (1987); Narasimha & Chitre (1989). Position
of the event and information about which image will have the event seen first can be unambiguously
determined from optical observation of the system and lens model constructed from it. Multifrequency
observations, specially optical and radio will be valuable in this respect.

Detecting the event in one image (even partially) allows an observer to plan and monitor the event in
other images. This helps to test many aspects of the event itself with elaborate multifrequency observa-
tions. The subsequent refined models (specifically time delay measurements are important cosmological
probe (specifically Hubble Constant and dark energy, Dev et al., 2004). Metcalf & Silk (2007) pointed
out that the supernova data favour dark matter made of microscopic particles (such as the lightest
supersymmetric partner) over macroscopic compact objects (MCOs).

Since there are more than 100 potential targets, we expect one year of careful monitor to register one
usable event. uGMRT and SKA can organise such a programme and look for these events.

4 Novae Outbursts

Novae form an important sub-class of transients in our Galaxy as well as in other galaxies. A nova
outburst is triggered by runaway thermonuclear burning on the surface of an accreting white dwarf in
an interacting binary system. With outburst energy in the range of 1038 to 10%3 ergs, these events
are amongst the energetic explosive ones. At an estimated rate of 30 novae per year (2002), these
events are fairly frequent. Although the current observed rate is much lower than estimated, future
deep surveys by facilities such as the LSST are expected to increase the number of observed events.
Nova systems serve as valuable astrophysical laboratories in the studies of physics of accretion onto
compact, evolved objects, and thermonuclear runaways on semi-degenerate surface which give insight
into nuclear reaction networks. They also contribute to enriching the ISM with heavy isotopes of 13C,
15N, 22Na and 26Al. In addition, if the mass ejected during a nova outburst is less than that accreted
since the last outburst, there is the possibility of the WD growing in mass, making (at least some)
of these systems interesting candidates for SNe Ia progenitors. However, despite their astrophysical
significance as nearby laboratories, many aspects of these relatively common stellar explosions remain
poorly understood. Although much of our current understanding of these systems has come from the
optical observations, multi-waveband observations have augmented and enhanced our understanding.
Radio observations play a key role in addressing some of the puzzling aspects of accretion, outburst and
interaction with the environment.

Radio emission from novae typically lasts longer than the optical emission, on timescales of years,
rather than months. Observations at different epochs yield information on different aspects of the nova
outburst. While the very early phase observations provide information regarding the distance to the
nova, as the nova evolves, the observations provide clues to the mass of the ejecta. The mass of ejecta is
a fundamental prediction of nova models, and thereby provides a direct test of nova theory. The primary
mechanism of radio emission is thermal bremsstrahlung from the warm ejecta. In addition, in the case
of novae in dense environment, the interaction of the nova ejecta with the environment gives rise to a
shock, which in turn may give rise to a non-thermal, synchrotron emission component, like in the case of
GK Per (Seaquist et al. , 1989; Anupama & Kantharia , 2005), RS Oph (Hjellming et al. , 1986; Taylor
et al. , 1989; OBrien et al., 2006; Kantharia et al. , 2007; Rupen et al., 2008; Sololoski et al., 2008;
Eyres et al., 2009) and V745 Sco (Kantharia et al., 2016). The Fermi detection of recent novae such as
V407 Cyg 2010, V959 Mon 2012, V1324 Sco 2012, V339 Del 2013 and V745 Sco has revealed that shock
interaction with the dense environment can also lead to GeV gamma ray emission.

Previous radio observations of nova outbursts have illustrated the unique insights into nova explosions
these observations bring. Since radio emission traces the thermal free-free emission, by extension it
traces the bulk of the ejected mass. In addition, radio observations are not subject to the many complex
opacity and line effects that optical observations both benefit and suffer from. Thus, in addition to
being relatively easier to interpret, radio observations can also probe how the ejecta profile and dynamic
mass loss evolve with time. Radio observations of novae will thus illuminate the many multi-wavelength
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complexities observed in novae and test models of nova explosions.

SKA and its precursors will be very well placed to study novae at various epochs of the outburst.
While the thermal emission from most novae have been well observed in the higher (> 1 GHz) frequencies,
the sensitivities of the existing facilities are not well suited to detect thermal emission at < 1 GHz. The
improved sensitivity of SKA at the lower frequencies will enable detection of the thermal emission at
these frequencies, providing a better understanding of the evolution of the physical conditions in the
nova ejecta. Also, the < 1 GHz frequencies are ideal to observe the non-thermal emission from novae,
especially from the recurrent nova systems (see Kantharia et al., 2016). A sensitivity limit of 1 mJy can
detect radio emission at < 1 GHz upto a distance of 10 kpc, if the non-thermal luminosity of the nova
system is 1013 W Hz~! (Kantharia, 2012). An important motivation for studying the non-thermal radio
emission from recurrent novae is to interrogate possible evolutionary connection to the lack of detectable
radio emission from type Ia supernova systems. As has been shown by Kantharia et al. (2016) for the
recurrent novae RS Oph and V745 Sco, changes are observed in circumstellar material with subsequent
outbursts. Observations of future outbursts will establish if these changes are evolutionary, and also
their impact on the evolution of the binary system itself.

5 Multi-messenger Astronomy with SKA: Gravitational Wave
perspective

Electromagnetic counterparts of gravitational waves (GWs) are another important class of transients
relevant to SKA science. Laser Interferometric Gravitational wave observatory (LIGO) recently reported
the first detection of a binary black hole merger (Abbott et al., 2016a), opening a new observational
window to the universe through GWs.

This binary black hole event (named as GW150914) was followed up electromagnetically (Abbott
et al., 2016) and in neutrinos (Adrian-Martiniez et al, 2016) using various observational facilities in the
world. Though no electromagnetic counterparts associated with GW150914 were reported, this sets
milestone in the field of multi-messenger astronomy where a real GW signal was followed up various
electromagnetic (EM) bands. It is worth noting that the above mentioned follow ups included radio
follow ups by LOFAR, MWA and ASKAP which demonstrates the capabilities of radio telescopes to
carry out searches for EM counterparts of GW events. The LIGO configuration which lead to the
detection of GW150914 is going to evolve to much better sensitivities which will bring the detection of
NS-NS and NS-BH binaries within its reach and more GW detectors are going to come online in the
next few years which will considerably improve the source localization.

Phenomenon such as short GRBs and (a sub-population), FRBs have been proposed to be associated
with NS-NS or NS-BH mergers. The science potential ranges from detecting radio afterglows associated
with short GRBs coincident with GW observations of NS-NS or NS-BH binaries (hence directly confirm-
ing the compact binary progenitor of short GRBs), detecting orphan afterglows associated with some
of the NS-NS or NS-BH mergers which might have produced a GRB which was pointed away from us
and hence missing it, to somewhat speculative scenario of FRBs being detected in coincidence with GW
observations (if a sub-population of the FRBs is produced due to mergers of NSs). Such joint observa-
tions can shed light on various aspects of the phenomenon including possible constraints on the models
of GRB jets (Arun et al., 2014).

One of the interesting prospects of SKA for multi-messenger astronomy lies in the radio follow up
of GW triggers using the second or third generation gravitational detectors detectors that may be op-
erational at the time of SKA. The network of GW detectors by the time SKA comes online, may have
the capability to localize the source to within few square degree which makes efficient follow up of the
source much simpler. The FOVs of ASKAP (30 sq degree), SKA-1 survey (18 sq degree) and SKA-low
(27 sq degree) (see Table 1 of SKA, 2015) suits requirements for the EM follow up of GW triggers
using a network of interferometers which will localize the sources within a few sq degrees to a few tens
of sq degrees (see Table 3 of Fairhurst (2011) for instance), depending on the nature of the compact
binary. The very fact that ASKAP took part in the radio follow up search of GW150914, shows the
preparedness of SKA-like detectors to take part in such follow up efforts. The science returns from such
joint radio-GW observations are enormous. It is clear that ASKAP will continue to play a crucial role
in the follow up of GW triggers in the upcoming science runs of LIGO. It is interesting to note that
SKA will be one of the unique instruments which by itself will be searching for Gravitational Waves
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Figure 4: Parameter space for transient sources. This allows one to identify the sources of coherent radio
emission (pulsars, fast radio bursts, certain emission from Jupiter and the Sun, etc.) for comparison
with the more slowly varying synchrotron transients (Pietka et al., 2015).

(from supermassive BH binaries) in the pulsar timing array mode and also looking for electromagnetic
counterparts to ground-based GW detector triggers. Hence multi-messenger astronomy associated with
these systems is going to be very exciting.

6 Discussion and Conclusions

With the high sensitivity and wide-field coverage of the SKA, very large samples of explosive transients
are expected to be discovered. A major fraction of these will be TDE events followed by type II SNe and
orphan afterglows of GRBs and relativistic supernovae. Even at the ASKAP (precursor) stage, VAST-
Wide surveys conducted at 1.2 GHz band for about 10,000 square degrees every fortnight will typically
be expected to yield some 32 type II SNe, 82 Swift 1644+57 TDE events, 8 orphan afterglows (Frail
et al., 2012). The large number of such newly discovered sources will be a rich harvest, among which
there will be quite a few that will have characteristics (such as radio brightness, counterparts at other
wavebands or other physical characteristics like outflow properties) that will make it possible to follow
them up intensively with high cadence. Not only will these new discoveries trace out well-populated areas
of phase space of explosions see Fig. 4, but quite likely, they will provide hitherto unknown linkages
that will clarify or strengthen suspected unity among diversity (Pietka et al., 2015). Radio wavelengths
are particularly well suited for uncovering such phenomena in synoptic surveys, since observations at
radio wavelengths may suffer less obscuration than in other bands (e.g. optical/IR or X-rays) due to
dust and other absorption. At the same time a multiwaveband approach is a ”force-multiplier”, since
source identification becomes more secure and multiwaveband information often provides critical source
classification rapidly than possible with only radio band data. Therefore, multiwaveband observational
efforts with wide fields of view will be the key to progress of transients astronomy from the middle
2020s offering unprecedented deep images and high spatial and spectral resolutions. Indian astronomers
with wide-ranging experience of low frequency radio astronomy in a variety of astronomical phenomena
and targets would be particularly well-placed to pursue time critical transient objects with SKA and
observatories at other bands.

Our strategy will also include to develop tools with machine learning capabilities to automatically
and rapidly classify the transient events expected in the SKA era and follow up a few of these intensively
and with multiwaveband coverage through other large facilities that India will likely have access to.
These exceptional few objects have the potentials for discovery of major underlying physical processes
and trends. For example the abundance of relativistic SNe without GRB counterparts, and luminous
TDE events will have implications among other things on the sources of Ultra High Energy Cosmic Rays
within the Greisen-Zatsepin-Kuzmin (GZK) cutoff distance from the Earth (Chakraborti et al., 2011).

The SKA will be a premier instrument for transient science. This strength of the science case will
continue to increase as more and more class of transients are discovered with current surveys, including
uGMRT, ASKAP, MWA etc. There is much development going on in hardware, software, simulation and
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data analysis techniques, all to improve the chances of detecting transients. All of the next generation
telescopes are including the transient science case as one of the core goals, and this is also being reflected
in developments at nearly all other wavelengths.
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1 The Transient Sky : an introduction

Exploration of transient phenomena in the Universe is an exciting and rapidly growing area of radio
astronomy. Transient radio sources are expected to be compact and are usually associated with explosive
or dynamic events, an allow interesting new regimes of physics to be probed. The time scales for
transient phenomena range from several months down to microseconds (or shorter). Short duration (<
5s) transients are perhaps the most exciting variety of transient events, and also the most difficult to
observe and localise in the sky. The dynamic radio sky remains poorly sampled as compared to sky in
X-ray and ~v-ray bands. This is because currently it is difficult to obtain both high time resolution and
wide fields of view (FoVs) simultaneously. This is where the SKA, with its wide field of view and high
sensitivity, is expected to open up a new parameter space in the search for radio transients.

1.1 Fast Transients: an overview

Short time scale (<5s) radio transients probe high brightness temperature emission, likely associated
with extreme states of matter, and may throw light on physics of strong gravitational fields. They are
also powerful probes of intervening media owing to dispersion, scattering and Faraday rotation. The
latest class of fast radio transients are the mysterious Fast Radio Bursts (FRBs), which are characterised
by their short durations (~ millisecond) and high values of the dispersion measure (DM, ~ 400-1600).
Although the first FRB was discovered as far back as 2007 (Lorimer et al., 2007), the next discover-
ies had to wait till 2013 (Thornton et al., 2013). The total number known today stands at 17, with
all of them except one (Spitler et al., 2016), reported to have been detected only once. However, the
expected rates of detectable FRBs are quite large (10* sky~! day~!), and hence there is significant
potential for enhanced detections. Most of the presently known FRBs have been detected with the
Parkes radio telescope, one with Green Bank telescope and another with Arecibo. An exhaustive cat-
alogue of presently known FRBs is maintained by the radio pulsar group at the Swinburne University
(http://astronomy.swin.edu.au/pulsar/frbeat /).

Because of the large values of DM, FRBs are believed to be of extra-galactic origin. If FRBs are
indeed extra-galactic, then their study will help us to understand properties of ionised inter-galactic
medium (IGM). None of the FRBs observed so far have not been identified with any specific host, except
the recent, controversial claim of identification of the host galaxy of FRB 150418 (Keane et al., 2016;
Williams and Berger, 2016).

The understanding of the physical origin of FRBs remains as an open challenge, and there exist a
number of different hypothesis including flaring stars in the Galaxy (Loeb et al., 2014), magnetars close
to the Galactic centre (Pen and Connor, 2015), collisions between neutron stars and asteroids (Geng
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and Huang, 2015), dark matter induced collapse of neutron stars (Fuller and Ott, 2015), cosmic strings
Yu et al. (2014); Vachaspati (2008), mergers of binary white dwarfs (Kashiyama et al., 2013), mergers
of two neutron stars (Totani, 2013), axion stars (Iwazaki, 2015), collapse of supra-massive neutron stars
into a black holes (Falcke and Rezzolla, 2014), white holes (Barrau et al., 2014), etc.

2 Fast Transients with the SKA : Long-term Prospects

In order to improve our understanding of the nature and origin of FRBs, and to use them as effective
probes of interesting physics, it is important to increase the sample size by a significant amount. Whereas
different efforts are underway with existing facilities, the SKA is expected to provide the most important
boost. The higher sensitivity, coupled with the wide field of view, and sophisticated real-time processing
techniques at high time resolutions make it very favourable for such discoveries. This increased sample,
with possibilities for estimation of the spectral index, and of detection in polarised emission, alongwith
rapid follow-up in other wavelengths, will be highly valuable in our aim to validate and/or rule out one
or more of the competing theories for the origin of FRBs.

Moreover, the detection and localization of thousands of coherent bursts at cosmological distances
will directly locate the missing baryons in intergalactic space that constitute at least 50% of the present-
day Universe’s baryonic content and determine their association with galaxy and cluster halos. As
cosmological rulers, these bursts measure the curvature of the Universe and can help determine the dark
energy equation of state at redshifts > 2.

The scattering mechanism in the IGM is still an open challenge, and the redshift distribution of a
large sample of FRBs, coupled with better understanding of the spectrum and the source mechanism,
will guide us to determine better the scattering model for the IGM.

The SKA can achieve this with a design that has a wide field of view, a substantial fraction of its
collecting area in a compact configuration (80% within a 3 km radius), and a capacity to process high
time resolution (1 ms) signals. High precision cosmology with FRBs is a very important field. SKA1
Low and SKA1 Mid will both be extremely instrumental for such studies.

3 Fast Transients in the Indian context : present scenario and
future plans

There is significant interest among Indian researchers to work on FRBs, in areas of both observations
and theory. Of specific interest have been studies about the potential of detecting FRBs at low radio
frequencies, as well as pilot experiments for the same. Some of the recent efforts, ongoing activities and
future plans are highlighted below.

Though most of the FRBs have been detected at relatively higher radio frequencies (around 1.4 GHz),
there is significant interest to look at the possibilities of FRB detections at low frequencies. These cover
both theoretical studies and experiments. Given a significant number of low frequency facilities available
in the country (GBD, ORT, GMRT), and the potential of SKA Low in the future, these studies are very
important.

In a recent publication (Bera et al., 2016), Bera and colleague have developed a general formalism for
FRB detection by any radio telescope, and have shown that the detection rate of FRBs at low frequencies
can be quite appreciable. In particular, they calculate the rate for the Ooty Wide Field Array, which is
currently under development and will operate at a frequency of 327 MHz, to be ~ 10% events per day, for
an assumed spectral index of & = —1.4. This makes searching for FRBs with the SKA Low an interesting
prospect. In particular, constraints on the value of the spectral index for FRBs can best be obtained by
such low frequency observations. Furthermore, Manjari Bagchi is interested in theoretical understanding
of FRBs, as well in searching for new FRBs in the pulsar surveys she is involved at present and will be
in the future.

Avinash Deshpande has proposed a broadband Indian Sky Watch Array Network (SWAN). This
Indian-SWAN initiative is a proposed competitive coordinated network with nominally 1000 sq. m.
array area at each location and operation spanning a decade in frequency : 50 to 500 MHz. The main
objective is to facilitate and conduct searches and studies of fast (typically of sub-second duration)
and slow transient radio radiation originating from astronomical sources. The proposed Indian-SWAN
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is optimized to search for a large volume of the space with required sensitivity to detect FRB signals
routinely, enabling a proper, detailed study to be carried out. Deshpande is also involved in a project
in which more than 1000 hours of observations covering the entire Arecibo sky have been made using
the ALFA in Meridian nodding mode, as a part of the GALFACTS continuum Full Stokes (polarization)
imaging project. ALFA is a L-band, seven pixel, system with 300 MHz BW. One of the data streams
resulting from these observations was designed to enable search for fast transients, with spectral resolution
of about 1 MHz, and time resolution of 1 ms.

In addition, Avinash Deshpande and Yogesh Maan have been conducting a sky curvey at 35 MHz
from Gauribidanur, covering the full visible sky, providing data on 3000 fields observed for 20 minutes
each, with raw voltages recorded across a 1 MHz bandwidth. These data have also been used for searches
of radio counterparts of the FERMI-LAT detections. Yogesh Maan is also carrying out a search for fast
transients towards several selected directions at the very low frequency of 35 MHz, using the Gauribidanur
radio telescope. So far, this search has resulted in the potential discovery of a few radio bursts at very
low dispersion measures, and that of a nearby pulsar (Maan, 2015).

At the GMRT, there are a couple of different programs related to fast transients. Poonam Chandra
and colleagues have been trying an interesting experiment where they “shadow” the FRB program at
Parkes with lower frequency observations with the GMRT, with the hope of being able to detect a FRB
afterglow, following a trigger from a higher frequency detection at Parkes.

There is also an ongoing program to develop a dedicated pipeline at the GMRT, for real-time detection
of fast transients. This pipeline is intended to run both as a stand-alone program as well as in piggyback
mode simultaneously with other, possibly imaging, observations at the observatory. The concept for this
pipeline, outlined in (Bhat et al., 2013), is particularly well suited to multi-element telescopes like the
GMRT, and will be easily extendable to the SKA mid : it splits the array into multiple sub-array (upto
4 or 5 is found to be optimal) and produces incoherently summed outputs for each sub-array, which are
first individually searched for transient signals over a range of DMs and different pulse widths, to produce
a list of possible detections for each sub-array. These are then passed through a coincidence filter, which
(a) rejects false positives due to to noise fluctuations in individual sub-arrays and (b) rejects a lot of
the RFI that is not correlated across the different sub-arrays. The false positive rejection allows much
lower than normal detection thresholds to be set, which adequately compensate the loss in sensitivity of
splitting the array into multiple, incoherently summed sub-arrays.

An off-line version of this pipeline has been extensively tested on recorded data (Bhat et al., 2013),
to verify the concepts described above. A real-time version is under final stages of testing. This pipeline
runs on the 32 MHz bandwidth data produced by the existing GMRT software back-end (Roy et al.,
2010), for which its performance has been tuned to be well within real time. The implementation utilises
the power of GPUs for accelerated computing. At present, work is on to adapt it for the full 400 MHz
bandwidth data that the wide-band back-end of the upgraded GMRT (uGMRT) will deliver by the end
of 2017. We will need to modify parts of the pipeline so that it continues to perform within real time for
this configuration as well. The wide-band correlator will be able to produce 4 incoherent array beams,
by dividing the 30 antennas into four different groups. Niruj Mohan Ramanujan and Yashwant Gupta,
alongwith the digital back-end team members, are presently leading the effort on this work at NCRA.
The aim would be to configure this as a SKA pathfinder project on the uGMRT for fast transients.

The above initiatives bring out the strong interest and skill sets of the Indian astronomy community
in the area of fast transients, with an exciting set of ongoing activities and plans that would help build
up the group’s active participation in the SKA.

4 Summary

It is clear that the rapidly growing field of fast transients will be a significant area of research with the
SKA. The Indian community, with significant interests in different aspects of studies of fast transients,
ranging from theory and modeling to ongoing and planned experiments with various radio astronomy
facilities in the country and abroad, is well positioned to make a significant impact in this exciting branch
of astronomy.
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Abstract

The intra-cluster and inter-galactic media that pervade the large scale structure of the Universe
are known to be magnetised at sub-micro Gauss to micro Gauss levels and to contain cosmic rays.
The acceleration of cosmic rays and their evolution along with that of magnetic fields in these media
is still not well understood. Diffuse radio sources of synchrotron origin associated with the ICM such
as radio halos, relics and mini-halos are direct probes of the underlying mechanisms of cosmic ray
acceleration. Past studies with radio telescopes such as the Giant Metrewave Radio Telescope, the
Very Large Array and the Westerbork Synthesis Radio Telescope have led to the discoveries of about
80 such sources and made detailed studies in the frequency range 0.15 - 1.4 GHz of a handful of these
possible. These studies have revealed scaling relations between the thermal and the non-thermal
properties of clusters and favour the role of shocks in the formation of radio relics and of turbulent
re-acceleration in the formation of radio halos and mini-halos. The radio halos are known to occur
in merging clusters and mini-halos are detected in about half of the cool-core clusters. Due to the
limitations of current radio telescopes, low mass galaxy clusters and galaxy groups remain unexplored
as they are expected to contain much weaker radio sources. Distinguishing between the primary and
the secondary models of cosmic ray acceleration mechanisms requires spectral measurements over a
wide range of radio frequencies. Simulations have also predicted weak diffuse radio sources associated
with filaments connecting galaxy clusters.

The Square Kilometer Array (SKA) is a next generation radio telescope that will operate in the
frequency range of 0.05 - 20 GHz with unprecedented sensitivities and resolutions. The expected
detection limits of SKA will reveal a few hundred to thousand new radio halos, relics and mini-halos
providing the first large and comprehensive samples for their study. The wide frequency coverage
along with sensitivity to extended structures will be able to constrain the cosmic ray acceleration
mechanisms. The higher frequency (> 5 GHz) observations will be able to use the Sunyaev-Ze’ldovich
effect to probe the ICM pressure in addition to the tracers such as lobes of head-tail radio sources.
The SKA also opens prospects to detect the “off-state” or the lowest level of radio emission from the
ICM predicted by the hadronic models and the turbulent re-acceleration models.

1 Overview

The Square Kilometer Array (SKA) is the next generation radio telescope that will probe the fundamental
physics of formation and evolution of galaxies up to large scale structures in the Universe. The SKA has
a low frequency component (SKAl-low ) that will be built in Australia and a high frequency component
(SKA1-mid ) to be built in South Africa. This document gives an overview of the scientific interests of
the Continuum Science Working Group members of SKA India in the field of galaxy clusters and the
cosmic web.

*ruta@ncra.tifr.res.in
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Table 1: Sensitivities of SKA1 as of Nov. 2015.

v BW rms (8
GHz MHz pJy b= !'hr=/2  arcsec
SKA1-mid 1.67 770 0.75 0.25
SKA1-low 0.11 300 3.36 7

2 Current SKA1 parameters

A brief description of the currently planned SKA1-mid and the SKA1-low telescopes is provided below.
The complete details can be found in the SKA document released in November 2015 !.

2.1 SKA1-mid (0.35 - 13.6 (20) GHz)

The SKA1-Mid telescope is proposed to be a mixed array of 133 15-m SKA1 dishes and 64 13.5-m
diameter dishes from the MeerKAT telescope. The antennas will be arranged in a moderately compact
core with a diameter of ~1 km, a further 2-dimensional array of randomly placed dishes out to ~3 km
radius, thinning at the edges. Three spiral arms will extend to a radius of ~80 km from the centre.
The dishes will be capable of operations up to at least 20 GHz, although initially equipped to observe
only up to 13.8 GHz for SKA1. MeerKAT dishes are expected to be equipped with a front-end equivalent
to SKA Band 2 (0.95 - 1.76 GHz), a UHF front-end that overlaps with Band 1 (0.3 - 1 GHz), and an
X-band front-end (8 - 14.5 GHz). Band 2 (0.95 - 1.76 GHz), 5 (4.6 - 13.8 GHz) and 1 (0.35 - 1.05 GHz)
will be constructed in priority order as written and the sensitivity at a fiducial frequency of 1.67 GHz is
given in Tab. 1.

2.2 SKAl-low (0.05 - 0.35 GHz)

SKA1-low telescope receptors will consist of an array of ~131,000 log-periodic dual-polarised antenna
elements. Many of the antennas will be arranged in a very compact configuration (the ‘core’) with a
diameter of ~1 km, the rest of the elements will be arranged in stations a few 10s of metres in diameter.
The stations will be distributed over a 40-km radius region lying within Boolardy Station, most likely
organised into spiral arms with a high degree of randomisation.

The antenna array will operate from 50 MHz to ~350 MHz.

The antenna elements will be grouped into ~512 stations, whose antennas will be beam-formed to expose
a field-of-view of ~20 deg?. The expected sensitivity at a fiducial frequency of 0.11 GHz is given in Tab. 1.

3 Introduction: Galaxy clusters, groups and superclusters

The theorized large scale structure of the Universe evolving through initial density fluctuations (e.g.
Zel’dovich, 1970) has been observed to be a network of filaments and sheets of matter (Spergel et al.,
2003), interwoven like a ‘web’ (Bond et al., 1996) and has been reproduced by cosmological simulations
(e.g. Springel et al., 2005). Galaxy clusters are the nodes of the ‘web’ having typical masses ~ 10415
Mg and containing hundreds to thousands of galaxies moving with velocities ~ 700 — 1000 km s~*
(e.g. Girardi et al., 1993). Diffuse thermal gas of temperature ~ 1078 K (a few keV) at cluster cores
emits thermal Bremsstrahlung making clusters extended, soft X-ray emitting sources (e.g. Felten et al.,
1966; Mitchell and Culhane, 1977). This thermal plasma also contains relativistic particles (GeVs) and
magnetic fields (~ 0.1 —5uG) and is collectively termed as the intra-cluster medium (ICM). Smaller, less
massive (< 10'* Mg) bound systems of galaxies that are found around galaxy clusters and in filaments
are termed as galaxy groups. Loosely bound complexes of a number of galaxy clusters and groups are
termed as superclusters.

ISKA-TEL-SKO-0000308_SKA1_System_Baseline_v2_DescriptionRev01-part-1-signed.pdf. Note that the “SKA1-SUR”
for which predictions can be found in the articles in AASKA 2014 book has been deferred.
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3.1 Generation and evolution of cosmic rays

The detectable radio emission from extragalactic sources in and around galaxy clusters is mainly of
synchrotron origin. Therefore it is a direct probe of processes that govern the generation and evolution
of relativistic particles and magnetic fields in the galaxies themselves and in the diffuse media surrounding
them. The variety of radio sources in galaxy clusters can be classified into two broad categories:

i. those associated with individual galaxies in the cluster, and,
ii. those associated with the ICM.

Starbursts (supernovae), active galactic nuclei (AGN) and radio galaxies belong to class (i). These
can be compact radio sources or extended sources, but showing obvious association with individual
galaxies in the cluster. The class (ii) sources are diffuse extended sources with sizes typically 2 100 kpc
and show no obvious association with individual galaxies. In this work we will focus mainly on class (ii)
sources that are probes of the cosmic ray content and magnetic field in the ICM.

The cosmic rays once produced, will lose energy primarily by synchrotron emission and inverse Comp-
ton (IC) scattering of the Cosmic Microwave Background (CMB) photons. The synchrotron losses depend
on the energy and magnetic field whereas the IC-losses depend on the energy density of the CMB photons
and thus, will scale with redshift as (1+ z)%. Relativistic protons of energy 1GeV -1 TeV at cluster cores
have radiative lifetimes of several Gyrs but that of the relativistic electrons are about 0.01 - 0.1 Gyrs.
The distances over which the cosmic rays can travel within their radiative lifetimes is important to un-
derstand the observed source sizes. The dispersal of cosmic rays from their source into the ICM depends
on the diffusivity of the ICM. The diffusion time, 74;¢s taken by cosmic rays to diffuse to distances of
Mpec assuming an optimistic spatial diffusion coefficient is several Gyrs (Brunetti and Jones, 2014). This
implies that cosmic rays once produced will be confined to the cluster and need to be produced in — situ
in the ICM in the case of sources of sizes of 100s of kpc.

The primary models for the in-situ generation of cosmic ray electrons (CRes) are based on (re-
)acceleration of electrons via shocks and turbulence and the secondary models are based on hadronic
collisions (see Brunetti and Jones, 2014, for a review). The secondary models predict a population
of relativistic protons (CRp) to accumulate in clusters over its formation that results in relativistic
electrons via the collisions of CRps and thermal protons (e.g. Dennison, 1980; Blasi and Colafrancesco,
1999). An associated gamma ray flux is expected but has not been detected so far; stringent upper
limits exist based on the Fermi Gamma Ray observatory (e.g. Ackermann et al., 2010; Brunetti et al.,
2012; Ackermann et al., 2014). In the primary models, shocks in the ICM and turbulence are the drivers
behind the acceleration of particles and thus are invoked in merging galaxy clusters. Radio observations
provide the means to distinguish between the roles of these processes in the generation of synchrotron
emission from the ICM.

4 Diffuse synchrotron radio emission from the ICM

Cluster-wide non-thermal radio emission has been a topic of study for nearly half a century since its
discovery in the Coma cluster (Large et al., 1959; Willson, 1970). Over the last few decades, a large
number of galaxy clusters were imaged at radio wavelengths (20 — 200 c¢m) using a variety of synthesis
radio telescopes like the Very Large Array (VLA), the Westerbork Synthesis Radio Telescope (WSRT)
and the Giant Metrewave Radio Telescope (GMRT). A large variety in the size, morphology and spectrum
of these sources has been found. Based on the properties of the radio sources and the host cluster, the
sources have been classified into three 2 main classes (e.g. Feretti et al., 2012):

e Radio halos — extended sources of sizes ~ Mpc, nearly co-spatial with X-ray emission from the
central regions of clusters.

e Radio relics — elongated, filamentary or sometimes arc-like sources of few hundred to 1 — 2 Mpc on
the longer sides, found at the peripheries of clusters.

2A fourth class of diffuse radio emission are the so-called “radio phoenixes” which are smaller scale sources that have
been proposed to be fading and/or re-accelerated remnants of radio galaxy lobes; these are not discussed in this work.
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Figure 1: Examples of diffuse radio emission in clusters discussed in this chapter. The X-ray images are
shown in colour scale and radio images in white contours are overlaid. Top left: Radio halo in the cluster
MACS0417.5-1154. Image adapted from (Dwarakanath et al., 2011). Top right: Double radio relics in
the cluster A3376. Image adapted from (Kale et al., 2012). Bottom: Radio mini-halo in the Phoenix
cluster. Red contours show the X-ray emission. Image adapted from (van Weeren et al., 2014a).
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e Radio mini-halos — extended sources of regular morphologies with sizes ~100 - 500 kpc, surrounding
central elliptical galaxies in cool-core clusters.

Illustrative examples of these sources are shown in Fig. 1. The common components of the ICM which
lead to these sources are the relativistic electrons and magnetic fields.

The radio spectra of these sources are typically described by a power-law, S, o v=¢, where S, is the
flux density at frequency v and « is the spectral index. The spectral index, « is related to the injection
spectral index, & of the electron energy distribution, N(E)dE = NyE~°dE through, § = 2o + 1 (see
textbooks such as Padmanabhan (2000) for details). The spectra originating as a power-laws in the
case of standard models of particle acceleration can be affected by the effects of overlapping regions of
different magnetic fields, age of the electron population, energy losses by other mechanisms such as the
IC losses and continuous or intermittent acceleration mechanism. Radio observations over a large range
of frequencies are required to study the spectral properties of radio halos, relics and mini-halos and infer
the state of the relativistic electron population and magnetic fields.

The sizes of several hundreds of kiloparsecs in the case of the radio halos imply the role of in-situ
mechanisms of cosmic ray production in the ICM. The primary electron model invokes re-acceleration
of electrons from the thermal pool or fossil mildly relativistic electrons via MHD turbulence injected by
cluster mergers (Petrosian, 2001; Brunetti et al., 2001; Petrosian and East, 2008; Brunetti and Lazarian,
2016). The secondary or hadronic model invokes collisions between relativistic protons and thermal
protons for producing relativistic electrons in the ICM as secondary products along with associated
gamma rays (e.g. Dennison, 1980; Blasi and Colafrancesco, 1999). Based on the upper limits on the
gamma ray fluxes from clusters, simulations show that the relativistic electrons produced via hadronic
models alone are insufficient to explain the radio halos (e.g. Donnert et al., 2013) but can contribute to
forming what are called ‘off-state’ radio halos in low mass clusters and relaxed clusters (Brunetti, 2011;
Brown et al., 2011).

The radio emission in relics shows another mode of acceleration of mildly relativistic electrons to
ultra relativistic energies via acceleration by shocks. In the large scale structure there are shocks in the
filaments that have Mach numbers of 100s and near cluster peripheries shocks of Mach numbers of a few
(1.5 -4) are found (Miniati et al., 2000; Kang, 2003). Diffusive shock acceleration (DSA) has been the
proposed model for producing relativistic electrons at the shocks in sources such as the radio relics (e.g.
EnBlin et al., 1998).

Mini-halos are diffuse sources around the central dominant galaxy in relaxed clusters. The secondary
electron model and/or re-acceleration of fossil relativistic electrons by turbulence in the cool core pro-
duced due to the infall of subclusters inducing sloshing motions have been considered for producing the
relativistic electrons responsible for the mini-halos (e.g. Gitti et al., 2002; Pfrommer and En8lin, 2004;
Fujita et al., 2007; Keshet and Loeb, 2010; ZuHone et al., 2013). A connection between cold-fronts and
the mini-halos has also been found (Mazzotta and Giacintucci, 2008; Hlavacek-Larrondo et al., 2013;
Giacintucci et al., 2014b,a). The connection between the central galaxy and the mini-halo and the role
of external interaction with the cool-core are open questions being addressed using new radio observations
and simulations.

4.1 Past studies
4.1.1 Radio surveys

The radio observations in the past couple of decades have provided a glimpse of the properties and
occurrence rates of the diffuse radio sources in galaxy clusters. The initial discoveries of the radio halos
and relics came mainly from the inspection of all sky radio surveys such as the NRAO VLA Sky Survey
(NVSS,Condon et al. (1998)). It is a survey at 1.4 GHz carried out using the Very Large Array (VLA)
in D configuration (27 antennas in 1 km? area) providing images of the sky with rms sensitivity of
0.45 mJy beam™! where beam= 45" x 45”. A number of radio halos and relics in clusters at redshifts
< 0.2 were discovered using NVSS and subsequently confirmed with deep follow-up observations (e.g.
Giovannini et al., 1999; Bagchi et al., 2002).

The low surface brightnesses, ~ 0.2 — 1uJy arcsec™2 at 1.4 GHz of radio halos, relics and mini-
halos and their extents of several arcminutes to a degreee make them a challenge for imaging with
radio telescopes. Aperture synthesis radio telescopes require a combination of short and long baselines
to effectively image the extended sources and to separate out the contamination by discrete compact
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sources. A low frequency aperture synthesis telescope providing the necessary combination of short and
long baselines with sufficient sensitivity to detect faint structures is ideal to carry out tailored surveys
of galaxy clusters.

In the past decade systematic surveys of galaxy clusters at low radio frequencies (<GHz) have been
taken up mainly with the Giant Metrewave Radio Telescope due to its suitable configuration and sensi-
tivity to extended emission. The “GMRT Radio Halo Survey” (GRHS) and its extension, the “Extended
GMRT Radio Halo Survey” carrried out at 610 MHz, are a systematic deep radio survey of 64 most
X-ray luminous (Lxjo.1-2.4kev] > 5 X 10** erg s71) galaxy clusters in the redshift range 0.2 - 0.4. In the
GRHS+EGRHS about sample 22% galaxy clusters contain radio halos, 16% contain mini-halos and 5%
contain radio relics (Venturi et al., 2007, 2008; Kale et al., 2013, 2015). Moreover, the upper limits on
the non-detections have showed that there is a bimodality in the clusters such that the detections and
non-detections are well separated implying “radio bright” and “radio quiet” ? clusters in the P; 4qu, —Lx
plane . Apart from X-ray flux-limited samples of galaxy clusters that have been explored so far, with
the telescopes such as the Planck, the South Pole Telescope and the Atacama Cosmology Telescope that
detect clusters using the Sunyaev- Ze'ldovich effect, mass limited samples can now be explored. Radio
surveys of complete mass limited samples are ongoing and will provide results in the coming years (Basu,
2012; Cuciti et al., 2015; Bonafede et al., 2015).

4.1.2 Radio halos and relics

The observations of radio halos and relics provide the constraints for the particle acceleration mecha-
nisms. The Very Lage Array (VLA) in C and D configurations, the Westerbork Synthesis Radio Telescope
(WSRT) and the Giant Metrewave Radio Telescope (GMRT') have provided the most sensitive measure-
ments of the diffuse radio emission in galaxy clusters in the last two decades. Spectral index distribution
across the extents of radio halos is essential to trace the in-situ acceleration mechanisms and the ageing
of the electrons. For this measurement, matched arrays at multiple frequencies are needed and were
achieved using a combination of telescopes. The first spectral index maps of radio halos were made with
the VLA and the WSRT (e.g. Giovannini et al., 1993; Feretti et al., 2004). A spectral index study of the
radio halo and relic in the cluster A2256 was carried out with a combination of the GMRT at 150 MHz,
the WSRT at 350 MHz and the VLA at 1400 MHz (Kale and Dwarakanath, 2010). A spectral steepening
in the halo at lower frequencies was found in the above observations for the first time and was interpreted
in terms of the two epochs of particle acceleration driven by two mergers. Deeper studies with the Karl
G. Jansky VLA (JVLA) have further shed light on the spectral properties of the radio relics (Owen et al.,
2014; Trasatti et al., 2015). The follow-up of MACS (Massive Cluster Survey,(Ebeling et al., 2010)) clus-
ters with the GMRT have led to the discovery of a halos, relics and mini-halos in couple of clusters and
a number of other diffuse sources (Dwarakanath et al., 2011; Pandey-Pommier et al., 2013, 2015, Parekh
et al. 2016, submitted; Pandey-Pommier et al. submitted). The MACS clusters have also been observed
at 2 - 24 GHz with the ATCA to study the non-thermal and thermal pressures using diffuse emission
and the Sunyaev Ze’ldovich effect (SZe) (, Malu et al. 2016, in prep.).

The Sunyaev-Ze’ldovich effect has emerged as a promising probe of discovering new clusters in the
past few years. The Planck satellite, the South Pole Telescope and the Atacama Cosmology Telescope
have all led to discoveries of new clusters (Planck Collaboration et al., 2011, 2014; Reichardt et al., 2013;
Lindner et al., 2015). The first system of radio halo and relic was discovered in a massive new Planck
cluster by (Bagchi et al., 2011) and were followed by discoveries in other clusters (e.g. Giacintucci et al.,
2013; Bonafede et al., 2015). These newly discovered clusters have flatter entropy profiles at the cores
and are more likely to be disturbed given the fact that these were missed in the X-ray flux limted
catalogues due to their more disturbed morphology. Thus a search for new radio halos and relics in these
clusters is on and is furthering the understanding the role of mass and the dynamical state of the cluster
in the generation of radio halos and relics.

Spectral and polarization studies of relics are essential to distinguish between the models for their
origin. The prototype of cluster peripheral double relics in the cluster A3376 were discovered and pro-
posed to be the signatures of cluster merger shocks (Bagchi et al., 2006). The spectral and polarization
study of the A3376 double radio relics led to the observational evidence of its connection to merger
shocks (Kale et al., 2012). The low frequency GMRT observations have been crucial in the discover-
ies of new radio relics (van Weeren et al., 2010, 2011; de Gasperin et al., 2015) and radio halos (e.g.

3This terminology is not connected in any way to the one used in the context of radio galaxies.

78



Giacintucci et al., 2013; van Weeren et al., 2014b; Pandey-Pommier et al., 2015). The first among the
class of “ultra-steep spectrum” radio halos predicted by the turbulent reacceleration model was found in
the cluster A520 using the GMRT (Brunetti et al., 2008).

Bagchi et al. (2002) discovered the diffuse radio emission associated in a complex system of merging
groups of galaxies ZWCI 2341.14+0000 in 1.4 GHz NVSS survey, and concluded that this emission was
the first evidence of cosmic-ray particle acceleration taking place at magnetized cosmic shocks in a
highly filamentary environment that is likely in the process of ongoing structure formation. In recent
years more observations of this unusual and highly filamentary merging structure and a few other systems
have revealed some intriguing details which brought to light some unusual aspects of particle acceleration
and radio halo and relic formation in elongated, filamentary structures:

a. The unusually flat radio spectra of the peripheral double relics (a < 0.5) implies high Mach number
for the shocks, in contradiction with Mach number estimated from X-ray observations (Bagchi et al.,
2002; Ogrean et al., 2014).

b. It is suggested that relics and radio halo in ZWCI 2341.140000 highlight the shortcomings or failure
of DSA theory in explaining the particle injection spectrum in low mass, less energetic filamentary
structures of the cosmic-web (Ogrean et al., 2014). Possibly our understanding of the origin of radio
relics is incomplete, and that non-linear effects are required to explain particle acceleration at weak
shocks.

c. If radio relics result from particle (re-)acceleration at shock fronts, then this shock should span the
whole length of the radio relic it traces. Yet in ZWCL 2341.14-000, this expectation is not met,
where the SE shock front was found to subtend an arc that is only about a third of the length of
the arc subtended by the radio relic; the result was confirmed with a confidence level of ~ 90% by
(Ogrean et al., 2014). Again this result is at odds with the standard DSA theory and needs more
investigation with deeper radio observations and modeling.

The GMRT observations at multiple low frequency bands have been used to distinguish between
merger shock related relics and adiabatically compressed lobes of radio galaxies. The adiabatic compres-
sion model proposed by Enfilin and Gopal-Krishna (2001) was used to model the spectra of the diffuse
emission in A754 and the relics of double radio galaxies (Dwarakanath and Kale, 2009; Kale and Dwarakanath,
2009). In a multi-wavelength study of radio relics A4038, A1664 and A786, it was found that these are
relics not associated with shocks but are adiabatically compressed or fading remnants of radio galaxy
lobes (Kale and Dwarakanath, 2012). The GMRT low frequency observations revealed that the radio
relic in A4038 is extended to over 100 kpc and what was seen earlier from observations at frequencies
1.4 GHz was only the brightest portion.

4.1.3 Mini-halos

Radio mini-halos are diffuse sources, typically of sizes 100 - 500 kpc that surround the central galaxies
in cool-core clusters. The central galaxy always has associated compact source at its centre but is
not connected to the surrounding diffuse mini-halo with jets but may have a role in injecting the seed
relativistic electrons (e.g. Giacintucci et al., 2014b). The secondary electrons due to hadronic collisions
may play a role in generating the seed electrons that form the mini-halo but are shown to be insufficient
to power the mini-halo (ZuHone et al., 2014). It has been proposed that the MHD turbulence in the
cool-core, generated via cooling flow or sloshing cores can lead to re-acceleration of relativistic electrons
(e.g. Gitti et al., 2002; Mazzotta and Giacintucci, 2008).

As of now the number count of mini-halos is still limited to about 22 (Giacintucci et al., 2014b,
Pandey-Pommier et al. 2016, submitted). About 50% of the cool-core subsample of the clusters in the
Extended GMRT Radio Halo Survey were found to host a mini-halo and a scaling between their radio
power and the X-ray luminosity was explored (Kale et al., 2013). The cooling at the centres and the
mini-halos may be connected through scaling relations, but these have not been established due to the
lack of statistical samples (e.g. Bravi et al., 2016).

Low mass clusters have not been surveyed to search for mini-halos; however there are cases such as
the diffuse mini-halo like radio source in the cluster MRCO0116+111 which may be remnants of the radio
mode activity of the central galaxy (Bagchi et al., 2009).
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Figure 2: Computed DSA radio flux for 15 Mpc? h™! cosmological simulated area at redshift z=0.06
(Paul et al. 2016, in prep.).

4.2 Simulations

Cosmological simulations using computations performed with the grid-based, adaptive mesh refinement
hydrodynamical code ENZO show that turbulence in clusters can be sustained on timescales exceed-
ing a Gyr and the breaking of shocks at inflowing filaments around the cluster can produce notches
in the radio relics (Paul et al., 2011). Simulations including magnetic field evolution along with the
structure formation and radiative cooling can provide predictions for the radio emission from the large
scale structure based on the recipes for production of relativistic electrons (Hoeft and Briiggen, 2007;
Donnert et al., 2013; Vazza and Briiggen, 2014; Vazza et al., 2015b). A saturation of magnetisation can
be achieved in a fully turbulent medium and there is near equipartition between the magnetic field and
kinetic energy densities (e. g. Subramanian et al., 2006; Iapichino and Briiggen, 2012). Magnetic field
can be evolved in the simulation using the estimate of turbulence and a scaling between turbulent and
magnetic energies. This has been implemented by Paul et al. (2016, in prep.) in the case of Coma
and shows agreement with the observed magnetic field profiles (Bonafede et al., 2010) based on Faraday
rotation of background sources. Radio mini-halos due to electron reacceleration by minor merger driven
turbulence has been simulated by ZuHone et al. (2013). Implementation of diffusive shock acceleration
and turbulent acceleration to accelerate cosmic rays is being used to predict synchrotron emission that
will be observable with the SKA. Predictions by Paul et al. (2016, in prep.) indicate that the estimate
of surface brightness at 1.4 GHz with a beam of 20" is about 10~8Jy beam ™! from the filaments if only
turbulent reacceleration is considered and in the range 1076 Jy beam™"! if DSA is also included and
denser regions such as groups and cluster outskirts are considered (Fig. 2). The uncertainties such as
efficiency of turbulent reacceleration and magnetization in the large scale structure remain and will be
constrained by deeper observations that will be made possible by the SKA.

4.3 Prospects for the SKA

In this section we discuss the numerous possibilities of studying diffuse radio emission from galaxy clusters
opened by SKA, thanks to its unprecedented sensitivity.
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4.3.1 Deep continuum and polarization imaging of halos, mini-halos and relics

Radio halos, relics and mini-halos in general have low surface brightness (~ 1uJy arcsec™2 at 1.4 GHz)
and among these, radio halos have the lowest brightness levels. The average surface brightness of the
known radio halos at 1.4 GHz is ~ 0.25uJy arcsec™2 (inferred using the data in Feretti et al., 2012).
The SKA1-low will achieve a resolution of 7/ x 7”7 at 110 MHz (Tab. 1). In order to map the extended
sources, the images are produced at a lower resolution than the best offered by the telescope configuration.
Therefore we assume a canonical resolution of 10” x 10” for multi-wavelength observations of diffuse radio
sources with the SKAl-low and SKA1-mid and discuss the predictions.

The currently prevalent models of turbulent re-acceleration for radio halos predict that the spectra
change from a power-law to an exponential decay beyond a certain critical frequency (Brunetti and Jones,
2014). Assuming the critical frequency to be 1.4 GHz, the spectrum corresponding to the mean value of
surface brightnesses of known halos is plotted in Fig. 3. The rms confusion at cm wavelengths assuming
a Gaussian beam is approximated as (Condon, 2002),

o L, \ 07 0, 2
— ¢ ) =02 . 1
(mJy beam > 0 < GHZ) (arcmin) (1)

The expected rms confusion at the four frequencies of 0.15, 0.6, 1.4 and 5 GHz (Fig. 3) are shown in
comparison to the radio halo spectra. It is clear from this figure that most of the known halos can be
imaged up to 5 GHz if the cut-off frequency is ~ 1.4 GHz, but, only up to 2 GHz, if the cut-off occurs
earlier. The surface brightnesses of diffuse sources are not uniform. The profiles of radio halos show
that the central regions are the brightest with a gradual fall towards the edges. With SKA1-low and
SKA1-mid , the known radio halos, relics and mini-halos can be imaged to a factor of a few deeper. The
profiles of the radio halos in the outskirts of the clusters will provide clues to the underlying cosmic ray
and magnetic field profile with implications to the proposed models for the generation of radio halos.
It will be possible to reliably map spectral indices over the extent of the radio halos. This will lead
to constraints on the in-situ acceleration mechanisms at work in the cluster. The case of radio halos
discussed here is an illustration of the weakest of the diffuse radio sources in clusters. Radio relics and
mini-halos being a few times brighter in surface brightness will be imaged in detail leading clues to their
origin and evolution.

Furthermore, polarization is a direct probe of the magnetic field in the plane of the sky and com-
plements the line of sight magnetic field estimated via Faraday rotation of the plane of polarization
of background sources. Through polarization observations coherence lengths of magnetic field can be
inferred and that is used to refine the simulations. Radio halos typically have low polarized emission
fraction < 5% or so (Feretti et al., 2012). Polarization detection claimed in the radio halo of the cluster
A2255 but it is likely due to polarized filament in the periphery of the cluster seen projected on the cluster
(Govoni et al., 2005; Pizzo et al., 2011). Radio mini-halos are at cluster centres and thus depolarization
is expected due to the ICM and hence little is known about their polarization properties. Radio relics
are known to be polarized up to 10 — 30%, as expected based on their origin in shock acceleration (see
Feretti et al., 2012; Brunetti and Jones, 2014, for reviews). SKAI1-mid sensitivities will allow to probe
the polarization properties of these sources to much deeper levels than currently possible and provide
important constraints on magnetic fields in clusters of galaxies.

4.3.2 Constraining high frequency spectra of radio halos, relics and mini-halos

The spectra of radio halos, relics and mini-halos are important to constrain models proposed to explain
them. The turbulent reacceleration model predicts that the spectra will steepen exponentially beyond
a break frequency decided by the turbulent energy budget in the cluster (Cassano and Brunetti, 2005;
Cassano et al., 2006). A handful of sources have been imaged at more than three frequency bands below
1 GHz (Feretti et al., 2012) and at frequencies higher than a GHz, the spectra are largely unknown.
Recently two relics were imaged in the frequency range 0.15 - 30 GHz using a number of radio telescopes
and its spectrum shows departure from the expectations from the Diffuse Shock Acceleration (DSA)
model (Stroe et al., 2016) but theoretical works argue that DSA can explain it under certain condition
of a shock passing through a cloud of fossil population of relativistic electrons (Kang and Ryu, 2016).
It is important to probe the spectra of these diffuse sources at >GHz frequencies to locate the spectral
breaks in them and to test the models.
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Figure 3: Surface brightness of radio halos as a function of frequency. The lines indicate the expected
spectra for radio halos that are a combination of a power-law and an exponential decay. The critical
frequency where the exponential decay starts is 1.4 GHz (solid lines) and 0.6 GHz (dashed lines), respec-
tively. The three sets of spectra are for three different surface brightness values, 10, 25 and 50 pJy (100
arcsec) ™2 for the halos at 1.4 GHz. The short horizontal lines indicate the expected confusion limits
(uJy (100 arcsec)™2) at the respective frequencies.

Characterisation of galaxy clusters at > 10 GHz is hampered by the presence of the Sunyaev Ze’ldovich
effect (SZE). The distortion of the spectrum of the CMB spectrum due to inverse Compton scattering
of the CMB photons by the thermal electrons in the ICM is known as the SZE (Sunyaev and Zeldovich,
1972). At frequencies in the range of tens of GHz, the CMB produces a negative signal that can be
mixed with the positive radio emission due to radio halos. It is possible to model the signal due to SZE
as it has a v? dependence and study the radio emission. Studies with ATCA at frequencies 9 and 18
GHz have shown that radio halos such as that in the Bullet cluster can be detected, though mixed with
the SZE (Malu et al., 2010; Malu and Subrahmanyan, 2011).

Observations at matched resolution at high and low frequencies are needed to accurately study the
radio halos and the SZE at GHz frequencies. We discuss the expectations for SKA1-mid using the Fig. 3.
It can be seen that most of the known halos can be imaged up to 5 GHz if the cut-off frequency is ~
1.4 GHz, but, only up to 2 GHz, if the cut-off occurs at lower frequencies. However the spectra above
2 GHz for the radio halos, relics and mini-halos are largely unknown except in a few cases and presents
an obvious niche for new observations.

4.3.3 Search for new radio halos, relics and mini-halos

The all-sky continuum surveys and targeted surveys of complete samples of clusters with the SKA
will open windows to discover 100s to 1000s of new radio halos, relics and mini-halos. The statistical
occurrence of the diffuse radio sources is critical to study their origin and evolution in the context of
the evolution of the clusters themselves. Current telescopes have allowed a limited number of statistical
studies owing to the long observations needed to image with high sensitivity (Venturi et al., 2007, 2008;
Kale et al., 2013, 2015; Cuciti et al., 2015; Bonafede et al., 2015).

The prospects with the SKA to search for such sources in blind surveys and with targeted observations
are promising. From Fig. 3 it is seen that SKAl-low will detect new radio halos as it will reach much
better sensitivities than the current instruments. Based on the turbulent acceleration models, it has
been predicted that about 2600 new radio halos will be discovered in a survey that can reach rms 20uJy
beam™! with a beam ~ 10” at 120 MHz (Cassano et al., 2015). From the studies of the known radio
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Figure 4: The expected detection thresholds for SKA1-low in comparison to the known radio halos. The
known halos from literature and the GMRT upper limits are from Kale et al. (2015).

halos it has been inferred that about 58% of the flux density of the radio halo is contained within half its
radius (Brunetti et al., 2007). A minimum detectable flux density of a radio halo, f,,;, can be inferred
if it is assumed that a radio halo is detectable when the integrated flux density within half its size gives
a signal to noise ratio, ¢ (Cassano et al., 2015). It means that f,.in (< 0.505) ~ E/NyFppms, where Ny is
the number of independent beams within 0.50. It is found that,

_ Frms 10” HH(Z)
i~ 143 x 1073¢ [ —=2 ). 2
Frmin 8 £<IOMJy>( Oy )(arcsec @)
The minimum power of radio halo detectable as a function of redshift for the case of £ = 7.0 is shown
in Fig. 4. The redshifts beyond 0.4 are essentially unexplored and SKA will provide the first glimpse of
the properties of radio halos at those redshifts. The “off-state” of clusters which are below the current

GMRT upper limits will be detected using the SKA1-low . This is critical to understand the cosmic ray
contents of galaxy clusters.

5 Superclusters and filaments

Binary clusters and systems of multiple interacting clusters can be found in superclusters or as indepen-
dent systems. Typically such systems may be either in a stage before they fall into each other or could
have undergone the merger and are oscillating. In both these cases it is interesting to study the ICM in
and around these clusters to probe the dynamics of diffuse matter and cosmic rays.

Superclusters such as the Shapley supercluster (SSC) are among the nearest systems available for
study. About 28 clusters were identified within a volume of 2.5 x 10° h=3Mpc® — that is an over
density of more than a factor of ten with respect to the mean density of Abell clusters at similar
galactic latitudes (Scaramella et al., 1989). SSC is also the richest SC in terms of the presence of X-ray
emitting clusters (Raychaudhury et al., 1991). Dedicated studies of this region in optical, radio and
X-rays have revealed several sub-structures within this SSC (e.g. Venturi et al., 2000, and references
therein). Recently observations of SSC were carried out with the SKA precursor, Murchison Widefield
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Array (MWA) with the aim of probing diffuse radio emission at cluster and inter-cluster scales (Kale et
al. 2016, in prep.).

The SKAl-low opens up the possibility of probing inter-cluster scale radio sources at even better
sensitivity than possible with the current MWA. Apart from SSC other binary clusters and superclusters
will be of interest to probe the acceleration of cosmic rays and magnetic fields in these regions. Targets
of interest can be filaments between interacting clusters detected by Planck (Planck Collaboration et al.,
2013).

Apart from the denser structures like the clusters of galaxies and galaxy groups, there are filaments
in which a large fraction of the galaxies in the Universe reside. Filaments also contain a large reservoir
of inter-galactic medium called the warm hot inter-galactic medium (WHIM) with temperatures in the
range 10° — 107 K that has been processed by accretion shocks and is extremely difficult to detect in
most wavelength bands. Radio bands stand a chance of detecting it if the shocks accelerate electrons.
A detection will be able to probe the cosmic rays and magnetic fields in the filaments. Flux densities
of ~ 0.12uJy at a redshift of 0.15 at 150 MHz have been predicted assuming that primary electrons are
accelerated at cosmological shock waves (Araya-Melo et al., 2012). A radio detection of filaments has
been predicted in regions where magnetic field is about ~10 -100 nG (Vazza et al., 2015a). Recent MHD
simulations using EN ZO have predicted that a non-detection with the SKA can place constraints on the
magnetic energy in the WHIM to be less than ~ 1% of the thermal energy (Vazza et al., 2015b).

Thus although it seems difficult to detect, a strong case exists for detections of filaments surrounding
massive clusters. Recently filaments of temperatures ~ 107 K were detected in X-rays around the massive
and merging cluster Abell 2744 (Eckert et al., 2015). If detected in radio, these can potentially constrain
the magnetic field in them.

6 Tailed radio galaxies as tracers of inter-galactic weather

6.1 Previous studies

‘Tailed’ radio sources (Ryle and Windram, 1968) are characterised by a head identified with the optical
galaxy and two trails of FR I radio source sweeping back from the head (Miley et al., 1972; Jaffe and Perola,
1973). These sources are usually found in rich cluster environments, where jets are understood to have
been swept back by the deflecting pressure of the dense ICM. Furthermore, the long tails of these galaxies
carry the imprint of relative motion between the non-thermal plasma and the ambient hot gas. Hence, in
the parlance of the field, they reflect the weather conditions of ICM and the jet dynamics, which allows
us to make quantitative statements about their dynamics and energetics. Two specific examples of the
interaction between radio sources and the ICM are wide-angle tailed (WAT) and narrow-angle tailed
(NAT) radio sources, where the latter are also addressed as the ‘head-tail’ radio sources.

Recently, a radio study was conducted, using GMRT for a sample of head-tail radio sources, con-
centrating on 3C129, NGC 1265 and IC 310 (Lal, 2009; Lal and Rao, 2004), which have archive X-ray
data, and new X-ray observations were proposed for objects which are in poor environments where
temperature and abundance variations are likely to be more visible in the X-rays (Rhee et al., 1994).
When combined with radio data, these multi-waveband data probe a variety of studies, namely (i) colli-
mation and surface brightness of the jets (Laing and Bridle, 2014, 2002), (ii) radio jet-ICM interaction
(Perucho et al., 2012; Perucho, 2012), (iii) infall of tailed radio sources into the cluster, (iv) details of
cluster merger (Douglass et al., 2011), (v) gas pressure to compare with equipartition pressure, (vi) en-
ergy losses, particle acceleration, and (vii) cluster centre ambiguities. The potential of such observations
is also to reveal details of cluster mergers such as subsonic / transonic bulk flows, shocks and turbulence.
Fortunately, the jets survive the encounter with the ICM, with possible shocks leading to the formation
of the long tails, and specifically they seem to be devoid of the growth of Kelvin-Helmholtz instabilities
(Loken et al., 1995).

6.2 Prospects for the SKA

To illustrate in detail, let us consider two specific science cases, (i) if the deceleration of jets in these
objects is caused by internal entrainment or if the mass-load of the jet is external (Perucho, 2012;
Perucho et al., 2011) and (ii) the manner in which the local ICM plays a role in shaping NAT and WAT
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galaxies (Roettiger et al., 1996). To answer (i), observationally the transverse velocity profile of the radio
jets can give clues to understand which of these two processes is more relevant; if former, no velocity
profile across the jet is expected, whereas if it is latter there would be a velocity profile with slower layers
at the jet boundaries (Laing and Bridle, 2002). Next to answer (ii), comparisons between the radio
morphologies of tailed sources in cluster environments and the distribution of the thermal gas as seen
in Chandra and XMDM-Newton images, indicate that the thermal gas is almost always asymmetric and
aligned towards the direction of the bending (Venkatesan et al., 1994), and many a times these clusters
are undergoing mergers, resulting in large-scale flows of hot gas owing to the changing gravitational
potential (Klamer et al., 2004). Therefore tailed radio sources in merging clusters are diagnostics of
the ICM weather and of the evolving gravitational potential resulting from the merger as compared to
(tailed) radio sources in relaxed clusters. This argument clearly answers the role played by relaxed and
merging clusters in shaping WATs and NATs.

A series of tiered surveys with increasing sensitivity, but decreasing in areas are planned to be
undertaken with SKA phase-1 (SKA-1). Briefly, the 1-2 GHz band of SKA 1, with 2 arcsec resolution
and 2 puJy beam™! will detect several orders of more number of WAT and NAT radio sources and hence
their parent clusters with whom they are associated. Clearly, at this resolution and depth we will not only
resolve the radio jet in longitudinal direction, but also in transverse direction and boost our statistical
understanding of at least two specific science cases discussed above.

6.3 Building Statistics using SKA

VLA Fiant Images of the Radio Sky at Twenty-cm (FIRST) survey listed ~384 WAT and NAT radio
sources selected from 3000 deg? of sky. Of these (Blanton et al., 2001) have confirmed the existence
of 40 clusters with redshifts up to z ~ 0.9. To compare these, we next try to understand number of
WATSs and NATSs likely to be detected with SKA surveys. The current deep surveys of smaller parts
of the sky such as the ~4 deg? of the ATLAS-CDFS (Australia Large Area Survey of the Chandra
Deep Field-South) field was performed using ATCA at 1.4 GHz (Norris et al., 2011) with ~11 arcsec
resolution and a depth of 15 pJy beam™!. Additionally, VLA image of the Extended-CDFS, again
at 1.4 GHz with ~2 arcsec resolution has a depth of 10 uJy beam~! Miller et al. (2013). Although
SKA 1 survey will be similar to this resolution, marginally more sensitive to the VLA-Extended-CDFS
(Figure 5, Dehghan et al., 2014), (Figure 1, Johnston-Hollitt et al., 2015a) and (Johnston-Hollitt et al.,
2015b). Out of ~3000 radio sources, 45 are WAT or NAT radio sources and rest are extended or (complex)
diffuse or ambiguous (Dehghan et al., 2011). Extrapolating from these detections, again using (Figure 1,
Johnston-Hollitt et al., 2015a), the SKA level surveys will detect ~10° WAT and NAT radio sources.
The all-sky radio continuum survey using SKA 1 will provide more sensitive data to explore a variety of
science goals, including a huge sample, ~10° clusters of galaxies containing WAT and NAT radio sources.
Statistical studies of such large samples of tailed radio sources will provide insights into both the internal
characteristics of astrophysical jets and the surrounding ICM.

7 Summary

This chapter highlights the scientific problems in the area of galaxy clusters and the cosmic web that
can be effectively addressed using the Square Kilometer Array. The outstanding problems that need to
be addressed are:

a. the production and sustenance of relativistic particles and magnetic fields that are responsible for the
observed diffuse radio emission on cluster-wide scales,

b. the relative importance of shocks, turbulent acceleration and hadronic models to the production of
cluster-wide radio emission,

c. the detailed properties of the intra-cluster medium using cluster radio galaxies as tracers, and
d. the faint radio emission arising in structure formation shocks (the cosmic web).

An underlying theme in the observational study of clusters and the cosmic web is the detection of
low surface brightness and extended radio emission over a wide range of frequencies like 0.1 - 10 GHz.
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SKA, with its long baselines and good short spacing coverage, will be an ideal instrument to detect
these features. It is expected that SKA will reach detection limits that are a factor of 10 to 50 lower
compared to those of the existing telescopes. This improved sensitivity is expected to discover an order
of magnitude larger number of clusters with faint diffuse radio emission hitherto undetected. These
observations from SKA are expected to revolutionise the field of clusters and the cosmic web.
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Abstract

AGN feedback is regarded as an important non-gravitational process in galaxy clusters, providing
useful constraints on large scale structure formation. In view of upcoming data, particularly from
radio surveys with next-generation facilities like SKA, along with major breakthroughs in X-ray
sensitivity, high spatial and spectral resolutions, we review AGN feedback from galaxy clusters and
present overview of this probe in the cosmological context along with the recent results. We discuss
current major issues regarding modeling of AGN feedback and its impact on the surrounding medium
and the major breakthroughs we can expect from the future multi-frequency SKA instrument.

1 Introduction

Clusters of galaxies are the largest virialized objects in the universe and the youngest ones in the hierar-
chical scenario of structure formation. This makes them ideal probes of the large scale structure of the
universe and, hence, of cosmological parameters. For example, the abundance of galaxy clusters provides
sensitive constraints on the cosmological parameters that govern the growth of structures in the universe
(Holder et al., 1991, Gladders et al., 2007, Vikhlinin et al., 2009, Jimenez & Verde, 2009, Andersson et
al., 2011, Allen et al., 2011, Bocquet, 2015). In the scenario of hierarchical structure formation, galaxy
clusters are formed from the merger of smaller units (galaxies, groups and small clusters) due to the grav-
itational collapse. About 90% of the total baryons in galaxy clusters is are in the form of a hot (107 — 102
K) diffuse plasma, called the intra-cluster medium (ICM) which radiates in soft X-ray bands via thermal
bremsstrahlung. By observing this X-ray emission, one can study the thermodynamic properties of the
ICM, which in turn can help us in determining the dark matter profile in galaxy clusters.

High quality X-ray data have provided a number of interesting details regarding the thermodynamic
proper of the ICM. For example, it has been found that there is a break in the self-similar scaling rela-
tions predicted by pure gravitational collapse of dark matter halos (Kaiser, 1986, Edge & Stewart, 1991,
Andreonet al., 2011, Bonamente et al., 2008, Battaglia et al., 2012). Similarly an entropy excess has
been observed in cluster cores (Cavagnolo et al., 2009, Pratt et al., 2010, Eckert et al., 2013). Moreover,
observations of the cool regions of galaxy clusters show very little evidence of gas cooling and negative
temperature gradient outside cores, which is more pronounced in the cool core clusters (Vikhlinin et al.,
2005, Leccardi & Molendi, 2008). Such issues can be addressed both through observations and simula-
tions and these point towards cosmological scenarios where a number of non-gravitational astrophysical
processes like star formation, feedback from supernova and AGN (Active Galactic Nuclei) take place.
It has been found that radio emission from AGN feedback strongly correlate with the non-gravitational
energy at cluster cores (Chaudhuri et al., 2012, 2013, Pike et al., 2014, Planelles et al., 2014). The
presence of the cavities in bright galaxies (Pandge et al., 2012) and in the ICM near the cluster centers
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(Hlavacek-Larrondo et al., 2012, 2015) is believed to be direct evidence of the conversion of the mechan-
ical energy associated with the AGN jets into the thermal energy of the gas and possible small fraction
of the non-thermal (relativistic) component.

Studies at radio wavelengths have also revealed diffuse radio sources (giant halos, relics, mini halos),
which cannot be generally associated with any central radio galaxy (AGN). Diffuse radio halos (giant
halos, relics) can be produced by the acceleration of particles in fossil radio plasma, or directly of thermal
electrons of the ICM through shocks and/or MHD turbulence during cluster mergers (Brunetti et al.,
2001, Gitti et al., 2002, Cassano & Brunetti, 2005). They can be also produced from “secondary electrons”
as a result from inelastic collisions between CR protons and the thermal nuclei of the ICM during cluster
merger while relics are most likely associated with shock waves which formed during mergers (Dennison,
1980, Blasi & Colafrancesco, 1999). The relativistic electrons in radio mini-halos would instead be ejected
by their central AGN and subsequently re-accelerated by the ICM turbulence originating in the cluster
cooling core (Gitti et al., 2002). Mini-halos are diffuse, faint radio sources and are found mostly at the
cluster center and are normally of size ~ 100 — 500 kpc comparable to that of the cluster cool core, with
steep radio spectra. Apart from being much smaller than giant radio halos and relics which are typically
found in disturbed /non cool-core clusters powered by cluster mergers, radio mini-halos are qualitatively
similar. The importance of GMRT radio survey stands out, which has provided us statistical basis on
the occurrence of giant radio halos in the critical redshift range 0.2 — 0.4 (Venturi et al., 2008, Cassano
et al., 2008). These results from GMRT radio halo survey have provide observational support to the
re-acceleration scenario for the formation of radio halos.

It has become clear that the studies from the large-area surveys like GMRT, VLA, LOFAR, SKA
(Condon et al., 1998, Haarlem et al., 2013, Blake et al, 2004) will provide us useful insights of the large
scale structure formation and in our understanding of cosmological model. Motivated by the fact that
the future SKA telescope, in which India will also play a major part, it is expected to detect thousands
of galaxy clusters up to redshift ~ 0.6 and several hundreds at redshift z > 1.5 using radio sources
associated with the AGN as well as ICM (Gitti et al., 2014). In this article, we mainly focus on the radio
emission from AGN and its effect on the surrounding ICM in galaxy clusters keeping in mind the physics
that we can do with SKA. The cluster detections via radio sources using SKA, in combination with
datasets such as X-ray and CMB will provide us useful insights of their overall properties of clusters like
such as masses, luminosities or temperatures and their deviations from the self-similar scaling relations
(Jarvis & Rawlings, 2004). The SKA will be able to follow-up galaxy clusters using the SZ signature
from which one can in principle can study the effect of the AGN feedback on the S-Z power spectrum and
thus the evolution of the large scale structures by correlating the radio luminosity with thermodynamic
properties of the ICM (Chaudhuri et al., 2013, Grainge et al., 2014). Moreover, the study of AGN
feedback using SKA could also help us understanding the regulation of cool cores (Gitti et al., 2014,
Combes, 2015). Another major breakthrough with SKA will be in the investigation of radio-mode AGN
feedback at high redshift which will help us in characterization of the radio lobes produced by the
relativistic electrons which are responsible for carving the cavities in the ICM clearly observed in X-ray
local clusters (Hlavacek-Larrondo et al., 2012, 2015). SKA will help to probe the nature of dark energy
by mapping out large-scale structure, primarily using the 21lcm emission line of neutral hydrogen (HI)
to detect galaxies and measure their redshifts (Jarvis & Rawlings, 2004).

2 AGN feedback in galaxy clusters

In order to obtain robust estimates of cosmological parameters from galaxy cluster surveys, one requires
precise knowledge about the evolution of galaxy clusters with redshift and the thermodynamical prop-
erties of ICM. In the simplest cases, where one considers pure gravitational collapse, cluster scaling
relations are expected to follow simple self-similarity (Kaiser, 1986). X-ray scaling relations have been
widely used to test the strength of correlations between cluster properties and to probe the extent of self-
similarity of clusters (Edge & Stewart, 1991, Pike et al., 2014, Morandi et al., 2007, Comis et al., 2011,
Ettori, 2013). For example, the luminosity-temperature (L, — T') relation for self-similar models predict
a shallower slope (L, o< T 2) than observed (L, o< T 3) (Edge & Stewart, 1991, Andreonet al., 2011).
Observations show that there is break in the self-similarity in galaxy clusters, with a steeper slope for
low mass clusters. Similarly, SZ effect scaling relations have been largely studied both analytically and
by numerical simulations, and these studies also show discrepancies between observations and prediction

93



from a pure gravitational model (Bonamente et al., 2008, Battaglia et al., 2012, Holder & Carlstrom,
2001, Zhang & Wu, 2003).

One may argue that radiative cooling may have role for the steepness of the L, — T relation by
eliminating gas more efficiently particularly in low-mass systems (Lewis, 2000, Yoshida et al., 2002, Wu
& Xue, 2002) but this processes produces a drastic overprediction of the amount of cold gas which is
clearly not consistent with the present observations. Another observational mystery is the “cooling-flow”
problem in the galaxy cluster. Since it is found that the cooling time in the galaxy clusters cores is
smaller than the age of the cluster, a central inflow of cool gas called cooling flow is expected to occur
(Cowie & Binney, 1977, Fabian & Nulsen, 1977). Under these conditions, the gas slowly loses pressure
support and falls towards the central galaxy. However, it has been found that rate of gas cooling and
estimated rate of accretion onto the central galaxy is rather high in many cases (Fabian et al., 1984),
implying that a significant amount of gas cooler than 1-2 keV should be present in the center which
not consistent with the latest optical and X-ray observations suggesting that it is simply not the case
(McNamara et al., 2000, Balogh et al., 2001, Peterson et al., 2003). Secondly, low star formation rates
of central galaxies (Johnstone et al., 1987, O’Connell & McNamara, 1989, Allen et al., 1995) provide
additional proof for the absence of significant amount of cooling in cluster cores. In addition, recent
observations with radio and X-ray telescopes have also revealed complexity of the ICM physics, such as
cold fronts, radio ghosts, cluster turbulence and nearly uniform high metallicity.

All these findings suggest that there must be a physical process that offsets the radiative cooling in
the cluster cores, thus preventing the gas from falling out of the ICM in a cooling flow. Such studies
has revealed the importance of complex non-gravitational processes, such as injection of energy feedback
from AGN, radiative cooling, supernovae, and star formation, influencing the thermal structure of ICM,
particularly in low mass (temperature) clusters (Pratt et al., 2010, Eckert et al., 2013, Chaudhuri et al.,
2012, 2013, Voit et al., 2002, 2005). The first direct evidence for non-gravitational entropy in galaxy
clusters and galaxy groups was given by (David et al., 1996) using ROSAT PSPC observations. (Ponman
et al., 1999) found flatter entropy profile in galaxy cores and (Helsdon & Ponman, 2000) results indi-
cated much steeper slope (~ 4.9) for luminosity-temperature relation than observed in galaxy clusters.
Motivated by these findings several groups have reported similar conclusions using both numerical and
semi analytical models with a entropy floor of the order of 200 — 400 keV ¢m? (Eckert et al., 2013, Bialek
et al., 2001, Borgani et al., 2005). By investigating the effect of excess energy on the density profiles of
gas halo’s by using semi-analytic model, the excess energy per particle has been estimated to be around
1—3 keV (Wu et al., 2000). Similarly, (Chaudhuri et al., 2012, 2013) estimated the energy per particle
up to 7500 to be between 1.6 — 2.7 keV using AMR and SPH simulations.

A recent promising development in understanding the state of the ICM is based on the concept of
local thermal instability in core which is in rough global thermal balance. In isobaric conditions of the
ICM, slightly denser blobs of the ICM are expected to cool faster than their surroundings. However, this
local thermal instability results in cold gas only if the ratio of the ICM cooling time and the gravitational
free-fall time is less than a critical value close to 10 (Sharma et al., 2012a, Meece et al., 2015, Choudhury
& Sharma, 2016). This criterion quantitatively explains the observed entropy threshold (< 30 keV cm?)
for the presence of Ha luminosity and radio bubbles (Cavagnolo et al., 2008). Local thermal instability
picture ties together with the cold mode feedback (as opposed to hot-mode Bondi accretion; (Pizzolato
& Soker, 2005, 2010) which explains several observations (Voit et al., 2015). Thermal instability and
condensation model also has important implications for the L, — T relation and the missing baryons
problem (Sharma et al., 2012b).

Theoretical studies have often invoked some sort of non-gravitational heating to explain the cluster
excess energy in ICM. However, the main unsolved issue in these models remains the origin and nature of
the physical sources that cause the extra heating of the ICM. Although, Supernovae feedback is essential
to explain the enrichment of the ICM to the observed metallicity level and heavy-element abundances but
they provide insufficient estimates of energy per particle (< 1 keV) as compared to recent observations.
Moreover, they are also inefficient to quench cooling in massive galaxies (Springel et al., 2005). An older
idea to explain excess energy is that of preheating. This proposes that the cluster forms from an already
preheated and enriched gas due to feedback processes (like galactic winds) heating up the surrounding
gas at high redshifts. The preheating model was first proposed by (Kaiser, 1991) and has since been
developed /improved by many (Evrard & Henry, 1991, Babul et al., 2002). The preheating scenarios
require ~ 1 keV energy per particle to explain break in the self-similarity scaling relations (Borgani et
al., 2001, Tozzi & Norman, 2001, Finoguenov et al., 2003). The simplest preheating model assumes
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constant entropy level of ~ 250 keV cm? along with the radiative cooling. Although, early preheating

models could describe the scaling relations in clusters but they suffered from a few drawbacks with
regard to details. For example, such models predict isentropic cores particularly in the low mass clusters
(Ponman et al., 2003) and the excess of entropy in the outskirts of the clusters (Voit et al., 2003) which is
not consistent with observations. There is a growing evidence that AGN feedback mechanism provides a
major source of heating for the ICM gas, thereby reducing the number of cooling flow clusters (Chaudhuri
et al., 2012, 2013, Pike et al., 2014, Planelles et al., 2014, Guo & Oh, 2008, Gaspari et al., 2011). The
AGN-jet simulations have reached a stage where they can suppress the cooling flow for a cosmological
timescale and produce results matching with observations (Gaspari et al., 2012, Li et al., 2015, Prasad
et al., 2015). Understanding the physics of the hot gas and its connection with the relativistic plasma
ejected by the AGN is key for understanding the growth and evolution of galaxies and their central black
holes, the history of star formation, and the formation of large-scale structures.

The effect of AGN feedback can occur at different scales ranging from galaxy formation to cool-core
clusters. In case of galaxy formation, it reduces the galaxy luminosity function by suppressing the over-
production of massive elliptical galaxies as predicted by dark matter only simulations, while in case of
cool-core systems it solves the cooling flow problem. Additionally, it also gives helpful insights about
the observed relation between the black hole mass and the bulge velocity dispersion (Gebhardt et al.,
2000). However, many questions regarding the the physics of AGN feedback and how it interacts with the
surrounding ICM, remain unanswered. Several different mechanisms have been put forward and have
been investigated numerically and through observations. These include radiative heating by quasars
called “radiative feedback” (Ciotti & Ostriker, 1997, William & Fabrizio, 2007) or bipolar mechanical
outflows/jets called “kinetic feedback” (Gaspari et al., 2011, Zanni et al., 2005). While quasars might
have been an important source of heating at high redshift, with the peak distribution at z ~ 2 (Nesvadba
et al., 2008, Dunn et al., 2010), however, in low-redshift systems it seems likely that massive black holes
mostly accrete mass and return energy in a radiatively inefficient way (Fabian & Rees, 1995). Recent
observations suggest advection dominated accretion flow (ADAF) systems as the primary power source
behind local AGN’s (Narayan & McClintock, 2008). Recent and upcoming X-ray and radio observations
could help us to narrow down search for physical feedback scenarios (Gitti et al., 2012). The detection of
radio-filled X-ray cavities/bubbles, lobes, ellipsoidal weak shocks and iron enhancements along the radio
jet trajectory strongly suggests that low redshift AGNs introduce energy directionally and in mechanical
form through bipolar massive jets. Studies of X-ray deficient cavities allow us to derive the relationship
between the mechanical energy injected and radio emission of AGN jets and lobes. Such a relationship is
of great interest because it helps to understand the physics of AGN jets (O’Sullivan et al., 2011). Studies
from high resolution Chandra X-ray telescope have found that AGN can inject up to about 105 —10°2 erg
per outburst into the ICM which is not only sufficient to to quench the cooling of the ICM and increase
its energy but also suppresses star formation and the growth of luminous galaxies (Birzan et al., 2004,
McNamara & Nulsen, 2007). In order to gain more physical picture of the nature of interactions between
the AGN feedback and ICM and the extent of balance between mechanical power fed by the AGN versus
radiative loss of ICM, it is important to explore X-ray bright systems with apparent signatures of such
interactions.

3 Probing AGN feedback in galaxy clusters with SKA

3.1 Estimates of feedback energy and correlation with radio luminosity

The thermodynamic history of the ICM, and hence any energetics, is fully encoded in the entropy of the
ICM. The ICM entropy profile is defined as' K (r) = kpTn.(r)~2/3, where kp is the Boltzmann constant.
Non-radiative simulations, which encodes only gravitational/shock heating, predict entropy profiles of
the form K(r) oc 1! (Voit et al., 2005). By comparing the observed entropy profiles with theoretically
expected entropy profiles based on non-radiative and non-feedback simulations can be used to determine
the nature and degree of feedback. This idea was developed and used recently by Chaudhuri et al. (2012,
2013) who estimated the non-gravitational energy deposition profile up to r5gg by comparing the observed
entropy profiles with a benchmark entropy profile without feedback (Voit et al., 2005) for the REXCESS
sample of 31 clusters (Pratt et al., 2010), observed with XMM-Newton. They found an excess mean

! Thermodynamic definition of specific entropy being S = In K3/2+ constant
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energy per particle to be ~ 1.6 keV and ~ 2.7 keV up to r599 using benchmark entropy for AMR and
SPH simulations respectively with strongly correlation with AGN feedback. They also observed profiles
of non-gravitational energy AFE;cys for CC and NCC clusters to be very different and it reached much
lower values for CC clusters in the innermost regions as a result of a greater amount of energy lost due
to radiative cooling in CC clusters. However, adding energy lost due to cooling to AErcns, the mean
profiles for CC and NCC appear to become more or less similar. By calculating the radio luminosity Lr
of the central radio sources within 0.3r599 from the NVSS catalog, Chaudhuri et al. (2013) found that
this quantity is correlated with the bolometric luminosity Ly for both CC and NCC clusters. While the
high temperature CC and NCC clusters show a positive relation between feedback energy and Lg, the
three low temperature NCC clusters in the sample were found to have opposite trend. Moreover, their
study also found that Lg — AEjcp relation shows a strong trend for both the CC and NCC clusters
with similar power law slopes for the CC and NCC clusters (although with different normalizations) even
though Lp in the CC clusters was found to be much higher than NCC for same temperature.

All these results indicate that AGN feedback from the central radio galaxies much provide a significant
component of feedback energy in both CC and NCC clusters. A combination of the SKA arrays and
their receivers at a wide range of frequencies and angular resolutions will be ideal for this kind of study.
According to the results of (Chaudhuri et al., 2013), radio-loud AGNs with luminosity 10?3 J s~ Hz ™!
at 1.4 GHz are important for low mass clusters, with X-ray luminosity < 10** erg s~!. These radio-loud
AGNs are also the most abundant according to the radio galaxy luminosity function. The flux density
of such a radio-loud AGN at z = 0.2 is ~ 1 mJy, and at z = 0.5, it is ~ 0.1 mJy. Therefore, SKA
sensitivity will allow one to not only have a reliable estimate of the total radio power in low mass clusters
at low redshift, but will also allow one to determine the redshift evolution of the role of radio-loud AGNs
in clusters. In particular, this makes it an indispensable tool for searching for old, dying radio sources,
and for the construction of complete, flux density in the AGN’s. The high sensitivity of the SKA along
with its wide field of view will help us in identification of objects of the same morphological type. High
resolution imaging of jets and lobes from SKA will help us in detailed physics analyses.

3.2 Kinetic feedback of BCGs

The Brightest Cluster Galaxies (BCGs) or the first ranked galaxies in clusters are the most massive
elliptical galaxies and show the highest probability to be radio loud. The BCGs impact the ICM through
quasar mode and /or kinetic mode activity and are argued to be responsible for the offsetting the cooling
of cluster cores. The impact of the ICM on the BCG to regulate its radio duty cycle is still not well
understood. It is an open issue whether the large scale merging activity among clusters can affect the
radio loudness of the BCG. A recent study of the radio luminosity function of a sample of 59 BCGs in
the Extended GMRT Radio Halo Survey cluster sample (0.2 < z < 0.4, Lx[0.1—-2.4kev] > 5 X 10% ergs™1)
(Venturi et al., 2008, Kale et al., 2015a, 2013, Venturi et al., 2007), has shown that the fraction of radio
loudness reaches about 90% in BCGs in relaxed clusters as compared to 30% in BCGs in merging or
non-relaxed clusters (Kale et al., 2015b). The sample is not large enough to conclude if the shape of the
radio luminosity function of BCGs in relaxed and merging cluster is different. The all sky surveys and
pointed surveys of galaxy clusters with the SKA-low and SKA-mid will be able to provide large samples
of radio BCGs in clusters to redshifts of 1 or even further. These complete samples of radio BCGs, in
combination with X-ray properties can be used to understand if and how the large-scale properties of
the ICM affect the radio loudness of BCGs.

3.3 Cool core clusters and radio mini-halos

Evidence gathered from the observations over several decades suggest the presence of central FR-I type ra-
dio galaxies in about 70% of the cooling core clusters (Worrall & Birkinshaw, 1994, Komossa & Bohringer,
1999, Worrall, 2000). With the advent of the high-resolution X-ray observations using the present gen-
eration X-ray telescopes, it is well established that the central radio source produces a profound effect
on the ICM. In particular, the X-ray images obtained at the superb spatial resolution using the Chandra
telescope revealed that the hot gas in many cool core systems is not smoothly distributed, but instead
exhibits highly disturbed structures including cavities or bubbles, shocks, ripples and sharp density dis-
continuities. Comparison of these features with the radio images at similar angular resolutions have
revealed that these disturbances are originated due to the AGN jets (Blanton et al., 2001, Croston et al.,
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2003, Fabian et al., 2003). In-depth analysis of individual systems along with the systematic studies of
cavity samples (Wise et al., 2007, Gitti et al., 2009, Raffertyet al., 2008, David et al., 2011) have enabled
us to investigate global properties of the X-ray cavities as well as shed light of the feedback mechanism
in the cool core clusters. In galaxy clusters at low redshift, observations suggest that the central AGN
activity due to advection dominated accretion flow (ADAF) systems as the primary power source behind
local AGN’s (Narayan & McClintock, 2008). Theoretically, it has been shown that these bubbles may
rise buoyantly and raise some of the central cool gas (Churazov et al., 2001).

Diffuse non-thermal emission has also been observed in a number of cool-core clusters, where the
radio-loud brightest cluster galaxy (BCG) is surrounded by a “radio mini-halo”. Mini-halos are believed
to be generated from the ICM (instead of being connected with the radio bubbles) where the thermal
plasma and the relativistic electron population are mixed (Gitti et al., 2002, ZuHone et al., 2013). Only
handful of radio mini halos have been detected so far due to the limitations of current radio interferometers
and difficulty in separating their diffuse, low surface brightness emission from the bright emission of the
central radio source. However, due to very good sensitivity to diffuse emission, high dynamic range and
good spatial resolution SKA is expected to detect large number of such objects. This will allow us to
reach a better understanding of their origin and physical properties of these astrophysical sources.

3.4 Feedback in group scale environment

Even though AGN feedback is well understood in the cooling flow clusters, however, due to the char-
acteristic differences between groups and clusters, knowledge of cavity physics in clusters may not be
directly applicable for that in groups (O’Sullivan et al., 2011). Systematic study of galaxy groups with
AGN-IGM interactions in the nearby region is important to understand the AGN feedback in relatively
shallower systems. Due to their shallower gravitational potentials, the AGN outbursts in such systems
are believed to produce a larger impact on the intra-groups medium. This study is also important be-
cause the relationship between AGNs and hot gas can significantly influence galaxy evolution in the
group environment. The groups selected from nearby region are also useful to probe regions closer to
the central black hole with greater details. Therefore, combination of X-ray data and observations with
SKA will give a complete picture of AGN feedback in group scale environment.

3.5 ICM morphology and cluster cosmology

Is has been pointed out that X-ray observables are sensitive to non-gravitational processes such as
radiative cooling, AGN feedback and and that the X-ray scaling relation has relatively large intrinsic
scatter (Edge & Stewart, 1991, Pike et al., 2014, Morandi et al., 2007, Comis et al., 2011, Ettori, 2013).
Therefore, in order to obtain any robust estimates cosmological one requires precise knowledge about the
evolution of galaxy clusters with redshift and the thermodynamical properties of ICM. The utility of large
SZ surveys for determining cosmological parameters from cluster abundances and SZ power spectrum is
limited by proper incorporation energetic feedback from AGN’s in simulations. Therefore, it is utmost
important to understand the nature and the extent of the non-gravitational feedback in galaxy clusters
out to the virial radius so as to properly calibrate the scaling relations and theoretical models. With
major advance in X-ray sensitivity, spectral resolution and high spatial resolution, in combination with
future radio observations especially from SKA one may be able to make breakthroughs in these aspects
of cluster physics.

3.6 Evolution of radio lobes

The synchrotron radiation emitted by the relativistic electrons in radio bubbles fades and becomes
difficult to detect after about 10® years. Moreover, the X-ray surface brightness depressions are only
visible near the center of the cluster where the contrast is large. Thus, it is unclear how far AGN driven
cavities rise in the cluster, their interaction with the ICM, and how they evolve at late stages. Owing
to high sensitivity and frequency range, SKA will be able to trace evolution inflated bubbles to much
larger distances in the cluster. This will also offer us unique opportunity to study the the physical
properties relativistic gas inside the bubbles, such as the buoyancy, equation of state, magnetic field
and hydrodynamical instabilities in bubble and their interaction with the ICM (Scannapieco & Bruggen,
2008, 2015). One can, therefore, in principal do the detailed study of the spectral evolution of the fading
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radio lobes both in synchrotron and Compton regime in the varying magnetic field which drives the
expansion (Goldshmidt & Rephaeli, 1994).

4 Summary

Galaxy clusters being largest virialised systems known, therefore, are an important source of information
regarding the universe and its large scale structure. In this review, we have made in depth analysis
of AGN feedback from galaxy clusters and demonstrated the potential use of this effect in probing
cosmology along with the recent developments. We discussed recent developments regarding the AGN
outbursts and its possible contribution to excess entropy (preheating) in the hot atmospheres of groups
and clusters, its correlation with the feedback energy in ICM and quenching of cooling flows. A robust
explanation for the mechanism behind AGN feedback in galaxies, groups and clusters is essential in
understanding the formation of large scale structure of the universe. Moreover, any attempt of obtaining
robust cosmological information will require more detailed cluster modeling, the accurately calibrated
selection function as well as extensive modeling of interaction of ICM with the expanding radio lobes
from AGN. The much improved multi frequency measurements and high spatial resolution in near future
due SKA as well as up coming data from cluster surveys from Planck S-Z, Euclid, eROSITA, ASTRO-H
along with breakthrough in X-ray sensitivity and spectral resolution at high spatial resolution will have
unique ability to answer the most important outstanding questions as to how this mode of feedback
operates and its impact on the surrounding medium, and therefore should provide major breakthroughs
in understanding the co-evolution of AGN, galaxies and large-scale structure of the universe structure.
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Abstract

We present detailed science cases that the Indian AGN community is interested in pursuing
with the upcoming Square Kilometre Array (SKA). These range from understanding low luminosity
active galactic nuclei in the nearby Universe to powerful radio galaxies at high redshifts. Important
unresolved science questions in AGN physics are discussed. Ongoing low-frequency surveys with the
SKA pathfinder telescope GMRT, are highlighted.

1 Introduction

Active galactic nuclei (AGN) are the centres of galaxies that emit copious amounts of radiation spanning
the entire electromagnetic spectrum. It is now widely agreed that AGN are accreting supermassive
black holes (SMBH; masses 10 — 10° M), where the enormous energy is the outcome of the release
of gravitational potential energy (Lynden-Bell, 1969). Somewhere in the interface between the SMBH
and the accretion disk, bipolar jets or outflows are launched (e.g., Rees et al., 1982). The details of
the launch mechanism are still unclear, although magnetic fields are widely believed to be instrumental
in the production and collimation of these outflows (Blandford and Znajek, 1977; McKinney, 2006;
Tchekhovskoy et al., 2011). Strong and prominent emission lines in the optical-infrared spectrum, which
are considered to be the hallmark signature of an AGN, are produced in fast-moving gas clouds around
the black hole-accretion disk system (the “central engine”): different cloud speeds and electron densities
have led to the demarcation into broad and narrow line regions (BLR, NLR). The BLR in some AGN
are obscured from certain lines of sight by a dusty torus or a warped disk, giving rise to the classification
of type 1 (BLR and NLR visible) and type 2 (BLR obscured but NLR visible), and a unified scheme
that attempts to link the two types on the basis of orientation (Antonucci, 1993; Netzer, 2015). Seyfert
type 1s (with broad and narrow permitted emission lines in their spectra) and type 2s (with only narrow
permitted and forbidden lines in their spectra) are expected to be the same phenomenon, only differing
by orientation.

The development of radio interferometry in the 1960s led to the discovery of kiloparsec-scale jets in
AGN. Large-scale jets that are observed in only about 15—20% of AGN, emit at radio frequencies via
the synchrotron process. Highly energetic electrons in these jets can sometimes emit optical and X-ray
synchrotron photons as well (Sparks et al., 2000; Worrall et al., 2001). It was first pointed out by Fanaroff
and Riley (1974) that kiloparsec-scale jets in radio galaxies exhibited primarily two radio morphologies:
the Fanaroff-Riley (FR) type I galaxies had broad jets that flared into diffuse radio plumes / lobes, while
the FR type II galaxies had collimated jets that terminated in regions of high surface brightness called
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“hot spots” with the back-flowing plasma or the plasma left behind by the advancing jet, forming the
radio lobes. The total radio power of the FRI and FRII sources also differed: the dividing line at 178
MHz was at Li7g ~ 2 x 10> W Hz™!, with the FRII sources being more powerful. The FR dichotomy
is one of the major unresolved problems in jet astrophysics: it is not clear why the jets in FRIIs are
powerful enough to produce hot spots, while they apparently lack power in FRIs. Differences in the
mass or spin of the SMBH, accretion rate and/or mode, jet-medium interaction, host galaxy type and
the galactic environments, are some of the explanations put forth to explain the FR dichotomy (Meier,
1999; Baum et al., 1995; Prestage and Peacock, 1988).

The radio-loud unified scheme proposes that BL. Lac objects are the pole-on counterparts of FRI
radio galaxies while the radio-loud quasars are the pole-on counterparts of FRII radio galaxies (Urry
and Padovani, 1995). BL Lacs and quasars are collectively referred to as “blazars”. Rapid variability
at all wavelengths, high degrees of polarisation and superluminal jet motion, which are all the defining
characteristics of blazars, are fully consistent with the suggestion of relativistic jets pointing close to
our line of sight. Spectral energy distributions (SEDs) generated from multiwavelength studies of these
blazars have revealed interesting trends: the synchrotron emission peaks at submm to IR (frequency range
102 — 104 Hz) for the low frequency-peaked BL Lacs (LBLs) and flat-spectrum radio quasars (FSRQs),
while they peak at UV to X-rays (frequency range of 107 — 10'® Hz) for the high frequency-peaked
BL Lacs (HBLs) (Padovani and Giommi, 1995). Sambruna et al. (1996) and others have suggested that
there are intrinsic differences in the physical parameters of these blazar sub-classes, with HBLs having
higher magnetic fields/electron energies and smaller sizes than the low frequency peaked blazars.

The vast majority of AGN however, do not exhibit powerful radio jets or outflows. Seyfert galaxies
and LINERs! fall under this category. Kellermann et al. (1989) classified AGN into the “radio-loud”
and “radio-quiet” categories on the basis of their ratio (R) of radio flux density at 5 GHz to optical flux
density in the B—band: R was < 10 for radio-quiet AGN. Difference in black hole masses, spins, accretion
rates/modes, have been proposed to explain the radio-loud /radio-quiet divide (Laor, 2000; Tchekhovskoy
et al., 2010; Sikora et al., 2007; Garofalo, 2013). According to the “spin paradigm”, powerful radio jets
originate near rapidly spinning accreting SMBHs found in bulge-dominated systems and are launched at
relativistic speeds via the magnetohydrodynamic (MHD) Blandford-Znajek (BZ) mechanism (Blandford
and Znajek, 1977). Alternatively, in the Blandford-Payne (BP) mechanism (Blandford and Payne, 1982),
jet power is extracted from the rotation of the accretion disk itself, via the magnetic field threading
it, without invoking a rapidly spinning black hole. However, in both the processes the intensity and
geometry of the magnetic field near the black hole horizon strongly influence the Poynting flux of the
emergent jet (Beckwith et al., 2008). This has given rise to the “magnetic flux paradigm”, which
proposes that jet launching and collimation require strong magnetic flux anchored to an ion-supported
torus of optically thin, geometrically thick, extremely hot gas with poor radiative efficiency (Sikora and
Begelman, 2013). In general, a radiatively efficient fast accretion mode (or “quasar” mode) has typically
been associated with “radio-quiet” AGN, while a radiatively inefficient slow accretion mode (or “radio”
mode) has typically been associated with “radio-loud” AGN (Croton et al., 2006).

There is also evidence to suggest that galaxy mergers influence the radio-loudness of sources (Heckman
et al., 1986; Deane et al., 2014). We know that galaxy-galaxy mergers are an important phase of galaxy
evolution (Schweizer, 1982; Mihos and Hernquist, 1996; Cox et al., 2006). Galaxy mergers are especially
important at high redshifts, where the galaxy density was higher compared to the present Universe. As
all massive galaxies are expected to harbour supermassive black holes in their centres (Kormendy and
Ho, 2013), galaxy mergers are expected to lead to a large fraction of binary black hole systems. Such
systems have so far been identified in only a handful of sources (e.g., Deane et al., 2014; Miiller-Sanchez
et al., 2015). Radio sources that exhibit double peaks in their emission line spectra are good candidates
for binary AGN (Liu et al., 2010; Rosario et al., 2011; Comerford et al., 2013). As are sources exhibiting
highly distorted jets and lobes, called X-shaped sources (Cheung, 2007; Lal and Rao, 2007). The search
for dual AGN and a multi-wavelength study of dual AGN candidates can provide a different but unique
perspective on the close interplay between the central SMBH and its host galaxy. Galaxy mergers are
likely to be driving gas into the centres of merging galaxies, thereby providing fuel to be accreted on to
the black holes. Yet not all dual AGN candidates exhibit one or two sets of bipolar kiloparsec-scale jets.
The reasons for this absence are important and unclear.

One way to detect dual AGN is through the technique of very long baseline interferometry (VLBI).

Low-Ionization Nuclear Emission-line Region
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Table 1: SKA bands, including proposed changes in the low-frequency band definitions for SKA1-MID
(Ref. ECP150027).

MeerKAT SKA-Now SKA-Final
v (MHz) v (MHz) v (MHz)
SKA1-LOW e 50-350 e
SKA1-MID Band 1 580-1015 350-1050 475-875
Band 2 900-1670 950-1760 795-1470
Band 3 e 1650-3050  1650-3050

For VLBI, unconnected radio telescopes located in separate parts of the world, work together to produce a
single large radio telescope with milliarsecond resolution. This translates to parsec-scales at the distance
of the AGN we aim to study. One of the most robust detections of a binary black hole system have been
made by Rodriguez et al. (2006) using multi-frequency VLBI. Moreover, multi-epoch VLBI observations
are now determining jets speeds in blazars, radio galaxies, Seyferts and LINERs (e.g., Ulvestad et al.,
1999; Lister et al., 2009). These studies have found that the jets in radio-loud AGN are typically faster
than those in radio-quiet AGN. However the reasons for the differences are not clear. Are jets being
launched with different speeds by different mechanisms or they getting slowed down by interacting with
the surrounding medium ? (e.g., Bicknell, 1986; Laing and Bridle, 2002). The role played by jet-medium
interaction in jet propagation is another important unsettled question in jet astrophysics. Bent radio
jets in radio galaxies residing in galaxy clusters demonstrate the significance of jet-medium interaction
(e.g., O’Dea and Owen, 1985), while VLBI observations suggest that jet differences occur close to the jet
launching sites (e.g., Lister et al., 2009; Kharb et al., 2010).

In the sections ahead, we discuss the work that has been carried out on these science areas by the
AGN community in India. Sections are divided around the key unresolved science questions in AGN
physics. We describe how SKA will help in resolving these science questions.

2 SKA Surveys

Here we discuss the expected sensitivity levels and angular resolutions for the upcoming SKA configura-
tions, and the all-sky surveys that will be undertaken with SKA.

SKA1-LOW (50—350 MHz)

One can make an all-sky continuum survey reaching a confusion noise of ~ 20 pJy beam™! at 120 —
150 MHz, with an angular resolution of ~ 10", in a time scale of two years. To get rid of confusion
noise, one can use frequencies >200 MHz and reach an rms noise of ~10 pJy beam™! with 5" resolution,
again in a time scale of two years. Table 6 of Prandoni and Seymour (2015) shows that in one hour of
integration, one would achieve an rms noise of ~15.7 pJy beam™! at 50 MHz, for a field of view of 39
square degrees, assuming a bandwidth of 250 MHz (full bandwidth). We note that deeper imaging with
integration times of 100 — 1000 per field is ruled out below 200 — 250 MHz.

SKA1-MID Band-1 (350—1050 MHz)

(Eventually this band may cover only the frequency range 475—875 MHz.) One hour of integration would
result in an rms noise of ~1.7 puJy beam~! at 700 MHz for a field of view of 1.4 square degrees, assuming
a bandwidth of 700 MHz (full bandwidth).

SKA1-MID Band-2 (950—1760 MHz)

One hour of integration would result in an rms noise of ~0.8 uJy beam™! at 1.4 GHz, for a field of view
of 0.35 square degrees, assuming a bandwidth of 810 MHz.
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SKA1-MID Band-3 (1650—3050 MHz)

One hour of integration would result in an rms noise of ~0.7 uJy beam™! at 2.35 GHz, for a field of
view of 0.12 square degrees, assuming a bandwidth of 1400 MHz. Smaller chunks of 100 MHz bandwidth
would result in ~2.8 uJy beam™! in one hour of integration time.

We will make use of these sensitivity estimates in the proposed science goals ahead.

3 Jet Formation in AGN

Only around 15% or so of AGN possess powerful kiloparsec-scale jets or outflows. Nearly 85% of the
sources fall under the “radio-quiet” AGN category. Comparing and contrasting sources that possess jets
with those that do not, is crucial for learning about jet formation. We discuss below how the “radio-
loud /radio-quiet” divide can be, and is being tested on different fronts. First, sensitive radio observations
are detecting kiloparsec-scale radio structures (KSRs) in Seyfert and LINER galaxies. These jets and
lobes can extend from a kiloparsec to 10 kpc, or larger. The host galaxies of these are typically lenticular
or SO-type. Second, sensitive radio observations are detecting giant radio jets in spiral galaxies. Both
these findings are challenging the previous well-accepted suggestions in the literature that large radio
jets are only produced in elliptical galaxies, and not in spiral galaxies (McLure et al., 1999). In the next
two sections, we discuss these points individually.

3.1 KSRs in “Radio-quiet” Seyferts & LINERs

Gallimore et al. (2006) have detected KSRs in > 44% of Seyfert galaxies belonging to the volume-limited
CfA+12um sample when observed with the sensitive D-array configuration of the VLA at 5 GHz. Singh
et al. (2015b) found that > 43% of Seyferts belonging to a sample derived from the VLA FIRST? and
NVSS? surveys, possessed KSRs. Low frequency observations with the GMRT at 610 MHz are finding an
even larger fraction of KSRs in Seyfert and LINER galaxies (> 50%, Pavana M. et al., in preparation).

While Seyfert galaxies have traditionally been categorised as “radio-quiet” AGN, Ho and Peng (2001)
have demonstrated that when the optical nuclear luminosities are extracted through high resolution
observations (e.g., from the Hubble Space Telescope) and the galactic bulge emission is properly accounted
for by using specialized software like GALFIT, then the majority of Seyfert galaxies shift into the “radio-
loud” class. Kharb et al. (2014) have confirmed this trend in the Extended 12um Seyfert sample. From
their FIRST+NVSS VLA study, Singh et al. (2015b) have found that ~15% of their Seyfert/LINER
sample fall under the “radio-loud” category, following the definition of Kellermann et al. (1989).

Moreover, Kharb et al. (2014) found a continuous distribution in the radio-loudness parameters of
Seyfert galaxies and low-luminosity FRI radio galaxies. We need to look closely at Seyferts with KSRs
and low luminosity FRI radio galaxies with weak radio jets, which together constitute the low-luminosity
“intermediate” AGN population. If accurate black hole masses can be estimated for all low-luminosity
“intermediate” AGN, along with their core X-ray and radio luminosties, then they could be placed on the
fundamental plane (e.g., Merloni et al., 2003), to see where they lie. If their fundamental plane is offset
from the rest of the classical objects, it may suggest a new mode of disk-jet coupling in these sources.

The SKA1-MID array has the potential to study weak KSRs in Seyfert, LINERs and low-luminosity
FRI radio galaxies. The angular resolution 2 that will be achieved ranges between 0.4” at 1.4 GHz (band
2) and 0.07” at 8.3 GHz (band 5). The three-tier survey at bands 1 and 2 (1 and 1.4 GHz) will also be
ideal for carrying out this project (see Table 1 in Prandoni and Seymour, 2015). It is expected that SKA
will detect a much larger number of radio- “intermediate” sources, that will fill the radio-loud/radio-quiet
divide.

3.2 Giant Radio Jets in Spiral Galaxies

With the advent of sensitive low radio frequency telescopes like the GMRT and LOFAR, several giant
radio jets (extents > 100 kpc) that are hosted in massive spiral galaxies, have been discovered (e.g.,
Ledlow et al., 1998; Hota et al., 2011; Bagchi et al., 2014; Mao et al., 2015; Singh et al., 2015a). The

2Faint Images of the Radio Sky at Twenty cm
3SNRAO VLA Sky Survey
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Figure 1: The composite image of Speca (Hota et al., 2011). The NVSS image is shown in blue, while
the GMRT 325 MHz image is shown in red. The optical background from the SDSS is shown in yellow.
Inset shows the SDSS colour image of the host galaxy.

standard paradigm to explain the elliptical hosts of large radio galaxies, invokes the process of two large
spiral galaxies merging into an elliptical. In this process, the central supermassive black holes of each
spiral galaxy also merge and grow in mass. Therefore, the discovery of a few spiral galaxies hosting
large or giant radio galaxies suggest alternate ways, other than mergers, of creating conducive physical
conditions for the formation of radio galaxies. If the central black hole can grow big and spin fast, under
whatever circumstance, it may be possible to create large radio jets.

Twelve years after the finding of the first large radio galaxy hosted in a disk galaxy (J0315—1906)
by Ledlow et al. (1998), Hota et al. (2011) reported the finding of the second such galaxy ‘Speca’
(SDSS J140948.85—030232.5; see Figure 1), primarily using SDSS, NVSS and GMRT (325 MHz) obser-
vations. Subsequently, Bagchi et al. (2014) reported the clearest case so far, of a spiral host in the source
J2345—-0449 (see Figure 2). With the help of web-based citizen-scientists project (Radio Galaxy Zoo),
Mao et al. (2015) detected another such case in J1649+2635 from a sample of 65,492 galaxies. By similar
automated archive cross-matching of SDSS, NVSS and FIRST data, Singh et al. (2015a) have reported
three new cases of spiral-host radio galaxies (viz., J0836+0532, J1159+5820, J1352+3126). Although
J1649+4-2635 shows an optically-blue grand-design spiral pattern, it is buried inside a huge old-stellar
halo, unlike any spiral galaxy we know. Both J1352+43126 and J1159+-5820 show clear signs of tidal
interaction or past merger. Therefore, J0315—1906, Speca, J2345—0449 and J0836+0532 are the only
four cases of clear spiral-host large radio galaxies.

Out of these four galaxies, two of them are giant and show episodic activity: J2345—0449 is a DDRG
of extent 1.6 Mpc, and Speca is likely a triple-double radio galaxy of extent 1.3 Mpc. Both these systems
are hosted by extremely large and massive spirals. J2345—0449 is massive (Mgy, ~ 1.0 x 1012 Mg), has
a diameter of nearly 50 kpc, a fast rotation speed (~430 km s~1) and a high central velocity dispersion
(o ~ 100 km s~!; Bagchi et al., 2014). Similarly, observations with the Subaru telescope show Speca to
be large (~60 kpc) with a rotation speed of nearly 370 km s~! (Hota et al., 2014).

As suggested in these works, such galaxies have likely grown in isolation without mergers but co-
planar accretion directly from cosmic-filaments or surrounding medium, and are expected to be more
numerous at higher redshifts. None of these sources so far shown an FRI-type radio morphology. This
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VLA 1.4 GHz GMRT 325 MHz

Figure 2: The composite image of J2345—0449 (Bagchi et al., 2014). The radio image from the NVSS
at 1.4 GHz and the GMRT at 325 MHz are shown in red and orange. The inset shows the RGB-colour
image of the host galaxy from the CFHT.

is likely to be due to the lack of sensitivity, especially for the high redshift sources. Once we have a
larger number of such sources, the following questions can be asked: is there a difference in the bar
fraction or metallicity in these host galaxies, or the presence of double nuclei ? Are there differences in
the molecular gas fraction compared to other spiral galaxies, etc. 7 Observing samples of massive spirals
with the SKA (see Section 6.1 for more details), specially at low frequencies, will increase the probability
of finding several more spiral-host large radio galaxies, which have been missed in current surveys. Even
before the operation of SKA1, the sample of such spiral galaxies will increase by two orders of magnitude
via optical spectroscopic surveys like DESI*. High-resolution VLBI imaging and polarisation mapping of
the inner radio jets near the core, in the disk/corona collimation region, would be very informative for
understanding the jet launching process in these highly unusual AGN.

Using the VLA FIRST survey, Proctor (2011) and Machalski et al. (2001) had listed three dozen FRII
or FRI/II sources with angular sizes between brightest regions 23’ and a flux density limit from 3000
deg?. We try to estimate the number of GRGs likely to be detected with SKA surveys. Extrapolating
from these earlier detections, and using Figure 1 from Johnston-Hollitt et al. (2015), the SKA surveys
will detect about a few times 10* GRG sources (see also Ruta et al. 2016). If we make a conservative
estimate that ~10% are of these are in spiral galaxies, we will have a thousand new GRGs which are
hosted by spirals. In other words, an all-sky radio continuum survey using SKA1 will provide statistically
large samples for us to study morphology of giant radio jets and their launching processes.

4 Jet Morphology: Clues to Formation and Propagation

Jets in AGN span parsec to mega-parsec scales, and have speeds ranging from a few thousand km s~! to
a fraction of the speed of light. Their morphologies are diverse: they can be bent, S- or Z-shaped, flaring
or highly collimated. They can possess terminal hotspots or be plume-like with no clear jet termination.
These morphologies can indicate differences in the jet launch speeds and/or jet-medium interaction.
Attempts to unify this large variety of jet structures have been made. We discuss ahead the successes
and failures of these attempts.

4Dark Energy Spectroscopic Instrument
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Redshift

Figure 3: 1.4 GHz extended luminosity versus redshift for the MOJAVE sample (Kharb et al., 2010).
Black and red circles denote quasars and BL Lac objects, respectively, while green squares denote radio
galaxies. Core-only sources are represented as upper limits with downward arrows. The solid lines
indicate the FRI-FRII divide (extrapolated from 178 MHz to 1.4 GHz assuming a spectral index, a=0.8),
following Ledlow and Owen (1996) and Landt et al. (2006). The purple line denotes the sensitivity limit
for the historical VLA which was used to carry out the MOJAVE study, while the magenta line denotes
the sensitivity limit for the upcoming SKA1-MID array (see Table 1; Dewdney et al., 2013). SKA will
be able to detect nearly twice as many “intermediate” or “hybrid FRI/II” sources, compared to previous
studies.

4.1 The FR Divide & Radio-loud Unification

The simple radio-loud unified scheme linking BL Lac objects to FRI and quasars to FRII sources, has
been challenged by Kharb et al. (2010) on the basis of their kiloparsec-scale radio study of the MOJAVE?®
blazar sample. Kharb et al. examined the MOJAVE sample of 135 blazars (Lister et al., 2009), using
high-resolution 1.4 GHz data from the VLA. They found that a substantial fraction (=~ 20%) of MOJAVE
quasars and BL Lacs had total radio powers that were “intermediate” between FRIs and FRIIs (see
Figure 3). Many BL Lac objects had lobe luminosities (= 30%) and hot spots (= 60%) like quasars. In
addition, they found a strong correlation between the kiloparsec-scale lobe luminosities and parsec-scale
jet speeds: the large-scale jet and lobe emission knew about the small-scale jet as it was launched. It
therefore appeared that the fate of the AGN was decided at its birth!

These results have important implications for the inner workings of AGN. Therefore, they need
to be re-examined with higher sensitivity radio data, as will become available with SKA. As is clear
from Figure 3, the much lower sensitivity limits of SKA1-MID at GHz frequencies, is likely to detect
nearly twice as many “intermediate” or “hybrid FRI/II” sources, than previous studies carried out with
the VLA. The SKA1-LOW and SKAl-survey are ideal for detecting the full extent of the diffuse lobe
emission in radio galaxies and blazars. SKA1-LOW is expected to operate between 0.05 — 0.35 GHz,
while SKA1-survey will operate between 0.65—1.67 GHz (Table 1; Dewdney et al., 2013). The resolution
of SKA1-LOW would typically be around 11 arcsec, while the SKAl-survey will be around 0.9 arcsec.
The three-tier survey at bands 1 and 2 (1.0 and 1.4 GHz) will be ideal for carrying out this project (see
Prandoni and Seymour, 2015). In addition these sensitive data will become available for a much larger
population of radio sources including the so-called “core-only” sources (= 7% in the MOJAVE complete
sample; Kharb et al., 2010, see upper limits in Figure 3). There are suggestions that these “core-only”
blazars are another beast altogether (e.g., Punsly et al., 2015). SKA will help to find out whether this
is a new class of sources or sources with very faint extended emission, beyond the reach of present day
radio telescopes. Perhaps they exhibit episodic activity and are currently switched off: the faint emission
from the previous episodes is not detectable. SKA1-LOW and SKA-MID are required to settle these

5Monitoring of Jets in AGN with VLBA Experiments. http://www.physics.purdue.edu/MOJAVE
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questions. Our (historical) VLA observations at 1.4 GHz could not detect extended radio emission below
10—50 pJy beam™!, but SKA1-MID will be able to detect emission that is as low at 0.7 pJy beam™!
(Table 1; Dewdney et al., 2013), thereby increasing the overall sensitivity by a factor of 10 to 70.

4.2 Probing Blazar Nuclei with SED Modelling

A large number of blazars (radio-loud quasars and BL Lac objects) are being detected in the Fermi
gamma-ray survey of the sky. For many sources, it is a difficult proposition to find their associa-
tion in various energy regimes and their identification (e.g., LBL, HBL) owing mostly to lack of data.
Multi-frequency observations at all frequencies and optical and radio polarization measurements are
required. While one can use polarization information to identify and broadly classify blazar classes,
continuum fluxes at all possible energy regimes are required to generate the SEDs. Blazar candidate
CGRaBS J0211+1051 was detected by Fermi in a flaring mode. Chandra et al. (2012) carried out optical
polarization observations on this source with the Mount Abu Infrared Observatory, India, in 2011. High
and variable degree of polarization (9—20%) was detected. Based on that, they proposed the source
to belong to the LBL class. To confirm this, a multi-frequency study was carried out for this source
using data from the MOJAVE, Planck, WISE, Swift, our own data from the Mount Abu, Fermi and
VERITAS. The SED showed that low energy (synchrotron) peak falls at 104 Hz, confirming it to be a
low-energy peaked blazar. The light-curves show variations in the high energy gamma-rays to be corre-
lated with X-ray, UV and optical variations, perhaps indicating to their co-spatial origin and associating
counter-parts in various energy regimes (Chandra et al., 2014).

Multi-band continuum data from SKA will greatly benefit generation of SEDs for blazars while
polarization-sensitive VLBI data will be useful for localizing the emission regions in the jet.

4.3 Estimating Radio Lobe Energetics

X-ray observations of radio galaxy lobes have shown that the electrons responsible for the synchrotron
radiation in radio wavelengths can also scatter the cosmic microwave background radiation photons to
X-ray wavelengths. This up-scattering requires that the Lorentz factors of the electrons be of order
~ 10*, which implies that the regions in the lobe which would be X-ray bright would also be bright in
low frequency (few hundred MHz) radio wavelengths, for typical values of magnetic fields (Nath, 2010).
However, the surface brightness of these regions is likely to be low. Observations with SKA would be
useful in determining the physical processes at work in the radio lobes (back flow, cooling of electrons
due to adiabatic expansion of lobe, through radiation etc.).

5 Jet Kinematics and Magnetic Field Structure

Differences in jet launching speeds and magnetic field structures are widely believed to be important in
explaining the wide variety of jets observed. Multi-epoch VLBI observations are essential to measure jets
speeds on parsec and sub-parsec scales. The feasibility of carrying out VLBI and polarization-sensitive
VLBI with SKA (or SKA-VLBI) has been discussed by Paragi et al. (2015). Polarization-sensitive VLBI
observations estimate the projected magnetic field structures in parsec-scale jets (Gabuzda et al., 1994).
Polarisation measurements in kiloparsec-scale jets and lobes reveal the effects of jet-medium interaction
on inter-galactic scales (Liu and Pooley, 1991; Laing, 1996; Kharb et al., 2012).

5.1 Jet Speeds from Multi-epoch VLBI

Using VLBI images of a rigorously selected sample of Seyfert galaxies, Lal et al. (2004) have shown that
the radio properties of the compact parsec-scale features are consistent at large with the unified scheme
for Seyfert galaxies (see Section 1), with no significant evidence for relativistic beaming in their jets.
Some detected parsec-scale features in these sources could be termination points of the radio jets. The
high-resolution, parsec-scale study of low-luminosity AGN is challenging because these sources have very
low radio flux densities, typically less than a few milli-Jansky. Therefore the correlated flux densities
of only a handful of sources meet the sensitivity thresholds currently offered by global VLBI. VLBI can
only study AGN radio emission which is of the order of at least a few milli-Jansky. SKA-VLBI will be
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able to decrease this flux density limit by several orders of magnitude. This will allow us to study jets
in low luminosity AGN.

5.2 Magnetic Fields via Polarimetry

Magnetic fields are widely believed to be instrumental in jet creation, jet launching, jet collimation and
jet propagation in AGN. Since radio jets emit via the synchrotron mechanism, magnetic field structures
can be traced via radio polarimetric observations.

5.2.1 Polarimetry on Parsec-scales

Polarization-sensitive VLBI (VLBP) observations of 4 FRI galaxies at 8 GHz with a global VLBI array
by Kharb et al. (2005) were among the first observations carried out on this relatively weak class of
sources. Almost all previous such observations had been carried out on the more radio powerful FRII
radio galaxies and blazars. Kharb et al. (2005) found a 100% detection rate of jet polarization in the
four FRI radio galaxies they observed and a suggestion of a “spine-sheath” magnetic field structure.
Furthermore, the detection of significant core polarization was consistent with FRI radio galaxies lacking
the putative dusty torus (Chiaberge et al., 1999; Kharb and Shastri, 2004), the inner ionized region of
which should have depolarized the core emission. The global VLBI array used in this study included the
100 m Effelsberg antenna: without the inclusion of this large single dish telescope, the VLBI array would
not have been as sensitive and the success rate of detection would not have been 100%. A multi-frequency
(5, 8, 15 GHz) VLBP study of these sources revealed a gradient in rotation measure (RM) across the jet
of one radio galaxy, 3C 78. Such a gradient suggests the presence of a helical magnetic field (Blandford,
1993; Kharb et al., 2009). Similar multi-frequency VLBP observations of a complete sample of UGC
FRI radio galaxies, revealed sheath-like magnetic field structures in several sources (Kharb et al., 2012).

SKA-VLBI with SKA1-MID and/or SKA1-SUR, observing together in the 1 — 15 GHz frequency
range with the current VLBI arrays and future large aperture telescope like FAST (Nan et al., 2011),
is expected to outperform current global VLBI arrays including the most sensitive current telescopes
(Paragi et al., 2015). Faraday rotation measurements and the search for RM gradients in both the
approaching and receding jets of relatively-plane-of-sky radio galaxies of the FRI and FRII types, need
to be carried out, in order to probe the complex magnetic field structures, without relativistic effects
that can dominate in the low inclination blazars. Since radio galaxies are much weaker than blazars in
total radio emission, this study can only be carried out for a large enough number of sources with the
future SKA-VLBI.

5.2.2 Polarimetry on Kiloparsec-scales

Multi-frequency polarization-sensitive observations with the VLA of a sample of 13 FRII radio galaxies,
revealed interesting correlations on kiloparsec-scales (Kharb et al., 2008). A strong correlation between
lobe depolarization and lobe spectral index (“Liu-Pooley effect”) was observed: radio lobes with a flatter
spectrum exhibited lower depolarization. The lobe depolarization difference was correlated with the
arm-length ratio: the shorter lobe in the source was more depolarized. This strongly suggested that lobe
depolarization depends significantly on environmental asymmetries in radio galaxies. Most interestingly,
Gabuzda et al. (2015) have recently found suggestions for an ordered toroidal magnetic field component
in the AGN 5C4.114 on kiloparsec scales, through RM observations.

6 AGN Lifetimes and Duty-Cycle

The lifetimes of radio sources have been inferred from several arguments. Spectral ageing analysis has
been a powerful tool to infer radio source ages. Giant radio galaxies (GRGs) push the limits of the
lifetimes for radio sources. It is also clear that AGN activity is episodic in nature (e.g., Davies, 1990;
Saikia and Jamrozy, 2009). Attempts have been made to infer the AGN duty-cycle (e.g., Greene and
Ho, 2007). These are essential to understand why only a fraction of all galaxies in the Universe have
nuclei that are “active”, even though all massive galaxies host supermassive black holes.
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6.1 Giant Radio Galaxies

Giant radio galaxies can be used as pointers of black hole physics and ‘barometers’ of the intergalactic
medium in the cosmic-web (e.g., Nath, 1995). GRGs, whose lobes span ~1 Mpc or more are among the
largest, most luminous objects in the Universe (Ishwara-Chandra and Saikia, 1999). Majority of GRGs
show FRII morphologies. Due to sensitivity limitations of the present radio telescopes like the EVLA or
GMRT, most of the GRGs found so far are in the nearby universe (z < 0.7). Recently, Sebastian et al.
(2015, in preparation) have discovered a 2.2 Mpc giant radio source at a redshift of 0.56 in the field of
LBDS-LynxS. This appeared as a faint elongated source in the deep 150 MHz images with the GMRT,
implying that the deeper radio surveys at low frequencies such as using SKA-LOW have the potential
to discover many giant radio sources at redshift > 0.5.

It is unclear if the large sizes of GRGs reflect the high efficiency of radio jets produced from the
central engine, or they grow to enormous sizes due to their favourable location within a low density
ambient medium. Approximately half of the baryons in the present day Universe are still unaccounted
for (‘missing’), in the sense that these baryons are believed to reside in the large galaxy filaments, in the
form of warm-hot intergalactic medium (WHIM), as part of the cosmic-web structure of the universe.
The large extents of GRGs provide an excellent opportunity to use them as ‘barometers’ for probing the
physical properties of this WHIM gas (its temperature, pressure and magnetic field). For this purpose a
sensitive search using SKA and LOFAR for Mpc scale radio sources in the vicinity of galaxy filaments and
perhaps inside the voids, surrounded by sheets of galaxies would be extremely valuable. The discovery of
large numbers of giant radio galaxies in the distant universe will be greatly facilitated by the concurrent
operation of SKA1 and LSST?. Accurate photometric redshifts for millions of galaxies provided by LSST
will be critical in this effort.

In Section 3.2, we had estimated the number of GRGs likely to be detected with SKA surveys by
extrapolating from the detections seen in VLA FIRST survey images (Proctor, 2011; Machalski et al.,
2001) and Figure 1 from Johnston-Hollitt et al. (2015). Briefly, an all-sky radio continuum survey using
SKA1 will provide statistically large samples, a few times 10* GRGs and their environments for us to
study morphology of giant radio jets.

6.2 Double-double Radio Galaxies

After cessation of a given jet launching episode of a given radio galaxy, when a new episode starts and
forms a new pair of jets, which plough through the cocoon material dumped by the previous jet activity,
the radio galaxy is known as a double-double radio galaxy (DDRG). The duration of the active phase
is a few to a few 100 Myr, and the duration of the quiescent phase is a few 10° to a few 108 yr (Konar
et al., 2013). As the outer relic lobes are expected to be steep spectral plasma, a few new DDRGs have
been discovered using the low radio frequency observations with the GMRT: detailed spectral ageing
analyses have been performed after incorporating complementary high-frequency data from the VLA
(e.g., Saikia et al., 2006; Konar et al., 2006; Nandi et al., 2014). Tamhane et al. (2015) have discovered a
new Mpc-sized radio galaxy at z=1.32 in the XMM-LSS field. This object also shows evidence of episodic
activity as well as inverse Compton scattered X-ray photons. At present, such high redshift objects are
rare.

The most important question for the DDRGs is whether the jet power remains same/similar in two
consecutive episodes. Konar and Hardcastle (2013) investigated this issue and found a reasonably strong
evidence that the jet power, at least in a section of DDRGs, remain same/similar in two consecutive
episodes. They found that the injection spectral indices of inner and outer lobes are similar and found
an aﬁzj — ag't correlation between the injection spectral indices of inner and outer double. This they
interpreted as due to the similar jet power in different episodes. Konar and Hardcastle (2013) however,
were studying only a few sources. In the SKA era, we expect hundreds of DDRGs to be discovered

and one can verify this aﬁzj — agit correlation. Also we can check the universality of this relation (i.e.

whether this correlation is true for all DDRGs or for a specific kinds of DDRGs).
Konar and Hardcastle (2013) also found the smallest duration so far of quiescent phase between two
episodes, which is ~ 10° yr. A statistical study to find the distribution of quiescent phase of DDRGs

SLeiden-Berkeley Deep Survey - Lynx
"The Large Synoptic Survey Telescope
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Figure 4: The Seyfert galaxy Markarian 6 exhibits three sets of radio lobes/jets which are nearly per-
pendicular to each other (Kharb et al., 2006). The detection of these structures required sensitive
observations with multiple arrays and frequencies with the VLA. Steep-spectrum radio lobes from pre-
vious episodes of the AGN activity require sensitive low frequency observations, as will become available
with SKA. Many such complex radio morphology sources are likely to be detected then.
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is very important to constrain the accretion physics at the central engine. In the SKA era, with the
expected discovery of many new DDRGs, we can hope to study such a distribution.

Another important goal is to find the oldest plasma around the outer double of the known DDRGs
from SKA-generated images. So far, the oldest known plasma of outer double of DDRGs is 200 Myr for
the source 4C29.30 (Jamrozy et al., 2007). While pushing the limit of detecting old/relic radio plasma
in DDRGs with SKA it is likely that we will discover more triple-double radio galaxies (TDRGs). So far,
there has been only two reports on such sources: B0925+420 (Brocksopp et al., 2007) and Speca (Hota
et al., 2011). Three episodes of AGN jet/lobe activities have been seen in two other cases though can
not be called radio galaxy. In the Seyfert galaxy Mrk6, three clear episodes are seen in three different
orientations (Kharb et al., 2006, see Figure 4). Furthermore in NGC 5813, three pairs of cavities in X-ray
emission have been found and later detected to contain old relativistic plasma by GMRT observations
(Randall et al., 2011). However, it is clear that we can expect to detect many new DDRGs and TDRGs
with SKA because of the higher sensitivity. From the top left panel of Figure 1 of Prandoni and Seymour
(2015), we see that the 56 SKA rms noise at around 100 MHz is ~0.2 mJy beam~!. This is much below
most of the existing surveys (as is evident from the figure), and also much below the rms noise of
GMRT images (1 sigma ~a few mJy beam™! by no automated algorithm) at ~150 MHz after 8 hours
of integration. The higher resolution of SKA will help us probe the jet-lobe structure well. These will
be useful to find some new aspects of jet physics, as well as to verify the already done work mentioned
above.

6.3 Episodic Activity in Low-luminosity AGN

Observations of the Seyfert galaxies NGC 4235 and NGC4594 (the Sombrero galaxy), with the GMRT
at 325 and 610 MHz, have revealed signatures of episodic AGN activity in them (Kharb et al., 2016).
Both the 610 MHz total intensity and the 325 — 610 MHz spectral index images suggest the presence of
a “relic” radio lobe in NGC 4235, suggestive of episodic activity in this galaxy. This makes NGC 4235
only the second known Seyfert galaxy after Mrk6 (see Figure 4) to show clear signatures of episodic
activity. Based on a simple spectral ageing analysis, the relic outer lobe appears to be at least two
times older than the present lobe. This implies that the AGN in NGC 4235 was switched “off” for the
same time that it has been “on” for the current episode. A ~ 3 kpc linear, steep-spectrum “spur-like”
feature is observed nearly perpendicular to the double-lobed structure in NGC 4594. Since the VLBI jet
in NGC 4594 is perpendicular to this linear feature, the AGN does not seem to be currently fuelling it.

As mentioned in the previous section, the detection of diffuse low surface brightness emission from old
and relic lobes, requires sensitive low frequency observations, as will become available with the SKA1-
LOW survey at 120 MHz. To illustrate this further, we use the well studied sources in the VLA FIRST
survey Proctor (2011) and Machalski et al. (2001), which listed 242 systems including triple-double
systems and over ~600 more candidates. Additionally, Sirothia et al. (2009a) listed 374 sources from
an 18 square ELAIS-N1 field using the GMRT at 325 MHz up to a median rms noise of ~40 pJy with
an angular resolution of ~8”. Although SKA 1 surveys will have similar resolution, they will be more
sensitive than the GMRT ELAIS-N1. Extrapolating from these detections, using (Figure 1, Johnston-
Hollitt et al., 2015), the SKA surveys will detect ~10” DDRG sources. An all-sky radio continuum
survey using SKA1 will provide statistically large samples for us to study morphology of radio jets in
DDRGs and the nature of episodic activity in them.

7 Population of High-Redshift Radio Galaxies

It is important to discover high redshifts radio galaxies (HzRGs) for several reasons. First, the host
galaxies of HzRGs are among the most massive intensely star-forming galaxies and are believed to be
progenitors of massive elliptical galaxies in the local universe (McLure et al., 2004; Seymour et al., 2007).
Second, HzRGs are known to reside in dense environments, and therefore, they can be used as the tracers
of (proto)clusters (Venemans et al., 2007; Galametz et al., 2012). Third, the radio luminosity function
of HzRGs beyond redshift of 3 is poorly constrained. In fact, it is unclear whether there is a genuine
dearth of HzRGs at z > 3 or the observed deficiency is merely due to selection effect. Fourth, since
supermassive blackholes are essential ingredients of radio powerful AGN, the formation of SMBHs at
such early epochs can also be probed using HzRGs. Also, HzRGs are complementary to the emerging
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population of Lyman break galaxy population at high-redshifts, which are less massive by one to two
orders of magnitude than host galaxies of HzRGs. Therefore, the identification and study of HzRGs
are important to understand the formation and evolution of galaxies at higher redshifts and in dense
environments.

Given the observed correlation between the steepness of the radio spectrum and cosmological redshift
(i-e., the z — ar correlation), ultra steep spectrum (USS) radio sources are one of the efficient tracers of
powerful HzRGs (Ishwara-Chandra et al., 2010a; Ker et al., 2012). Using deep 150 MHz (1o ~0.7 mJy
beam~!) observations of LBDS-Lynx field, Ishwara-Chandra et al. (2010a) reported that among the 150
radio sources with spectra steeper than —1, about two-third of these are not detected in SDSS, and
therefore suggested them to be strong HzRGs candidates. In contrast to searches for powerful HzRGs
from radio surveys of moderate depths, fainter USS samples derived from deeper radio surveys can be
useful in finding HzRGs at even higher redshifts and in unveiling a population of obscured weaker radio-
loud AGN at moderate redshifts. Using 325 MHz GMRT observations and 1.4 GHz VLA observations
available in two subfields (VLA-VIMOS VLT Deep Survey, VLA-VVDS, and Subaru X-ray Deep Field,
SXDF) of the XMM-LSS field, Singh et al. (2014) have derived a large sample of 160 faint USS radio
sources and characterised their nature. Their study shows that the criterion of ultra steep spectral
index remains a reasonably efficient method to select high-z sources even at sub-mJy flux densities.
In addition to powerful HzRG candidates, their faint USS sample also contains populations of weaker
radio-loud AGNs potentially hosted in obscured environments.

Ishwara-Chandra et al. (2011, 2010b) using the redshift spectral index correlation have found radio
galaxies with z > 3 using GMRT in the deep 150 MHz LBDS-Lynx field having an rms noise of ~0.7
mJy and an angular resolution of ~17”. Spectral index was estimated by cross-correlating these sources
detected at 150 MHz using GMRT and combining it with the available observations at 327, 610, 1400
and 4860 MHz and also using available radio surveys, e.g., the Westerbork Northern Sky Survey at
327 MHz and the NVSS and FIRST at 1400 MHz. They detected about 765 sources in about 15 deg?
and of which about 150 radio sources with spectra steeper than 1.0; furthermore, about 100 sources are
not detected in the Sloan Digital Sky Survey, hence are strong candidate high-redshift radio galaxies.
Although SKA 1 survey will be both, higher in angular resolution, more sensitive to the GMRT 150
MHz image of LBDS-Lynx field, we will detect a few a few million candidates for the high-redshift radio
galaxies using (Figure 1, Johnston-Hollitt et al., 2015) at the SKA level surveys. Needless to state, all-
sky radio continuum survey using SKA 1 will provide more sensitive data to explore a variety of science
goals, including a huge sample of candidate high-redshift radio galaxies and their environments.

7.1 Infrared-Faint Radio Sources

Recent deep radio surveys combined with auxiliary InfraRed (IR) surveys have discovered the population
called Infrared-Faint Radio Sources (IFRSs), that are relatively bright radio sources with very faint or
no counterpart in infrared and optical wavelengths (see Middelberg et al., 2008; Norris et al., 2011).
IFRSs generally exhibit steep radio spectra (o < —1), high brightness temperature, Tg ~ 10° K and
polarisation in radio, and thus indicating them to be AGN rather than star forming galaxies (Norris
et al., 2007; Banfield et al., 2011).

A search for 3.6 ym counterparts of 1.4 GHz radio sources in 0.8 deg™2 in the SXDF yields seven
IFRSs distributed over the redshift of 1.7 to 4.2 with their radio luminosities spanning over 10%° W Hz !
to 1027 W Hz~! (Singh et al. in preparation). This indicates that most, if not all, IFRSs are potentially
high-redshift (z > 2) radio-loud AGN suffering from heavy dust extinction. Zinn et al. (2011) compiled a
catalogue of 55 IFRSs in four deep fields (e.g., CDFS (S; 4qu. ~ 186 uJy at 50), ELAIS-S1 (S1.4cHs ~
160 pJy at 50), FLS (S1.4guz ~ 105 pJy at 50), and COSMOS (S1.4cu, ~ 65 pJy at 50)), although
without redshift estimates.

Using IFRSs samples Zinn et al. (2011) showed that the surface number density of IFRSs increases
with the depth of radio survey and can be best represented as Ng= (30.8 &= 15.0) exp(—0.014 £ 0.006)
50radio, Where Ny is the number of IFRSs per square degree and o,aqi0 is the rms noise in mJy. Assuming
the SKAl-survey 50 flux density limit of 20 pJy, the best fit equation gives IFRS surface density to be
~ 30.8 &+ 15. Therefore, we can expect to detect large number of IFRS using proposed SKA surveys.
However, deep optical and IR observations will also be required to estimate their redshifts and to study
their dusty host galaxies.
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8 Dual AGN in Galaxy Nuclei

In the merger driven picture of galaxy evolution, as galaxies merge their supermassive black holes spiral
into the centre of the merger remnant forming SMBH pairs (e.g., Begelman et al., 1980). If the black
holes are accreting mass, they will form a binary or dual active galactic nuclei that may also produce
radio jets normal to their accretion disks and along the direction of black hole spin. At separations of 1 to
10 kpc the SMBHs pairs are generally called dual SMBHs or dual AGN (DAGN). At closer separations,
of a few times 10 parsec or less, the SMBHs become gravitationally bound and form SMBH binaries
or binary AGNs. In this stage, stars are ejected from the surrounding region until finally the SMBH
orbit shrinks through the emission of gravitational radiation and the SMBHs coalesce (Berczik et al.,
2006). According to merger models, dual SMBHs/AGNs in galaxies should be common. However, the
number of confirmed sub-kpc dual AGN is only around 20 (Deane et al., 2014; Miiller-Sanchez et al.,
2015). The low detection rate is partly because optical or X-ray observations cannot reach the required
sub-arsecond resolution, and partly due to dust obscuration. Radio observations are unaffected by dust
obscuration and can yield sub-arcsecond images of DAGN, making them the most efficient frequency for
the detection of dual AGN.

Most of the early dual AGN were detected serendipitously due to radio variability (OJ 287; Valtonen
et al., 2008), misaligned radio jets/lobes (e.g., RBS797; Gitti et al., 2013) or double X-ray sources in
galaxy nuclei (Fabbiano et al., 2011). However, binary/dual AGN can be detected indirectly at optical
wavelength using double peaked emission lines in the nuclear spectra of galaxies (e.g., Liu et al., 2010).
The double peaks can arise from the Doppler shifts between the emission lines from the two AGN. Large
samples of potential dual AGN have been drawn from SDSS nuclear spectra of galaxies (Ge et al., 2012)
using the [O III] emission line as the principal tracer since it arises from the outer NLR in AGN. However,
double peaked emission lines can also arise from powerful bipolar outflows associated with AGN activity
(Rosario et al., 2010), super-winds from nuclear star formation or emission from gas rotating in nuclear
disks close to the accreting SMBH (Kharb et al., 2015).

The SKA1-MID array using band 5 (frequency range 5— 14 GHz) or SKA-VLBI, are needed to detect
closely separated binary black holes. These configurations will result in angular resolutions ranging from
0.2 arscec to milli-arcseconds. Through high frequency 8 GHz observations with the EVLA, Khatun et
al. (2016, MNRAS, submitted) have detected the signatures of a precessing jet, likely arising from a
binary black hole system, in a nearby double-peaked emission-line AGN. Dual or binary AGN at close
separations are ideal candidates for gravitational wave studies of merging supermassive black holes. SKA
will enable us to detect at radio frequencies large samples of such candidates for targeted gravitational
wave observations (Abbott et al., 2016).

9 The Radio Sky at uJy Levels: Serendipitous Discoveries

SKA would probe sub-mJy and micro-Jy radio source population, which is believed to be largely asso-
ciated with massive star formation in distant star forming galaxies. However, a significant fraction of
all the sub-mJy sources are also identified with low-luminosity AGN. The remaining, smaller fraction
of the faint radio source population are associated with either extremely faint optical identifications, or
remain unidentified altogether. We also know that AGN fraction increases rapidly at higher (sub-mJy)
flux density limits (Garrett, 2002). Therefore, labelling sources as pure “starbursts” or pure “AGN” is
misleading; it is possible, even likely, that both phenomena co-exist in some of these faint systems.

Presently, we are just beginning to appreciate the fact that deep radio observations of a few fields
has led us to a sensitivity level where we can expect to detect many discrete radio sources in a single
field of view (Garrett, 2002). This is quite far from the traditional high-resolution high-frequency, small
field of view observations of fields, where very compact, and often very bright radio sources are detected.
Several state of the art modes of SKA correlator, making full use of the raw data, i.e., to map out the
primary beam response of individual resolution elements in their entirety, or simultaneous multiple-field
correlation, coupled with incredibly fast data output rates would be key to achieve goals of very high
angular resolution imaging of large areas of sky in a single pointing. These radio images would then
match the large areas of the sky, which are being routinely surveyed in great detail by optical and near-IR,
instruments.
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10 Radio Continuum Surveys with the GMRT

The GMRT has been recognised as a pathfinder radio telescope for SKA. Here we briefly describe some
of the deep and wide radio continuum surveys carried out with GMRT.

10.1 GMRT 325 MHz Survey of Herschel Fields

The XMM-LSS field has been surveyed with the GMRT at 325 MHz (Wadadekar et al. in preparation).
This survey covers an area of ~12 deg™2 and overlaps fully with the SWIRE and HerMES survey areas
in the XMM-LSS field. The 325 MHz GMRT mosaice image has an average rms noise of ~ 160 pJy,
while in the central region the rms noise reaches down to ~ 120 pJy, with a synthesized beam-size of
~10".2 x 7".9. The 325 MHz survey of XMM-LSS is one of the deepest low-frequency surveys over such
a wide sky area and it detects ~2553/3304 radio sources at >50 with an rms noise cut-off < 200/300 pJy,
where an rms-noise image is used for source extraction to account for non-uniformity. It is worth noting
that these 325 MHz observations are about five times deeper than the previous 325 MHz observations
of the XMM-LSS field (e.g., Cohen et al., 2003; Tasse et al., 2007), and result in a manifold increase in
the source density. Nearly 3.8 deg™2 area of the European Large-Area ISO Survey-North 1 (ELAIS-N1)
field has been imaged at 325 MHz with the GMRT (Sirothia et al., 2009b). At present, it is the most
sensitive 325 MHz radio survey with a median rms noise of ~ 40 pJy beam™!: 1286 sources with a total
flux density above ~ 270 pJy have been detected.

10.2 GMRT 610 MHz Survey of the Spitzer xFLS Field

Garn et al. (2007) have carried out a 610 MHz survey of the Spitzer extragalactic First Look Survey field
(xFLS). This survey covers a total area of ~4 deg™? in seven individual pointings with an rms noise of
~ 30 puJy and resolution of 5”.8 x 4”.7. This survey has detected a total of 3944 sources above the 50
level.

10.3 TIFR 150 MHz GMRT Sky Survey

The TIFR GMRT Sky Survey (TGSS) is a radio continuum survey at 150 MHz carried out with GMRT.
This survey covers ~37,000 deg™2 of the sky north of declination of —53 degrees and reaches an rms
noise level of 5—7 mJy beam™!, with an angular resolution of ~25 arcsec (Intema et al., 2016). The first
release TGSS has produced a catalog of 0.64 million radio sources at the 7 sigma level. More details
about the TGSS can be found at http://tgss.ncra.tifr.res.in/. This survey and products from it will
provide a reference for various new low-frequency telescopes, in particular SKA-LOW.

11 Concluding Remarks

We have summarised various science interests of a good fraction of the AGN community in India. Whether
it comes to detecting “intermediate” sources between the radio-loud and radio-quiet classes, or “inter-
mediate” sources between FRIs and FRIIs, relic emission from previous activities of the AGN, giant FRI
jets in spiral galaxies, double-double or triple-double radio galaxies, or faint ultra-steep spectrum sources
at high redshifts, higher sensitivity data that are at present unavailable, are required. The various SKA
configurations and the upcoming SKA surveys will meet these needs. VLBI is required to probe the
regions close to the central black holes. Again, an increase in sensitivity is crucial. SKA-VLBI which
could include large single antennas like the upcoming FAST radio telescope, will be able to study parsec
and sub-parsec-scale radio jets and their magnetic field structures in low luminosity AGN, which have
so far remained below the sensitivity limits of the current VLBI arrays.
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Abstract

There currently exist many observations which are not consistent with the cosmological principle.
In particular, several different data sets indicate a preferred direction pointing approximately towards
the Virgo cluster. We also observe a hemispherical anisotropy in the Cosmic Microwave Background
Radiation (CMBR) temperature fluctuations. Although these inconsistencies may be attributed to
systematic effects, there remains the possibility that they indicate new physics and various theories
have been proposed to explain them. One possibility is the generation of perturbation modes during
the early pre-inflationary epoch, when the Universe need not have been homogenous and isotropic.
Better measurements will provide better constrains on these theories. We review these observations
with particular emphasis on those relevant for Square Kilometre Array (SKA). In particular, we
propose measurement of the dipole in number counts, sky brightness, polarized flux and polarization
orientations of radio sources. We also suggest test of alignment of linear polarizations of sources as
a function of their relative separation. Finally we propose measurement of hemispherical anisotropy
or equivalently dipole modulation in radio sources.

1 Introduction

The Big Bang model is based on the cosmological principle which states that the Universe is isotropic
and homogeneous, i.e. there is no preferred direction or position. It is essentially an assumption and
cannot be proven on the basis of fundamental symmetry principles, such as, rotational and translational
invariance. In particular, it applies only in a statistical sense, after averaging over distances of order
100 Mpc. Furthermore there is a preferred frame of reference, the so called cosmic frame of rest. The
Universe appears isotropic and homogeneous only in this frame. Within the Big Bang paradigm, the
Universe may not be isotropic and homogeneous at very early times. It acquires this property during
inflation. It has been explicitly shown that starting from a wide range of anisotropic but homogeneous
Bianchi models, the Universe quickly becomes isotropic during inflation (Wald, 1983). However other
models also exist which do not obey this principle.

Observationally it is easier to test isotropy in contrast to homogeneity because it requires only angu-
lar positions of the sources. A test of homogeneity requires three dimensional mapping of the Universe.
Here we shall primarily be interested in observations which test isotropy. However we point out that an
observed violation of isotropy may arise in a fundamental model which may be anisotropic or inhomo-
geneous or both.

Even within the Big Bang model, the Universe is not strictly isotropic and homogeneous. It obeys
this property only in a statistical sense in the cosmic frame of rest. For example, let us consider the
matter density p(t, ) where ¢ is the cosmic time and & the comoving coordinate. Its spatial distribution
can be expressed as,

p(t, &) = po(t) + dp(t, Z) . (1)
Here po(t) is the mean density and dp the fluctuations, such that
(6p(t, 7)) =0. (2)

*pkjain@iitk.ac.in
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Here the angular brackets represent ensemble average. An estimate of this mean is obtained by averaging
dp over a sufficiently large patch of the Universe. We expect this distance scale to be of order 100 Mpc.
At smaller scales the matter density shows considerable clustering and the cosmological principle does
not apply. Statistical isotropy (SI) and homogeneity implies that

(Op(t, Z)op(t, 7)) = f(|Z - 7)), ®3)

i.e., the two point correlations depend only on the distance between the two points and not on the
direction or the position. If we relax the assumption of isotropy then these correlations can also depend
on the direction of the vector & — Z'. If we also allow inhomogeneity, then we can also get dependence on
the mean position (Z+Z’)/2. As we have mentioned above statistical isotropy applies only in the cosmic
frame of rest. If we are in motion with respect to this frame with velocity ¥, then at leading order in |7,
the matter distribution is expected to show a dipole distribution peaked in the direction of v.

Within the Big Bang model the CMBR, temperature can be decomposed as

T(h) =Ty + Th A - 1+ AT () (4)

where 7 is a unit vector in the direction of observation, Ty the mean temperature, 7; the amplitude of
the CMBR dipole, A the dipole axis and AT the primordial fluctuations in temperature. Here the dipole
contains both the kinematic contribution, arising due to local motion, as well as the contribution due
to primordial fluctuations. Hence AT contains only multipoles corresponding to I > 2, i.e., quadrupole
and higher. We use the spherical polar coordinates (6, ¢) to label the direction of observation. As in the
case of density fluctuations, we have

(AT (7)) = 0. (5)
Observationally, Ty =~ 2.73K, T} /Ty ~ 1072 and AT/Ty ~ 107°. Statistical isotropy implies that the
two point correlation function
(AT (7)) AT (7)) = C(hi - 1) (6)
i.e., it is a function only of the angle between the two observation points 7; and 7;. It is useful to expand
the temperature fluctuations in terms of the spherical harmonics. We obtain

2T = S i () ™
Im

where a;,,, are the coefficients of this expansion. These also satisfy (a;,) = 0. Furthermore statistical
isotropy implies that

<alma7/m/>iso = Cl(sll’(sm,m’ 5 (8)
where Cj is the standard CMBR power.

The cosmological principle is supported by the Cosmic Microwave Background Radiation (CMBR)
and galaxy surveys. The observed CMBR temperature T'(6, ¢) is found to be isotropic to a very good
approximation. As mentioned above, the largest deviation from isotropy arises due to dipole which
is of order 1073, The dominant contribution to dipole arises due to the velocity of the solar system
(VomB) relative to the cosmic frame of rest. Its magnitude is found to be veyp = 369 + 0.9 Km/s and
direction, I = 263.99° + 0.14°, b = 48.26° + 0.03° in galactic coordinates (Kogut et al., 1993; Hinshaw
et al., 2009). The number density and brightness of distant radio galaxies is also observed to be isotropic
to a good approximation. However there are many observations which suggest a potential violation of
the cosmological principle. In particular the local velocity #iaqio extracted from the observed dipole in
the number density and brightness of radio sources is not found to be in agreement with vcyg. The
direction agrees but the magnitude is found to be approximately three times larger. We review such
observed violations of the cosmological principle in the next section. In section 3 we shall present a
theoretical model which may potentially explain these observations. In section 4 we shall discuss tests
of statistical isotropy at Square Km Array (SKA) and will conclude in section 5.

2 Observed violations of statistical isotropy

The assumption of statistical isotropy is built into the Inflationary Big Bang model, which is the Standard
Model of Cosmology. The predictions of the standard model agree remarkably well with observations
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which is a real success for the modern era of precision cosmology. Despite the success of the theory
there are tantalising evidences which highlight small but persistent departures from the predictions of
the isotropic theory. Such observations are mostly in the large distance scale observations. In this section
we will discuss some of the observed violations in statistical isotropy from different observations with a
particular emphasis on those relevant for SKA.

2.1 Kinematic Dipole

Before we discuss the major observations of SI violation, it is important to understand that the Cos-
mological Principle is valid only in the cosmic frame of rest. The Earth is not at rest with respect to
this frame. It is rotating about the Sun, which in turn is rotating about the centre of the Milky Way;
the Milky Way moves with respect to the Local Group barycenter, which in turn moves about the large
scale structures around it. The combined motion due to these peculiar velocities ensures that our frame
of observation has a relative velocity with respect to the cosmic frame of rest. Observation of even an
isotropic field from such a frame precludes a dipole. This dipole due to Doppler shift of the CMB photons
is called the kinematic dipole.

We denote the peculiar velocity of our observation frame by ¢ and define ,6_" = ¥/c. If the temperature
field and direction in the cosmic rest frame are identified as 77 and 7' and the unprimed symbols denote
the observations in our frame, then

X T'(n')
Tn) = ————, 9
" V(1 —=n-p) v
and
o = Dol w0
Y1 +7 - B)

where v = /1 — 2. Due to Doppler shifting the intensity distribution of the CMB photons gets modified.
We measure T'(72) and use these relations to obtain the temperature field in the cosmic rest frame along
with the peculiar velocity of the observation frame.

The large scale structures also acquire a dipole due to Doppler and aberration effects caused by our
local motion. The flux density of radio sources typically shows a power law dependence on frequency.
Furthermore the number density of sources depends on the flux density. Most large scale structure
surveys operate in limited frequency ranges and have a lower limit on the flux density. Due to Dopplet
effect, the frequencies in the direction of motion of the frame are blueshifted and are redshifted in the
opposite direction. Due to this effect and the intensity cuts on the survey, sources will shift in and
out of the range of observations. Hence in the direction of motion more objects are blueshifted into
the observation frequencies while in the other hemispheres more sources are redshifted out of the range.
Combining the two effects — the Doppler shift leads to a small dipole in a limited frequency and intensity
range large scale structure survey (Ellis and Baldwin, 1984; Tiwari et al., 2015).

The motion of the reference frame also leads to the aberration effect. This produces a shift in the
angular position of the source. Thus the apparent positions of an isotropic distribution of sources get
shifted towards the direction of motion of the frame, creating a dipole. This effect is of the same order
as f ~ 1073 and is relevant for large scale structure dipole studies. Combined effect of the Doppler shift
and aberration produces the kinematic dipole.

2.2 Observed Dipole in Large Scale Structures

Large scale structures are essentially objects formed by non-linear physics. When observed on small
survey volumes the non-linear physics produces structures that would deviate from isotropy and homo-
geneity. Thus the local non-linear components of a survey would produce a local structure dipole. This is
not a violation of SI, because the Cosmological Principle is not valid on this scale. It is only when a very
large survey volume, of length scales greater than a few hundred Mpc is considered that the Cosmological
Principle is valid and can be tested for SI violations. If a dipole component is present over and above
the local stucture and the kinematic dipole, then it is of cosmological origin and is called the intrinsic
dipole. We are essentially interested in the intrinsic component in SI violation study.

The most significant study of dipoles in the large scale structure has been done with the NRAO
VLA Sky Survey (NVSS) radio catalogue containing 1773484 radio sources (Condon et al., 1998). The
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survey’s operating frequency is 1.4 GHz and covers the entire northern hemisphere above a declination
of —40° and has a mean redshift ~ 1. For radio sources, in the cosmic rest frame, the flux density S
follows a power law relation with frequency v, S o< v=%, with o ~ 0.75. The differential number count
of radio sources per unit solid angle per unit flux density follows the power law: n(6,¢,S) oc S™17%,
where the spectral index « is close to unity. Due to the kinematic effects discussed above, it is clear that
both the number counts and sky brightness would show a dipole. We denote these by D?i}“ and ]jlgi“
respectively. These kinematic dipoles are given by (Ellis and Baldwin, 1984; Tiwari et al., 2015)

D = 24 2(1 + a)]F DE» = 24 2(1 + a)]f. (11)

Since the velocity of our observation frame with respect to the cosmic rest frame is already known from
CMB experiments we can make a prediction for the kinematic dipole.

The earliest attempt to extract the NVSS dipole was made by the Blake and Wall (Blake and Wall,
2002), where they claimed to find the dipole amplitude approximately two sigmas larger than the expected
kinematic dipole. The extracted direction, however, showed good agreement with expectations. This
was revisited later by several authors, who found an even larger deviation from the amplitude of the
kinematic dipole. These results are summarised in Table 1.

Authors D, (x1072) v (x10% in km/s) (1,0)

Blake & Wall (2002) 1.05£0.42 09=£0.3 (245°,41°)
Singal (2012) 1.8+£0.3 1.32£0.54 (239°,44°)
Gibelyou and Huterer (2012) 27105 1.4+0.3 (214°,15°)
Tiwari et. al. (2015) Dy 1.25 + 0.40 1.00£0.32  (261°,37°)
Tiwari et. al. (2015) Dg 1.51 £0.57 1.21 +0.46 (269°,43°)
Rubart and Schwarz. (2013) 1.84+0.6 1.5+0.5 (239°,44°)

Table 1: NVSS observed dipole amplitude, observation frame peculiar velocity and direction. Collected
results (Blake and Wall, 2002; Singal, 2011; Gibelyou and Huterer, 2012; Tiwari et al., 2015; Rubart and
Schwarz, 2013) for the NVSS dipole amplitude and direction with flux densities > 20 mJy (> 15 mJy
for Gibelyou and Huterer). Here D, is the total observed dipole and v is the peculiar velocity of the
observation frame, calculated from D,.

We note that the result obtained by Gibelyou and Huterer (Gibelyou and Huterer, 2012) shows a
much larger deviation from others. Rubart and Schwarz have shown (Rubart and Schwarz, 2013) that
the dipole amplitude estimator used by Gibelyou and Huterer is biased. It has a direction bias and as a
consequence their dipole direction estimates are not in agreement with the other results. The Blake and
Wall amplitude is smaller than that obtained by any of the other authors. Our study of the NVSS dipole
(Tiwari et al., 2015) involved studying not just the number count but also the sky brightness dipole.
Both observables show similar results with amplitudes exceeding the kinematic dipole predictions by
approximately two sigmas. Such excess dipole on such large distance scales suggests a mild signal of
potential violation of SI.

The results discussed above while being intriguing needs to be reassessed with other data sets due to
the limitations of the NVSS catalogue. The NVSS is compiled by use of two different array configurations,
one above declination of —10° and one below. This results in systematics in a catalogue. The mean
number count becomes a function of declination. Plots of number count density show a large and
significant dip below a declination of —15° and a small but linear systematic decrease with increasing
right ascension. With a flux cut > 15 mJy, the effect of these systematics can be suppressed to the level
where they are no longer visible to the naked eye on plotting. While the work done with the NVSS data
try to limit the effect of such systematics, having another deep survey with large sky coverage to test
out these results would be very important before we can be sure of SI violation.

The NVSS also contains information about the polarisation of the sources. It provides Stokes pa-
rameters Q and U for these sources. Using them we define the polarised flux as P = \/Q? + U2 and the
degree of polarisation as p = P/S. The polarised flux density, for radio sources, follows a power law,
P xv™*P, with ap ~ 0.75. The differential number count per unit solid angle, per total flux density S
and polarised flux density P is given as n(6, p, P, S) oc S~1*P~1=2F These are relations in the cosmic
rest frame, so for reasons similar to those discussed previously, the integrated linear flux would also show
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effects of the motion of the observation frame. The kinematic dipole in the number count of significantly
polarised sources and the integrated polarised flux density is given by:

DM = 24 2(1+ ) +2p(1 +ap)lf (12)
D" =24 z2(1+a)+2p(1+ap)f (13)

The extracted velocities are shown in Table 2. It clearly shows deviation from expectations of a kinematic
dipole.

Dipole type D, (x1072) v (x10% in km/s) (1,0)
D, 33+038 238 L0061 (207,37
Dp 49£1.2 2.87£0.68 (244°,20°)

Table 2: NVSS integrated polarised flux dipole amplitude, observation frame peculiar velocity and direc-
tion. Results from Tiwari and Jain (Tiwari and Jain, 2015a) with a lower limit on total flux density of
30 mJy and polarised flux density range of 0.1 < P < 100 mJy.

The 2010 study (Itoh et al., 2010) by Itoh et. al. of the Sloan Digital Sky Survey (SDSS) also has
some fascinating hints of SI violations. The SDSS 6th Data Release photometric catalogue contains
over 200 million sources and covers an area of around 8000 deg27 with photometric data in five band
passes. While the SDSS has very high fidelity data with well low and understood systematics, its sky
coverage is small at about 20% with a mean redshift ~ 0.3. This makes the catalogue difficult to use
for cosmological purpose. There are also some issues which need to be taken care of in constructing the
sample for analysis. The first is to ensure that stars are carefully and reliably removed from analysis.
Putting appropriate magnitude range helps with isolating the galaxies. Another well known feature of
the SDSS catalogue is the presence of local clustering at large scales. The most well known feature of the
SDSS is the Sloan Great Wall, at a redshift of ~ 0.08. Such local clustering has to be removed reliably
before the intrinsic dipole is studied.

The expected kinematic dipole amplitude in the SDSS is found to be 1.231 x 10~3 (Itoh et al.,
2010). The authors worked with four galaxy samples with different ranges in brightness and photometric
redshift. Of them we only discuss two here. These are those samples which are deepest, more relevant
from a cosmological point of view. The results we discuss are for the bright deep (BD) and the faint
deep (FD) samples. For both, the maximum photometric redshift is ~ 0.9. The authors performed
a %2 minimisation with the full covariance matrix. For the BD sample the authors obtained a dipole
amplitude of 0.87f8jg$ x 1072 along (I = 290°,b = —10°)4100°. The FD sample gave a dipole amplitude
of (1.21 £0.23) x 1072 along (I = 280°,b = 75°) 4 33°.

The authors found a dipole excess in all but the BD sample. They suggested that possible contamina-
tion in the FD samples from incomplete star-galaxy separation and with incorrectly removed clustering
in the data might’ve caused this large measured dipole. Another reason for difference might be the due
to the issue of the small sky coverage of the survey. They hoped that a sky survey with wider coverage
would be able to settle the issue.

Yoon et. al. in their 2014 work (Yoon et al., 2014) found a dipole in the Wide-field Infrared Survey
Explorer-Two Micron All Sky Survey (WISE-2MASS) catalogues. The WISE catalogue has 757 million
sources which are however uncategorised. The authors use the 2MASS catalogue with joint intensity
limits to select data for analysis. The GAMA D2 data was used to model the redshift distribution for
the WISE catalogue. The selected object field is shallow with mean redshift of 0.139 and goes up to a
maximum of 0.4. They follow a method similar to that of Gibelyou and Huterer (Gibelyou and Huterer,
2012) to estimate the dipole. With a 20° galactic plane cut, the result they obtained was (5.24-0.2) x 1072
along (I = 308° £4°,b = —14° £ 2°), which exceeded the theoretical expectations from local structure
dipole. The theoretical dipole amplitude expected being 2.3 + 1.2. They did not consider the effect of
the kinematic dipole which has an order of magnitude lesser contribution and could not be sufficiently
tested with the shallow data.

In the last few years the tests of SI violations with large scale structures have gathered steam. With
deeper data and with greater sky coverage, better constraints can be put on SI violations and thereby
constraining SI violating model parameters and mechanisms. With improvement in data fidelity and
understanding of systematics, we may be able to reduce these errors and find out if truly these SI
violations are consistent.
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2.3 Virgo Alignment

A very curious feature of SI violations is the alignment of various preferred directions in different data
sets. Several observations at wide range of frequencies suggest a preferred direction pointing roughly
towards the Virgo supercluster, which is close to the direction of the observed CMBR, dipole. We have
already discussed the difference in the the magnitudes of vcyp and ¥iaqi0, extracted from number counts,
sky brightness as well as polarized radio flux. Furthermore, the CMB quadrupole, CMB octopole, radio
and optical polarizations from distant sources also indicate a preferred direction pointing roughly towards
Virgo. Next we briefly describe each of these effects.

The distribution of polarization angles of distant radio galaxies indicates a dipole pattern. Here
the observable is 8 = x — ¢, where x is the linear polarization angle and ¢ is the orientation angle of
the galaxy. This parameter shows a dipole distribution across the sky. The significance of the effect is
found to be 3.50 after making a cut which eliminates the central peak in the distribution of the rotation
measures (RM) (Jain and Ralston, 1999; Jain and Sarala, 2006). The preferred direction of the dipole is
found to be [ = 259°, b = 62° in galactic coordinates.

The CMBR quadrupole and the octopole, i.e. multipoles corresponding to I = 2,3, also indicate
a preferred direction ((I,b) ~ (250°,60°)), pointing roughly towards Virgo. Statistical isotropy would
imply that these are independent of one another as well of other multipoles, such as the dipole. However
the preferred axis of both these multipoles points approximately in the direction of the CMB dipole
(de Oliveira-Costa et al., 2004; Ralston and Jain, 2004). This is rather surprising! Furthermore, it
is difficult to explain this alignment in terms of bias or foreground effects (Aluri et al., 2011). The
procedure for extraction of the preferred direction has been developed in (de Oliveira-Costa et al., 2004;
Ralston and Jain, 2004; Samal et al., 2008). One may either maximize the angular momentum dispersion
(5L |(A - ﬁ)2|5TT> (de Oliveira-Costa et al., 2004; Bennett et al., 2011). Alternatively one may calculate
the principle eigenvector of the power tensor for the two modes (Ralston and Jain, 2004; Samal et al.,
2008, 2009). For I = 2,3 it has a simple interpretation. Both these multipoles appear to be planar, i.e.,
all the hot and cold spots lie roughly in the plane. The direction perpendicular to this is the preferred
axis. In more detail, one finds that most of the contribution to the octopole power comes from the
|m| = 3 coefficients. When maximized over direction the |as 3|? and |az,_3|? contribute approximately
94% of the total power in the octopole (Bennett et al., 2011). This unusual planar power distribution in
octopole is another CMB anomaly at large length scales.

The optical polarizations from distant quasars show an alignment over very large distance scales
(Hutsemekers, 1998; Jain et al., 2004), i.e. the linear polarizations of different sources are observed to
point in the same direction. A very strong alignment effect is seen in the direction of Virgo as well as
in the diametrically opposite direction. The angular dependence of the two point correlations of these
polarizations were studied in (Ralston and Jain, 2004). This dependence was not found to be statistically
significant. However it is interesting that the correlations were found to maximize along an axis pointing
towards Virgo (Ralston and Jain, 2004). Hence we see that a wide range of phenomenon, ranging from
radio number densities, sky brightness, polarized flux, polarization angles, CMBR. dipole, quadrupole
and octupole as well as the optical polarizations from quasars indicate a preferred direction pointing
approximately towards Virgo. Below we mention one more effect related to CMBR, which also indicates
this direction.

2.4 Dipole Modulation in CMBR

The present era of precision cosmology was ushered in by the precision measurements of the cosmic mi-
crowave background (CMB), so our most important indicators of SI violations have come from the CMB
observations. Of the various departures from SI predictions, the dipole modulation of the CMB temper-
ature fluctuation field is the most important. The original claims were made by Hansen et. al. (Hansen
et al., 2004) in their 2004 papers reporting a hemispherical power asymmetry in the CMB temperature
observations made by the Wilkinson Microwave Anisotropy Probe (WMAP). The authors masked the
galactic plane in the CMB temperature maps and analysed the binned angular power spectrum on cir-
cular patches of varying sizes, oriented about different directions in the sky. They reported significantly
different Cy’s in the northern and southern galactic hemispheres for the multipole range 2 — 40. The
2 —4 range was reported to have contribution from the galactic foreground residuals and the signal being
directional along the galactic poles. The power spectrum estimates in 5 — 40 range however showed
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asymmetry levels which could not be justified by systematics and noise. The asymmetry in 5 — 40 range
was found to maximise along (57°,10°) in Galactic coordinates, which is close to the ecliptic axis. In the
frame of maximum asymmetry they found that all the 5 —40 multipoles in the northern hemisphere have
less power than than the average amplitudes, while in the southern hemisphere most of the multipoles
in the range have more power than the average amplitude. The authors also claimed a similar signal of
lower significance in the COsmic Background Explorer (COBE) data thereby ruling out systematics as
a possible source of the signal.

In 2006 Gordon proposed (Gordon, 2007) a model of linear modulation of the isotropic temperature
fluctuation field to phenomenologically represent hemispherical anisotropy. In this model, the tempera-
ture fluctuation (§7") observed along a direction 7, is given by

6T (n) = 0Tiso(R) [1 + f(R)], (14)

where f(n) is a direction dependent function that modulates 075, the isotropic temperature fluctuation
field 1. The modulating function f(7) is assumed as AX - 7. This linear modulation along a preferred
direction A and with amplitude A, would result in a dipole modulation at the surface of last scatter-
ing. However, it is important to understand that hemispherical power asymmetry is not the same as
dipole modulation. A dipole modulation model will naturally give rise to hemispherical asymmetry but
hemispherical power asymmetry does not necessitate a dipole modulation, which is a more complex.

In 2009, following the release of WMAP five-year data, Hoftuft et. al. (Hoftuft et al., 2009) estimated
the three parameters A, and two components of \ from the data maximizing the log-likelihood for the
dipole modulation model. The observed data along a direction (72) is written as in (14) but with an
additive noise term to read d(n) = 6T (i) + N (7). The signal covariance matrix for such a model is given
by (Hoftuft et al., 2009)

Suod (i, i) = [1+ AN+ 7] S (2, i) [1 4 AN 10 (15)
The isotropic signal covariance matrix Sis, is written as

Sieo (7, 17) = % SO0+ D)CPG - ). (16)

Here the Pys are the Legendre polynomials. The full covariance matrix then reads (Hoftuft et al., 2009)
C= Smod(A7 5\) + Siso +N+ F7 (17)

with N and F as noise covariance and foregrounds respectively. Assuming the signal and noise both to
be Gaussian the log-likelihood takes the form (Hoftuft et al., 2009):

—2InL(A,\) =d"Cd 4+ In[C]|. (18)

The best-fit results in the ¢ < 64 range by maximizing the log-likelihood is contained in Table 3. The
dipole modulation signal was claimed with a 3.3¢ significance for ¢ < 64.

We have shown (Rath and Jain, 2013) that for a dipole modulated temperature fluctuation field
given by Eq. 14, with the preferred direction A chosen along 2, the two point correlation function of the
spherical harmonic coefficients ay,, is given by

<al"”a’z’m’> = <a€ma2m'>iso + <af'maz’m’>dm
= Cylp0rOmm: + A (Co + Cy) X

\/(Z—m-&-l)(f-&-m-&-l)

(L —=m)(L+m)
(20+1)(2¢-1)

@i+ ity et

55/,51} Om/m.- (19)

This implies that for a dipole modulated temperature field, the covariance matrix, in spherical harmonic
space is not diagonal. The added modulation gives rise to non-zero correlations between £ and £+ 1 and

INote that we have changed the sign in front of f(#) from ‘—’ to ‘4’ to keep consistency with later work.
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Result from A (Lb)

Hoftuft et. al. (W5) 0.072 £0.022  (224°, —27°) £ 24°
Ade et. al. (P13)  0.065+ 0.021 (226°, —17°) + 24°
Adeet. al. (P15)  0.066+0.021  (225°, —18°) = 24°
Rath et. al. (W9) 0.090 £ 0.029 (227°,—14°)

Rath et. al. (P13) 0.074 £0.019 (229°, —16°)
Ghosh et. al. (P15)  0.078 +0.019 (242° + 16°, —17° 4 20°)

Table 3: Best-fit values for the dipole modulation parameters. Results from (Hoftuft et al., 2009; Ade
et al., 2014, 2015; Rath et al., 2015; Ghosh et al., 2016) are contained here for both the likelihood and
statistic method. W5 and W9 stand for WMAP five-year and nine-year datasets respectively, P13 and
P15 stand for Planck 2013 and 2015 SMICA maps.

{ and ¢ — 1. So we have studied the dipole modulation feature using this property of non-zero ¢, ¢ + 1
correlations by defining a statistic Sy as

£

¢
R U+ .
Sg = Z i+ 1) Zzagmag,m, (20)

=Cmin m=—

which is a summed estimate of the ¢, £ 4+ 1 correlations in the range i < £ < fpax. The analysis was
performed by setting iy = 2 and . = 64,128 for extraction of different parameters. Some of the
results of this analysis are shown in Table 3 and show good agreement with other estimates.

The hemispherical power asymmetry and dipole modulation have persisted in the data for three
generations of satellite based CMB experiments. The Planck experiment team has tested for both the
hemispherical power asymmetry and dipole modulation in their CMB data, finding evidence for both
(Ade et al., 2014, 2015). The dipole modulation signal has persisted at ~ 3¢ level in the 2013 and 2015
data release. The results of the Planck team and the corresponding results with the maximum statistic
method are shown in Table 3 for comparison.

A test of dipole modulation or equivalently hemispherical anisotropy for the polarization ' modes has
also been carried out in (Ghosh et al., 2016). The low ! multipoles of the polarization field are unreliable.
Hence the authors only considered multipoles [ > 40. Furthermore they did not test the significance of
the effect since it required extensive numerical work in modelling detector noise. Interestingly it was
found that the preferred direction in the range 40 <[ < 100 again points in the direction of Virgo. The
direction starts to shift as we extend the upper limit on /. Although the statistical significance of the
effect is unknown, it is interesting that the low [ multipoles again prefer a direction towards Virgo.

2.5 Dipole Modulation in large Scale Structures

A signal of the dipole modulation has also been investigated in the large scale structures. The first
attempt in this direction was done by Hirata in 2009 using SDSS quasars (Hirata, 2009). His approach to
the problem of searching the large scale structures for dipole modulation was based on the variation of the
amplitude of the linear power spectrum og. If the CMB hemispherical asymmetry and dipole modulation
are of cosmological origins then they should be linked to the primordial curvature perturbations. Such a
situation would lead to a gradient in the amplitude of the power spectrum along the preferred direction
of the dipole. Since the growth and abundance of large scale structures is very sensitive to the value
of og, the gradient of this parameter can be constrained from the number variations of the large scale
structures.

The SDSS quasars were chosen by Hirata to test out the variation of og. This set had deep distance
spread with wide angular coverage. Since the quasars are highly biased structures, any small variation
in og would have larger effects. Since these are SDSS objects the systematics are fairly well understood.
One of the drawbacks of the dataset chosen is that the number density of such quasars is small, roughly
1 deg™2. When the preferred direction is fixed along that obtained by Eriksen et. al. (I =225°b =
—27°), the amplitude of dipole modulation was found as A = —0.0018 4 0.0044. A search for the best
fit direction did not reveal a statistically significant signal. Overall, Hirata’s work is strongly indicative
of no dipole modulation in the large scale structures.
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The 2013 work (Ferndndez-Cobos et al., 2014) by Ferndndez-Cobos et. al. searched for the dipole
modulation signal in the NVSS. Their approach is a logical extension of the Hoftuft et. al. method,
described at the beginning of this section, to the large scale structures, working with the galaxy angular
power spectra CF'¢. They worked with three lower flux cuts of 2.5, 5.0 and 10.0 mJy. They corrected for
the declination dependent systematics, only for the case of the 2.5 mJy cut, by dividing the entire data
map into 70 strips of equal area and rescaling the number density. From their simulation they forecasted
a non-negligible dipole modulation with A = 0.065 + 0.013 along the direction (I = 224°, —14°) £+ 17°.
However they do not find any evidence of dipole modulation. The modulation amplitude A was found
to be 0.003 + 0.015 for 2.5 mJy cut, 0.011 £ 0.016 for 5.0 mJy cut and 0.007 + 0.014 for 10.0 mJy cut,
all of the amplitudes being compatible within 1o of zero modulation amplitude.

2.6 Alignment of linear polarizations of radio sources

The linear polarizations of radio sources show alignment with one another, analogous to the alignment
of optical polarizations from quasars. An alignment on the distance scale of 100 Mpc was reported in
(Tiwari and Jain, 2013) in the JVAS/CLASS sources with polarized flux greater than 1 mJy. This has
subsequently been confirmed in (Shurtleff, 2014; Pelgrims and Hutsemékers, 2015). An alignment on
larger distance scales for the subsample of QSOs in this data set has also been reported in (Pelgrims
and Hutsemékers, 2015). An alignment on the scale of 100 Mpc may be expected within the framework
of Big Bang cosmology since sources show correlation with one another on such distance scales. In
(Tiwari and Jain, 2015b) the authors argued that this alignment is induced by the correlations in the
cluster magnetic field. Within the framework of this model the authors extracted the spectral index
of the cluster magnetic field. The extracted value of 2.74 + 0.04 shows good agreement with the value
expected on the basis of cosmological magneto-hydrodynamic simulations (Dolag et al., 2002). Despite
this agreement the alignment effect needs to be tested carefully by future surveys. The alignment might
arise due to bias and furthermore it is found that the significance of the effect reduces considerably if the
jackknife errors are taken into account (Tiwari and Jain, 2015b). The authors argued that we require at
least four times larger data set in order to have a reliable confirmation of this effect.

2.7 Other Anomalies

Other CMB anomalies worth mentioning are the Cold Spot and the parity asymmetry. Cruz et. al.
(Cruz et al., 2005) reported in 2004, an anomalous cold spot at (I = 209°,b = —57°) with a size of 10°.
To understand the parity asymmetry we have to think of the temperature field being sum of even and
odd parity fields. The even and odd parity can be characterised by

Liax

Pt =3 2711+ (1)) +1)/2xCy (21)
(=2

Lmax

Pm =Y 271 (1= (1))t + 1) /27C, (22)
(=2

The ratio PT/P~ denotes the ratio of the even parity contribution to the odd parity contribution. It
was reported around 2010 (Kim and Naselsky, 2010; Aluri and Jain, 2012), that the ratio is anomalously
large when summing over the largest angular scales. Summing the multipoles 2 < ¢ < 22 the results for
the ratio for WMAP 7 year data was 0.71, indicating a larger contribution from the even parity. Both
these anomalies continue to exist in the Planck CMB data.

3 Theoretical Expectations

It is generally believed that the effects reviewed in the previous section are inconsistent with the Big
Bang cosmological model. Although these observations appear to be in conflict with the cosmological
principle, it has been shown in (Aluri and Jain, 2012; Rath et al., 2013) that they can be accommodated
within the Big Bang paradigm. The basic idea is that the early pre-inflationary phase of the Universe
may not be isotropic and homogeneous. It acquires this property during the early phase of inflation.
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This has been explicitly demonstrated for the case of Bianchi models (Wald, 1983) which are anisotropic
but homogeneous. It has also been shown that, for a wide range of parameters, modes generated during
this early period can re-enter the horizon before the current era and hence affect observations (Aluri
and Jain, 2012; Rath et al., 2013). This implies that although the background evolution is isotropic and
homogeneous, the perturbations need not respect the cosmological principle. Interestingly the dominant
effect is expected for low k modes, which observationally appear to show the largest deviation from
isotropy. This phenomenon has been explicitly demonstrated in (Rath et al., 2013) where the quadrupole
and octopole alignment is explained in terms of an early anisotropic phase of inflation. Similar ideas
have been explored in order to explain the hemispherical anisotropy (Rath et al., 2015; Jain and Rath,
2015; Kothari et al., 2015a; Ghosh et al., 2016). However in this case an explicit model requires either an
inhomogeneous Universe (Carroll et al., 2010; Rath et al., 2015) or space-time noncommutativity (Jain
and Rath, 2015; Kothari et al., 2015b). A detailed analysis of such models is so far not available in the
literature. Here we briefly review some basic results which have been obtained by assuming a model
primordial power spectrum.
Let us first consider the primordial power spectrum in real space, defined as,

F(R,X) = (8()3(z")) (23)

where 6(Z) is the primordial density fluctuation at comoving coordinate Z, R=7-%and X = (:E’+f/)/2.
In (Kothari et al., 2015a) the authors consider the following inhomogenous model:

F (R’, )Z') = fi(R) +sin (X. i_i + 5) f2(R), (24)

where \ and § are parameters and 7 is the current conformal time. Here the second term represents the
contribution due to inhomogeneity. In Fourier space, the corresponding power spectrum is given by,

<5(E)5*(12’)> = P (k)® (E - E) - %g(l@r) [53 (E — K+ X) — 5 (E R X)} (25)

To To

where

d°R o oN R
g(ky) = /Wexp i (k+ k') Y f2(R),
and ky = (k + K)/2. This model leads to correlations between multipoles [ and I + 1 of CMB, as
expected in the case of dipole modulated temperature field (see Eq. 19). The authors (Kothari et al.,

2015a) parameterize the function g(k) as a power law, i.e.,

g(k) = gORso(k)(kTO)ia (26)

where gg and « are parameters. A fit to the CMB dipole modulation data suggests that o ~ 1. A similar
analysis has also been carried out for an anisotropic but homogeneous model (Kothari et al., 2015a). As
explained earlier, such a model is possible only within the framework of non-commutative space-times.

A study of the implications of such a primordial model on large scale structures is so far not available
in the literature. We expect that predictions based on such models will become available by the time
SKA becomes operational.

3.1 The galaxy power spectrum and ACDM power spectrum

For tests at SKA our primary aim is to study the distribution of galaxies at large distances or equivalently
their angular power spectrum C;. We next briefly discuss the relation between ACDM power spectrum
P(k) to Cy. Let N(#) be the projected number density (per steradian) in the direction #, and N be the
mean number density averaged over the sky. We write the number density N (#) = N(1 + A(#)), where
A(7) represents the projected number surface density contrast. Let the three-dimensional dark matter
density contrast be represented as d,,(7, z(r)), where (7, z(r)) represent a unique location in space and

time. The vector 7 stands for comoving distance r in direction # and z(r) is the redshift corresponding
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to comoving distance r. Assuming linear galaxy biasing b(z) and linear growth factor D(z) to density
contrast we write the corresponding galaxy contrast dq(7, z(1)) = 0 (7,2 = 0)D(2)b(z). Now we can
write the theoretical expression for A(7) as,

A(F)

| s omrsar
0

/0 T (72 = 0)D(2)b(2)p(r)dr, (27)

where p(r)dr is the probability of observing a galaxy between r and (r + dr). The expansion of A(#) in
spherical harmonics and subsequent harmonic coefficients, aj,,, similar to equation (7), is given as,

- / AQA (7) iy (7) (28)

/ Y (7) /O (72 = 0)D()b(2)p(r)dr -

To write the harmonic coefficients, @j,y,, in terms of the k-space density field 05, we expand 6,, (7, z = 0)
in Fourier domain,

5m(7”,z = 0) = (2;)3 /d3k’(5’;eil_€,F7 (29)

and substitute = .
e® T = dm Y il Gi(kr) Yy, (P)Yim (R) |

lm
where j; is the spherical Bessel function of first kind for integer I. Subsequently we write

il

i = ——
™ o2

/ D(=)b(z)p(r)dr / R (k)Y (k) (30)

Following equation (30) we write the theoretical angular power spectrum C as,

Cl < ‘dlm‘z >

2 / dkk*P(k)

™

= %/dkkzP(k)WQ(k). (31)

2

/000 D(z)b(z)p(r)drji(kr)

where W (k) = [;° D(2)b(z)p(r)drji(kr) is the window function in k-space. We have also used < 60z, >=
(27)36(k — k') P(k) where P(k) is ACDM power spectrum.

3.2 Observational

The observational estimate of C; anologous to theoretical C given in equation (31) is,

/|2
1
cove _ oinl®) 1 2
t Jim, N ()

where a], = dQA(F)Y (F) and Ji, = [ [Y,,,]?d€2, the Ji,, is an approximate correction
survey

factor for the partial survey region (Peebles, 1980). The term % removes the contribution from the
Poissonian shot-noise.

The error in above estimate of power spectrum due to cosmic variance, sky coverage and shot-noise
is as follows:

f survey

o 2 obs i
20 =\ (07 %) (39)
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where fqy is the fraction of sky observed in the survey. Notice that the above error estimate is applicable
in case of the 2-point galaxy-galaxy angular power spectrum (C7?). The lensing shear power spectrum
is deduced considering shape measurements of the galaxies. The shear angular power spectrum error
estimate is given by,

AC) = 2<O°b5+0€2) (34)
P @+ D) fa N

where o, is the RMS variance of the ellipticity distribution. Furthermore, for the case of polarized
sources, assuming that the polarization position angle is an unbiased tracer of the intrinsic morphological
orientation of the galaxy with a scatter of a,ns, the corresponding error estimate is as follows (Brown
and Battye, 2011b,a):

2 . 1602 .02
ACH = | (OPP 4+ —2e ) 35
’ <2Z+1>fsky<l TN ) (3)

4 Tests of statistical isotropy at SKA

We propose the following tests of statistical isotropy in large scale structures:

1. Determination of the dipole in number counts and sky brightness of radio sources in order to test
its consistency with the kinematic dipole.

2. Determination of the dipole in number counts of radio sources with non-zero polarization as well
as in the polarized flux.

3. Testing the alignment of linear polarizations of radio sources as a function of their relative separa-
tion.

4. Testing the presence of dipole modulation in radio sources.

5. Determination of the dipole anisotropy in the offsets between linear polarization angles and the
galaxy orientation angles.

4.1 SKA technical details and capabilities

The SKA will be a highly flexible instrument with unprecedented observational capabilities. It will consist
of an inner core and outer stations arranged in a log-spiral pattern. The full array will be extended to
at least 3000 km from the central core. This will be the largest radio telescope in the world and will
revolutionize our understanding of the Universe. The SKA will operate in frequency range from 70 MHz
to 10 GHz (see (Dewdney et al., 2013) for more details).

The SKA will perform both redshift (HI) surveys and radio continuum surveys in frequency range
from 70 MHz to 10 GHz. There will be two phases of SKA observations. The final phase of SKA is
expected to map out 1 billion galaxies over a sky area of fguy, ~ 3/4, out to a redshift of z ~ 2. This
will reduce the shot-noise in galaxy angular power spectrum (see equation (32)) by a factor of 3000.
The resulting shot-noise will be 3 orders of magnitude lower than ACDM C; and will be negligible in
comparison to cosmic variance (equation (33)).

The SKA will yield the measurements of various cosmological parameters with unprecedented pre-
cision. The anisotropy tests at various scales will improve immensely. The dipole anisotropy observed
in NVSS brightness and polarization will be clearly settled. At present the signal is observed at ~ 3o
(Tiwari et al., 2015). The radio galaxy biasing consideration gives similar significance for reasonable
radial number density and galaxy bias values (Tiwari and Nusser, 2015). The galaxy-bias is a nuisance
in relating the galaxy clustering to underlying dark matter distribution. The biasing is almost stochastic,
scale-dependent, redshift dependent and non-linear (Dekel and Lahav, 1999). The bias determination is
almost always indirect as we always need the underlying dark matter density power spectrum to extract
bias from galaxy clustering. As discussed earlier, the NVSS total source count is ~ 1.8 x 105. The SKA
source count is expected to be roughly two orders of magnitude larger (Wilman et al., 2008). This also
applies to the polarized source density. The wide and deep polarization surveys with SKA will reach
to pJy flux limit. The deep polarization survey (2 uJy) will probe the source population as a function
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of flux, luminosity and redshift, whereas the wide (33,000 deg?, sensitive up to 10 uJy ) survey will
reveal the large scale clustering of polarized galaxies. Hence the statistical error in source counts, sky
brightness, polarized number count as well as polarized flux will be sufficiently small in order to reliably
extract the signal of dipole anisotropy. However one has to carefully remove systematic effects from data.

Besides the galaxy biasing described above, the most important systematic effect is the contribution
due to local clustering dipole (Blake and Wall, 2002; Singal, 2011; Gibelyou and Huterer, 2012; Rubart
and Schwarz, 2013; Tiwari et al., 2015; Schwarz et al., 2015). So far this has been removed by cross
correlating with catalogues of known nearby galaxies (Blake and Wall, 2002). With SKA redshift survey
the exact radial number density will be known. The large area survey coverage and depth in redshift
with SKA observation will allow us to measure the galaxy clustering at largest scale ever. The SKA
galaxy power spectrum will cover the turnover (k < 0.02 hMpc~!) of ACDM power spectrum. This will
also allow a better constrain on galaxy bias. The NVSS survey also suffers from significant declination
bias due to two different array configurations used for different declinations. While this may not be an
issue for SKA, a declination bias centered at the array location may arise (Tiwari and Jain, 2015a). Such
a bias has been identified in the NVSS survey, particularly for the sample with low flux cutoff, and can
be effectively removed by the procedure described in (Tiwari and Jain, 2015a). Yet another systematic
effect arises in relating the extracted dipole from data to the local speed. The main issue here is the
deviation of the distribution of number density n(S) as a function of the flux S from a pure power law.
However it has been shown that a generalized distribution fits the data very well and one can extract
the local speed very accurately using this fit (Tiwari et al., 2015; Tiwari and Jain, 2015a).

Further the resolved shape of billion galaxies from SKA will give the best shear measurements.
The light from distant galaxy follow the geodesics, which bends according to the presence of matter
in intervening space. This results as a shape distortion following the matter distribution fluctuations
along the line of sight. This enables the direct mapping of mass distribution (luminous + non-luminous)
and dark energy measurements. The statistical error in auto-shear power spectrum with SKA will
decrease by a factor of ~ 3000 due to high number surface density (~ 10° deg?) and reliable shape
measurements (Demetroullas and Brown, 2016). With such huge improvement in statistics, it will be
challenging to control the corresponding systematics. Cross-correlations between shear maps from SKA
and LSST/ Euclid can remove observational systematics.

The enhanced polarization survey at SKA will also allow us to reliably test the alignment of linear
polarizations as a function of the angular separation among galaxies (Tiwari and Jain, 2013, 2015b).
With two orders of magnitude increase in the number of sources, the effect will be seen clearly if present
in data. Furthermore the SKA redshift survey would allow a 3 dimensional analysis which will provide
an unambiguous test of this phenomenon, both at the supercluster scale (Tiwari and Jain, 2013, 2015b)
and on larger cosmological distance scales (Pelgrims and Hutsemékers, 2015). Within the framework of
the theoretical model of (Tiwari and Jain, 2015b), it will allow a clean extraction of the spectral index
of the cluster magnetic field.

SKA will also make measurements of linear polarizations at different frequencies for a very large
sample of sources (Beck and Gaensler, 2004; Haverkorn et al., 2015). The main purpose of these mea-
surements is the Faraday rotation measures which will provide information about the milky way magnetic
field. However these will also allow measurements of the host polarization position angles. For the case of
active galaxies, if we are also able to determine the orientation of the jets, it is possible to test the dipole
anisotropy claimed in (Jain and Ralston, 1999). We point out that the extraction of rotation measures
and polarization position angles may be facilitated by the refined technique developed in (Sarala and
Jain, 2002).

5 Discussion and Conclusions

The tantalizing possibility that the Cosmological principle may be violated is indicated by many observa-
tions. The most prominent of these effects is the so called Virgo Alignment, which refers to a wide range
of phenomena indicating a preferred direction pointing towards Virgo. The SKA has the capability to
convincingly test several of these effects. These include the dipole anisotropy in radio polarization angles
(Jain and Ralston, 1999), the dipole in the number counts and sky brightness (Blake and Wall, 2002;
Singal, 2011; Gibelyou and Huterer, 2012; Tiwari et al., 2015; Rubart and Schwarz, 2013) and in the
polarized number counts and polarized flux (Tiwari and Jain, 2015a). These observations may indicate
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that we need to go beyond the standard Big Bang cosmology. Alternatively they may be explained
by pre-inflationary anisotropic and/or inhomogeneous modes (Aluri and Jain, 2012; Rath et al., 2013).
In either case, confirmation of this alignment effect is likely to revolutionize cosmology. SKA will also
test the signal of dipole modulation in large scale structure. Finally it will test the alignment of radio
polarizations. It has been suggested that the alignment is induced by the correlations in the cluster
magnetic field (Tiwari and Jain, 2015b). Hence if confirmed this phenomenon might provide a tool to
study the statistical properties of the large scale magnetic field.
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Abstract

Deep galaxy surveys have revealed that the global star formation rate density in the universe
peaks at 1< z <2 and sharply declines towards z = 0. The star formation rate (SFR) is directly
related to the amount and physical properties of the cold gas present in galaxies. Since very little is
known about this component of ISM beyond the local Universe, a deep blind spectroscopic survey
that will reveal it in an unbiased way is essential to unravel the physical processes that drive the
evolution of SFR. H 1 21-cm absorption line provides an excellent tool to trace the evolution of cold
atomic gas in galaxies. In this article, we summarize the current status of intervening H 1 21-cm
absorption line studies and future prospects with upcoming SKA pathfinders and SKA1.

1 Introduction

A key question in the modern astrophysics is to understand how the star formation in galaxies proceeds
and leads to the present-day Universe. In recent years, radio and optical /IR observations of local Universe
have established a strong relationship between the star formation rate and the properties of the cold
atomic and molecular gas in galaxies (e.g. Leroy et al. 2008). The cosmic evolution of the global
comoving star-formation rate density (SFRD) is also now reasonably well constrained up to z~8 (Fig. 1).
In particular, the observations have established that there is a peak in the comoving SFRD at 1 < z <2
followed by a sharp decrease towards z ~ 0 (Madau & Dickinson 2014). One expects the redshift
evolution of the SFRD to be intimately related to the redshift evolution of the cosmological mass density
of neutral (2p;) and molecular gas.

But despite intensive efforts, the best available telescopes till date have been successful in detecting
distant cold gas reservoirs in emission in only in the most massive galaxies. Consequently, very little is
known about the evolution of cold atomic and molecular gas in galaxies beyond the local Universe. The
advent of various SKA pathfinders and eventually SKA is an unique opportunity to make breakthrough
observations in this field. In particular, it will be possible to carry out large unbiased surveys of H 1
21-cm absorption, which is an excellent tracer of cold atomic gas, to carry out an unbiased census of
the cold gas in normal galaxies, irrespective of their physical properties such as morphology and mass,
and understand the physical processes that control the evolution of the star formation history of the
Universe.

This article is organized as follows: first we summarize the current status of the H 1 21-cm absorption
line studies. We focus primarily on intervening absorbers i.e. absorbers concerned with the normal
galaxies rather than the associated absorbers which are concerned with the gas associated with Active
Galactic Nuclei (AGNs). Next we introduce the activities and plans for various SKA pathfinders, and
conclude with the prospects with SKA-1.

2 Current status of H 1 21-cm absorption line studies

While the H 1 content of galaxies can be best probed by surveys of 21-cm emission, limited sensitivity
of current radio telescopes does not allow them to reach beyond the local Universe (see e.g. Zwaan et
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Figure 1: Star formation rate density as a function of redshift (Madau et al. 2014).

al. 2005 for z ~0; Verheijen et al. 2007 and Catinella et al. 2015 for direct detections at z ~0.3; Lah
et al. 2007 for statistical detection of H 1 at z ~ 0.24). On the contrary, detection of H I in the spectra
of distant QSOs in the form of damped Lyman-a absorption (DLA) provides a luminosity unbiased way
of probing the evolution of the H I content in the universe (Noterdaeme et al. 2012). Similarly, the
detectability of 21-cm absorption lines is not limited by distance and depends only on the brightness
of background quasar and 21-cm absorption gas cross-section. Specifically, the H 1 column density for
an optically thin cloud that covers a fraction f. of the background radio source is related to the 21-cm
optical depth 7(v) in a velocity interval v—v+4dv and to the spin temperature (Ts) by

N(HT) =1.835x 10" :JC—/ 7(v) dv em ™2, (1)
C

It is widely believed that the spin temperature (Ty) of the H 1 gas is a reliable tracer of the kinetic

temperature. In addition, the width of the 21-cm line detected in a high resolution spectrum yields a

direct measurement of (or stringent upper limit on) the kinetic temperature. Thus, H 1 21-cm absorption

line can be used to trace the thermal state of the atomic gas and the evolution of the filling factor of

cold atomic gas in galaxies.

In fact, most of our understanding of the physical state of H I gas in the Galactic interstellar medium
(ISM) is based on the 21-cm emission and absorption line studies. In the Milky Way, there have been
many surveys for H 1 21-cm emission and absorption line. Consequently, it is known that the atomic
gas is present in two dominant phases: the cold (~100K) and warm (~8000K) neutral medium (i.e.
CNM and WNM). Further, it has been observed that about 50% of the atomic gas is in WNM and at
least ~50% of the WNM lies in the thermally unstable range of 500 - 5000 K (e.g. Heiles & Troland
2003). The multiphase pressure equilibrium models and supernova driven hydrodynamical simulations
of the Galactic interstellar medium (ISM) have shown that the volume filling factors of CNM and WNM,
and the interstellar pressures over which these two phases can be sustained depend crucially on various
heating and cooling processes — whose rates are tightly coupled with the in situ star formation (e.g.
Wolfire et al. 2003).

Despite obvious advantages of combining 21-cm emission and absorption line measurements in re-
vealing the physical state of atomic gas, the technique is scarcely applied beyond the Milky Way. The
main reasons are (1) the difficulty in detecting 21-cm emission line beyond the local Universe, (2) the
scarcity of sight lines towards bright sources at small impact parameters that can be used to detect
21-cm absorption from gas in galaxies, and (3) narrow bandwidths and unfriendly RFI environments
prevailing in most observatories. Consequently, most of the H I 21-cm surveys were designed to detect
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Figure 2: Colour representation of the quasar (z, = 2.625 SDSS J124157.544-633241.6) galaxy (z,=0.143
SDSS J124157.26+633237.6) pair. The image is 77 arcsec on a side, with north-east towards the top
left corner, and centred on the QSO. Also shown is the 21-cm absorption detected from the foreground
galaxy (Gupta et al. 2010).

21-cm absorption from gas pre-selected by the presence of a DLA or strong Mg 11 absorption (e.g. Briggs
& Wolfe, 1983; Kanekar et al. 2003, 2009, 2014; Gupta et al. 2009, 2012; Srianand et al. 2010, 2012).
Recently, there have also been searches towards sight lines selected on the basis of presence of low-z
(2<0.3) galaxies at low impact parameters (<20kpc ; Fig. 2; e.g. Gupta et al. 2010, 2013; Borthakur at
el. 2010; Dutta et al. 2016). Overall, about 50 intervening 21-cm absorbers at z <3.5 are known. The
detection rates are generally small (10-20%), and the results imply that atomic gas in high-z (z > 2)
DLAs is predominantly constituted by the warm neutral medium. Fig. 3 shows the number per unit
redshift range of 21-cm absorbers over 0< z <3.5 measured using 21-cm absorption searches based on
DLAs and Mg 11 systems (Gupta et al. 2012).

While these observations have advanced our understanding of the physical state of atomic gas in
distant galaxies, the sample sizes and number of detections have been very small. In addition, the searches
in different ranges have been based on samples of different atomic or ionic species which complicates the
overall interpretation. For example, the samples at z > 2 are based on the DLAs whereas at 0.3 < z < 2
on the Mg 11 systems which selects both the DLAs and sub-DLAs, and at z < 0.3 on the basis of galaxy
impact parameter. It is also well known that the optical spectroscopic surveys such as SDSS are performed
after the color selection of QSO candidates and are biased against the dusty sight lines that are relevant
for the cold atomic and molecular absorption lines that can be searched at radio wavelengths (e.g., Carilli
et al. 1998). Therefore, radio absorption line surveys based on the samples of optical absorption lines
provide a very incomplete view of the evolution of the cold atomic and molecular gas in the galaxies. The
blind searches of radio absorption lines are required to overcome this barrier and eliminate the biases
due to the pre-selection based on different atomic/ionic species. Such large spectroscopic surveys will
be possible with the upcoming Square Kilometre Array (SKA) Pathfinders such as APERTIF, ASKAP,
JVLA, MeerKAT and uGMRT.

3 Upcoming surveys and future prospects

Taking advantage of large instantaneous bandwidths, large field-of-view and RFI-free environment, sev-
eral blind 21-cm absorption line searches are planned at various SKA pathfinders. For example, the
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Figure 3: Number of 21-cm absorbers per unit redshift range, no;(z). Open circles are for no correction
for partial coverage implied by VLBI maps. Filled circles correspond to no; after the optical depths
have been corrected for partial coverage. The ns; based on DLAs at z > 2 are plotted as squares and
crosses with the latter corresponding to values after correcting for partial coverage. The curve for non-
evolving population of 21-cm absorbers normalized at no; (z = 1.3) is also plotted. Lines and dashed
areas show the number of absorbers per unit redshift for DLAs (Rao et al. 2006, dotted line) and strong
Mg 11 absorbers (Prochter et al. 2006, dashed line). Triangles are the number per unit redshift of DLAs
measured from the sample of Noterdaeme et al. (2009).
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Figure 4: Plot showing redshift coverage of the MeerKAT Absorption Line Survey (MALS). Also shown
are the constraints on H 1 mass density based on 21-cm emission (z ~ 0), Mg 11 based DLA searches
(0.3 < z < 1.5), and DLAs (z > 2). MALS will trace the evolution of cold gas in galaxies over 0 < z < 1.5

MeerKAT Absorption Absorption Line Survey (MALS!; PIs: N. Gupta and R. Srianand) will carry out
the most sensitive search of 21-cm and OH absorption line over 0< z <1.8, the redshift range over which
most of the evolution in the SFRD takes place (Fig. 4). Along with the detection of several hundred
21-cm absorbers, the following breakthroughs are expected:

e Reliable measurement of the number density of 21-cm absorbers per unit redshift i.e. CNM filling
factor and its evolution at 0 < z < 1.5.

e Measurement of the number density per unit redshift of OH absorbers over the redshift range
0<z<18.

e Constraints on the redshift clustering of H 1 21-cm and OH absorbers.

e Tightest constraints on the variation of fundamental constants of physics using radio absorption
lines.

e Estimate the dust bias involved in the 21-cm searches towards optically selected radio sources.

The survey will also enable us (i) to probe the magnetic field in galaxies through Faraday rotation and
Zeeman splitting, (ii) to study the properties of 21-cm and OH absorbers associated AGNs and (iii) to
understand the systematics involved in 21-cm absorption surveys based on Mg 11/DLA selection.

Similarly, ASKAP and APERTIF will take advantage of large field-of-views to cover much larger (but
with less sensitivity) areas of the sky at z < 0.3 and 0.5< z <1, respectively. While the principle targets
of all these surveys is 21-cm absorption line, the surveys will also simultaneously carry out OH absorption
line search, and thus provide constraint on both atomic and molecular gas properties of galaxies. The
uGMRT with low-frequency coverage and much longer baselines will be able to extend these studies to
high-redshifts (z ~ 4) and/or higher spatial resolution. Several hundred 21-cm absorbers are expected
to be detected from these surveys.

Morganti et al. (2015) provide a list of potential surveys that can be carried out with SKA-mid and
SKA-low (see also Kanekar & Briggs 2003). These surveys will enable 21-cm and OH absorption line
searches upto z < 8, redshift measurements and hence discovery of high-z quasars which are otherwise

Lhttp://public.ska.ac.za/meerkat /meerkat-large-survey-projects
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unobservable at optical wavelengths, sub-arcsecond scale resolution spectroscopy of 21-cm and OH ab-
sorbers revealing the structure and gas physics at parsec scales. The SKA-India H 1 SWG is pursuing
a wide range of astrophysical problems in this domain, and working actively to create an astronomical
database for the community to study the ISM in galaxies using SKA-pathfinders, SKA1 and, also, sup-
plement these with multi-wavelength datasets from various existing (e.g. SALT, NOT, VLT, etc) and
eventually TMT, which Indian community will have direct access to.
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Abstract

We discuss the prospects of using the redshifted 21 cm emission from neutral hydrogen in the
post-reionization epoch to study cosmology and galaxy formation. The main aim of the article is
to highlight the efforts of Indian scientists in this area with the SKA in mind. It turns out that
the intensity mapping surveys from SKA can be instrumental in obtaining tighter constraints on the
dark energy models. Cross-correlation of the HI intensity maps with the Lya forest data can be
useful in measuring the BAO scale. Finally, we also discuss the possibilities of studying HI within
galaxies using HI galaxy surveys and cross correlating with optical data.

1 Introduction

The post-reionization (z < 6) evolution of neutral hydrogen (HI) is of great interest from the point of
view of both galaxy formation as well as cosmology. After reionization, the bulk of HI is expected to
reside in galaxies in the form of clumpy, self-shielded clouds (Wolfe et al., 1986; Lanzetta et al., 1991;
Storrie-Lombardi and Wolfe, 2000; Gardner et al., 1997; Prochaska et al., 2005). The radio observations
of the redshifted 21 c¢m line promise to be a powerful probe of HI, and it is expected that present and
upcoming facilities like the GMRT"', MeerKAT?, CHIME? and SKA* would play important roles in this
area.

The 21 cm line can used in various ways to study the HI. It is already being used extensively in
detecting and studying absorption systems (e.g., DLAs) along lines of sight towards distant radio sources
(e.g., see the article by Gupta and Dutta in this science book). These studies are complementary to
those done using UV / optical telescopes (Noterdaeme et al., 2012; Prochaska and Wolfe, 2009; Prochaska
et al., 2005; Zafar et al., 2013). An alternate way is to detect the HI in emission. The most standard
method is to detect individual galaxies in HI through the so called HI galaxy redshift surveys (Barnes
et al., 2001; Meyer et al., 2004; Zwaan et al., 2005; Jaffé et al., 2012; Rhee et al., 2013; Giovanelli et al.,
2005; Martin et al., 2010; Catinella et al., 2010; Lah et al., 2007, 2009). An alternate way is to detect only
the integrated HI emission of galaxies at each sky location without attempting to resolve the individual
objects, a technique known as HI intensity mapping (Bharadwaj and Sethi, 2001; Chang et al., 2010;
Masui et al., 2013; Switzer et al., 2013).

This article focuses mainly on Indian interests related to studying cosmology and galaxy formation
using HI emission in the post-reionization universe. The main science cases which have been considered
here are (i) the constraints on dark energy using HI intensity mapping experiments, (ii) measuring the
BAO using the cross correlation of intensity mapping and Ly« forest and (iii) probing galaxy formation
through cross correlating HI galaxy surveys with the optical surveys.

*anjsen@gmail.com
Thttp://gmrt.ncra.tifr.res.in/
2http://www.ska.ac.za/meerkat/
3http://chime.phas.ubc.ca
4https://www.skatelescope.org
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2 Dark energy constraints from intensity mapping experiments

The large-scale clustering of the HI in the post-reionization epoch is expected to directly probe the
nature of dark energy through the imprints of a given model on the background evolution and growth of
structures. As a direct probe of cosmological structure formation, 21-cm intensity mapping may allow us
to distinguish between dark energy models which areotherwise degenerate at the level of their prediction
of background evolution.

2.1 Constraints from angular power spectra

We start with a general interacting picture where the DE scalar field is coupled to the DM sector of
the Universe. The visible matter sector (baryons) is not coupled with the DE scalar field. There has
been numerous studies in the literature on such “Coupled Quintessence” (Amendola, 2000, 2004) models.
Here we also follow the same formalism. The relevant equations are given below (Hussain et al., 2016):

. dV .
o+ % +3H¢ = C(¢)pa
pa+ 3H(pa) = —C($)pad (1)

Py +3H(pp) =0
2

K
H? = ?(Pb"‘ﬂd"‘ﬂa&)-

(2)
This is complemented by the flatness condition

H2Pb H2Pd K2 d')Z K2 V(¢)
1=
3H? 3H? 6H? 3H?

3)

Here C(¢) represents coupling parameter between the scalar field and dark matter. Subscript “d”
represents the DM sector and subscript “b” represents the baryonic sector. The details of the physics
for the interaction between the dark energy and the dark matter is largely unknown. In view of this,
we assume phenomenologically C'(¢) to be a constant in our subsequent calculations. This is similar to
the earlier work by Amendola (Amendola, 2000, 2004) and collaborators on coupled quintessence. For
C = 0 we recover the uncoupled case hence the system allows us to study both coupled and uncoupled
cases. Hence the set up allows to study both the coupled and uncoupled case.

To study the growth of matter fluctuations in the linear regime, we work in the longitudinal gauge
(Hussain et al., 2016):

ds® = a® [~ (14 2®)dr” + (1 — 2¥)da'da;] (4)

where 7 is the conformal time and ® and ¥ are the two gravitational potentials. In the absence of any
anisotropic stress & = W.

We write the equations for the perturbations in dark matter density in the Newtonian limit. This
is valid assumption for sub horizon scales. In these scales, one can safely ignore the clustering in the
scalar field. Under these assumptions, the linearized equations governing the growth of fluctuations in
dark matter is given by:

H 3
g + (1 to 25(190) Oy — 5(’Ydd5d9d) =0. (5)

The prime denotes differentiation w.r.t to loga. z is given by equation (4). Here 84 = W, y4q = 1+2052,
‘H is the conformal Hubble parameter H = aH and §4 is the linear density contrast for the DM. We
solve the equation with the initial conditions d4 ~ a and % =1 at decoupling a ~ 1073, This is valid
since the universe is matter-dominated at the epoch of decoupling. We take the Fourier transform of the

above equation and define the linear growth function D, and the linear growth rate fy as

Sar(a) = Da(a)si (6)
dln Dd
fa g (7)
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The linear dark matter power spectrum defined as
P(k,z) = Agk™ T*(k)D3,(2). (8)

Here Ap is the normalization constant fixed by og normalization, ns is spectral index for the primordial
density fluctuations generated through inflation, Dg, (z) is growth function normalized such as it is equal
to unity at z = 0 i.e. Dg,(z) = gzggg and T'(k) is the transfer function as prescribed by Eisenstein and
Hu (Eisenstein and Hu, 1999).

The neutral hydrogen (HI) distribution in post-reionization epoch is modeled by a mean neutral
fraction Tyy which remains constant over a wide redshift range z < 6 (Storrie-Lombardi et al., 1996;
P’eroux et al., 2003) and a linear bias parameter by which relates the HI fluctuations to the fluctuations
in the underlying dark matter distributions (Bagla et al., 2010; Guha Sarkar et al., 2012). The quantity
of interest is the fluctuation of the excess HI 21 cm brightness temperature d7;. If the peculiar velocities
of the gas are sourced by dark matter over densities then the angular power spectrum of the brightness
temperature in the flat sky limit is given by (Datta et al., 2007)

o0
1?72, b2
¢ = o /dk” (1+ B12)° P(k, 2) )
0
where P(k, z) is the dark matter power spectrum defined in equation (12), k = kﬁ + %, = % and

8= f”;)—(;) with f4(2) is the growth factor for dark matter defined in equation (11). Here r is the comoving
distance upto redshift z and the average brightness temperature T is given by

T(2) = 4.0mK(1 + 2)2 <%”‘Ef;> (%) (%) . (10)

We adopt the value of Qz; = 1073 at z < 3.5. This yields Zz; = 2.45 x 10~2 which is assumed to be
constant across the redshift range of our interest.

2.2 Results

We consider a radio interferometric measurement of the power spectrum of the 21 cm brightness tem-
perature. The directly measured ‘Visibility’ is a function of frequency v and baseline U = k,r/27
and allows us to compute the angular power spectrum Cj directly using Visibility-Visibility correlation
(Bharadwaj and Ali, 2005) with the association | = 27U.

The noise in the measurement of angular power spectrum comes from cosmic variance on small scales
and instrument noise on smalls scales. We have

2

where V), denotes the number of pointings of the radio interferometer, fsx, is the fraction of sky observed
in a single pointing, and Al is the width of the [ bin.

We consider a radio interferometer with parameters roughly following the specifications of SKA1-mid
. The fiducial redshift z = 1.5 corresponds to an observing frequency of 568MHz which falls in the
band of frequencies to be probed by SKA1-mid. We consider a frequency bandwidth of 32MHz around
the central frequency. The array is assumed to be composed of 200 dishes each of diameter 15m. The
antennae are distributed in a manner such that 75% of the dishes are within 2.5Km radius and the
density of antennae are assumed to fall off radially as »—2. We also use Toyse = 180 (WK/IHZ)_M K. in
our error estimates. With this we calculate the error bar AC; for SKAl-mid assuming a fiducial ACDM
model with Q) = 0.7, Qpo = 0.05, ns =1, h = 0.7 and og = 0.8. We also fix the constant linear bias to
be 1.0 at the fiducial redshift from numerical simulations of the 21cm signal. For detail derivation of the
noise, we refer readers to (Hussain et al., 2016).

5

Shttp://www.skatelescope.org/wp-content/uploads/2012/07 /SKA-TEL-SKO-DD-001-1_BaselineDesign1.pdf
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Figure 1: (left) The relative difference of the 21-cm angular power spectrum from the fiducial ACDM at a
redshift z = 1.5. (W =0.04,\; = 0.5), (W = 0.05, \; = 0.5), (W = 0.06, \; = 0.5), (W = 0.07,\; = 0.5),
(W = 0.08,\; = 0.5) from bottom to top for linear potential V' ~ ¢. Q,,0 = 0.3 for all the plots. The
black line corresponds to the noise level with SKA1-mid like telescope assuming the fiducial ACDM value
model. (right and bottom) Same as left but for inverse-squared and square potentials respectively. Figure
taken from (Hussain et al., 2016).

In figure 1, we show the deviation of the dark energy models models from ACDM universe in terms of
the angular power spectra for HI intensity mapping for three different potentials. It is clearly visible that
most of these models can be ruled out in comparison with ACDM model with future SKA1-mid data in
an intermediate multipole region around ! ~ 7000 at a 20 to 50 confidence level (Hussain et al., 2016).
We should stress that all these models are statistically indistinguishable at the level of their predictions
about background evolution. Yet the future SKA measurements can potentially distinguish these models
from ACDM with significant confidence level.

Also if we put W = 0 in all these cases, the fractional difference with ACDM will be much less than
the error bar and can not be distinguished at all from ACDM with future survey like SKA1-mid.

3 Constraints from BAO measurements using different diagnos-
tics

Primordial cosmological density fluctuations drive acoustic waves in the cosmological baryon-photon
plasma which gets frozen once recombination takes place at about z ~ 1000. This leaves a distinct
oscillatory signature on the CMBR temperature anisotropy power spectrum (Peebles and Yu, 1970).
The sound horizon at the epoch of recombination sets a standard ruler that maybe used to calibrate
cosmological distances. Baryons contribute to 15% of the total matter budget, and the baryon acoustic
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Figure 2: The error contours for the distance measure.

oscillations (BAO) are hence also imprinted in the late time clustering of non-relativistic matter. The
baryon acoustic oscillation (BAO) is a powerful probe of cosmological parameters (Seo and Eisenstein,
2003). Measuring BAO signal allows us to measure the angular diameter distance D4 and the Hubble
parameter H (z) as functions of redshift using the the transverse and the longitudinal oscillations respec-
tively. These provide means for placing strong constraints on dark energy models. The cross-correlation
of the Ly-« forest and redshifted 21-cm emission from the post-reionization epoch is believed to be a
tool for mapping out the large-scale structures for redshifts z < 6. This mitigates several observational
issues like foreground subtraction which poses serious challenge towards detecting the 21-cm signal.
The possibility of detecting the BAO signal with the cross-correlation signal is investigated (Sarkar and
Bharadwaj, 2013).

For the Ly-a forest survey, we have considered typical surveys like BOSS and BIGBOSS which
are expected have a high number density of quasars of 16 deg™? and 64 deg™? respectively. We find
that it is necessary to achieve a noise level of 1.1 x 10~° mK? and 6.25 x 10~% mK? per field of view
in the redshifted 21-cm observations to detect the angular and radial BAO respectively with BOSS
at a redshift z = 2.5. The corresponding noise levels are 3.3 x 1075 mK? and 1.7 x 1075 mK? for
BIGBOSS. These noise levels should be attainable by 100 hrs observations in 100 pointings with SKA1-
mid roughly covering the full sky coverage of BOSS. It is possible to measure the distance measure Dy
with D3 = (14+2)2Ds(2)cz/H(z) at 6Dy /Dy = 2% from the cross-correlation signal with Np = 3x 10~%
mK2. We have (0Dy /Dy ,6Da/Da,6H/H) = (1.3,1.5,1.3)% and (0.67,0.78,0.74)% at Ny = 10~*mK?>
and Ny = 107°mK? at the fiducial redshift z = 2.5.

4 Studying HI in galaxies using the SKA and optical observa-
tions

As we have seen in the previous two sections, the large-scale distribution of HI can be a useful tool for
studying cosmology. On the other hand, understanding the mechanisms that decide how HI is distributed
in galaxies would help understand the galaxy formation process. For example, such studies would yield
clues into the processes that determine star formation across galaxy groups, a question that has gained
particular interest recently in the context of the so-called ‘galactic conformity’ observed in SDSS groups
(Weinmann et al., 2006; Knobel et al., 2015; Kauffmann et al., 2013), which also shows hints of extending
to the HI distribution in galaxies (Wang et al., 2015). Interestingly, modelling the cross talk between
galaxy properties and HI can help in forecasting the ability of experiments such as the SKA to extract
cosmological information through probes such as intensity mapping (Padmanabhan et al., 2015; Seehars
et al., 2016; Padmanabhan et al., 2016). In particular, such modelling will help us understand the
constraining power of cross-correlation studies using the SKA and optical instruments such as the HSC
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Figure 3: Error prediction for BOSS and BIGBOSS

(Subaru)®, LSST, Euclid®, TMT? in addressing cosmological questions such as the nature of dark energy
and dark matter, neutrino masses, etc.

There has already been significant developments in modelling the HI distribution, e.g., semi-analytical
models (SAMs) with multiple prescriptions for winds (Davé et al., 2013), SAMs with photoionisation
feedback (Kim et al., 2015, 2016), simulations with AGN feedback (Villaescusa-Navarro et al., 2016), etc.
A complementary approach, which we propose to attempt, would be to first model the low-z HOD by
cross correlating existing observations of HI and optical. This would involve using the scaling relations
from surveys like the GASS (Catinella et al., 2010). The model should then be able to predict the HI
clustering, particularly at small scales, and also be useful for studying HI conformity if it exists. In
addition, it can be used for predicting the HOD at higher redshifts which would be probed in the near
future, e.g., by cross correlating the HI galaxy survey from SKA with other telescopes like Euclid.

5 Summary

The 21 cm line from HI in the post-reionization universe can be a strong probe of cosmology and galaxy
formation. In this article, we have discussed predictions and forecasts for probing a large class of scalar
field dark energy models using angular power spectra for the intensity mapping from SKA. The intensity
mapping experiments can be useful in probing the BAO too, in particular, when the data is cross
correlated with Ly« forest experiments like the BIGBOSS. Finally, we have discussed the possibility of
understanding the distribution of HI within galaxies using the cross correlation of HI galaxy surveys with
the optical and thus look for insights in galaxy formation.

The main difficulty in detecting the cosmological redshifted 21-cm signal is the presence of astrophys-
ical foregrounds from galactic and extra galactic sources that are several orders of magnitude larger than
the signal. One thus requires a very careful subtraction of these foregrounds before a statistical detection
of the cosmological signal can be confirmed. In this sense, the cross-correlation studies discussed here
are expected to be more efficient in dealing with the experimental systematics. The future thus looks
promising with a number of facilities (SKA, Euclid, LSST) expected to be active in different wave bands.

Shttp://www.naoj.org/Projects/HSC/
"http://www.lsst.org/
8http://sci.esa.int/euclid/
Shttp://www.tmt.org/
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Abstract

Intensity mapping of the H1 distribution using the redshifted 21 cm observations opens up a new
window towards our understanding of cosmological background evolution and structure formation.
This is a key science goal of several upcoming radio telescopes including the Square Kilometer Array
(SKA). In this article we focus on the post-reionization signal and investigate the of cross correlating
the 21 cm signal with other tracers of the large scale structure. We consider the cross-correlation
of the post-reionization 21 cm signal with the Lyman-« forest, Lyman-break galaxies and late time
anisotropies in the CMBR maps like weak lensing and the Integrated Sachs Wolfe effect. We study the
feasibility of detecting the signal and explore the possibility of obtaining constraints on cosmological
models using it. In this review we summarise the work done by our group on the cross-correlation
signals and the prospects for detection with the SKA1-mid.

1 Introduction

Intensity mapping of the neutral hydrogen (H1 ) distribution through observations of the redshifted
21-cm radiation is an important probe of cosmological evolution and structure formation in the post
reionization epoch Bharadwaj & Sethi (2001); Wyithe & Loeb (2009); Loeb & Wyithe (2008); Chang
et al. (2008). The epoch of reionization is believed to have completed by redshift z ~ 6 Fan et al.
(2006). In the post-reionization era bulk of the HI gas are housed in the self shielded Damped Ly-
« (DLA) systems. These DLA clouds are the predominant source of the HI 21-cm signal. Intensity
mapping involves a low resolution imaging of collective HI 21-cm radiation background without resolving
the individual DLAs. Such a tomographic imaging shall naturally yield enormous astrophysical and
cosmological information regarding the large scale matter distribution, structure formation and expansion
history of the background Universe in the post-reionization epoch Chang et al. (2008); Wyithe (2008);
Bharadwaj et al. (2009); Camera et al. (2013); Bull et al. (2015). Several radio interferometric arrays
like the Giant Metrewave Radio Telescope (GMRT) !, the Ooty Wide Field Array (OWFA) Ali &
Bharadwaj (2014), the Canadian Hydrogen Intensity Mapping Experiment (CHIME) 2, the Meer-Karoo
Array Telescope (MeerKAT) 3, the Square Kilometer Array (SKA) 4 are aimed towards observing the
cosmological background 21-cm radiation. Detecting the 21 cm signal, is however extremely challenging.
This is primarily because of the large astrophysical foregrounds Santos et al. (2005); Di Matteo et al.
(2002); Ghosh et al. (2010) from galactic and extra-galactic sources which are several order of magnitude
greater than the signal .

Cross-correlating the 21 cm signal with other probes may mitigate the severe effect of foreground
contaminants and other systematics which plagues the signal. The main advantage of cross-correlation

*tapomoyl@gmail.com
Thttp://gmrt.ncra.tifr.res.in/
2http://chime.phas.ubc.ca/
3http://www.ska.ac.za/meerkat/
4https://www.skatelescope.org/
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is that the cosmological origin of the signal can be ascertained only if it is detected with statistical
significance in cross- correlation. Cosmological parameter estimation often involves a joint analysis of two
data sets and this would involve not only the auto-correlation but also the cross-correlation information.
Further, the two independent probes may focus on specific Fourier modes with high signal to noise
ratio and in such cases the cross-correlation signal takes advantage of both the probes simultaneously.
This has been studied in the context of BAO (Guha Sarkar & Bharadwaj, 2013). It is to be noted
that if the observations of the independent probes are perfect, there shall be no advantage of using the
cross correlation. However, we expect the first generation measurements of the redshifted HI 21 cm
signal to have large systematic errors and foreground residuals. For a detection of the 21 cm signal and
subsequent cosmological investigations these measurements can be cross-correlated with other tracers of
large scale structure to yield information from the 21 cm signal which may not be possible with the low
SNR auto correlation signal. In this article we consider the cross-correlation of the 21 cm signal with
the Ly-a flux distribution. On large scales both the Ly-a forest absorbed flux and the redshifted 21-cm
signal are, believed to be biased tracers of the underlying dark matter (DM) distribution McDonald
(2003); Bagla et al. (2010); Guha Sarkar et al. (2012); Villaescusa-Navarro et al. (2014). The clustering
property of these signals, is then, directly related to the dark matter power spectrum. We investigate
the possibility of using the cross-correlation of the 21-cm signal and the Ly-a forest for cosmological
parameter estimation, neutrino mass measurement, studying BAO features and primordial bispectrum.
We also investigate the possibility of correlating the post-reionization 21-cm signal with CMBR maps
like the weak lensing and ISW anisotropies.

2 Cross-correlation between cosmological signals (General For-
malism)
Consider two cosmological fields A(k) and B(k). These could, for example represent two tracers of large
scale structure. We define the cross correlation estimator E as
A1
E:§[AB*+BA*] (1)
We note that A and B can be complex fields. We are interested in the variance

A2

0% =(E)~ () (2)

S

Noting that ( A(k) A(k) ) = ( A(k) A*(=k) ) =0, we have

(B?) =5 [(A4)BB") + |(AB)® + 3 |(AB")* ] 3)

Further, the term (AB) can be dropped since
(A(k) B(k) ) = ( A(k) B*(~k) ) = Céx . =0 (4)

This gives
I A2 1 * * 2
op=(E*) = (B) = S[(44")(BB") + [(AB)[" ] (5)
The variance is suppressed by a factor of N, for that many number of independent estimates. Thus,
finally we have
ol == L
E " 2N,

[ (AA")(BB") + [(AB)[] (6)

3 Cross-correlation of Post-reionization 21 cm signal with Lyman-
« forest

Neutral gas in the post reionization epoch produces distinct absorption features, in the spectra of back-
ground quasars Rauch (1998). The Ly-« forest, traces the HI density fluctuations along one dimensional
quasar lines of sight. The Ly-a forest observations finds several cosmological applications Croft et al.
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(1999b); Mandelbaum et al. (2003); Lesgourgues et al. (2007); Croft et al. (1999a); McDonald & Eisen-
stein (2007); Gallerani et al. (2006). On large cosmological scales the Ly-a forest and the redshifted
21-cm signal are, both expected to be biased tracers of the underlying dark matter (DM) distribution
McDonald (2003); Bagla et al. (2010); Guha Sarkar et al. (2012); Villaescusa-Navarro et al. (2014). This
allows to study their cross clustering properties in n-point functions. Also the Baryon Oscillation Spec-
troscopic Survey (BOSS) ° is aimed towards probing the dark energy through measurements of the BAO
signature in Ly-a forest Delubac et al. (2014). The availability of Ly-« forest spectra with high signal
to noise ratio for a large number of quasars from the BOSS survey allows 3D statistics to be done with
Ly-« forest data Paris et al. (2014); Slosar et al. (2011a).

Detection these signals are observationally challenging. For the HI 21-cm a detection of the signal
requires careful modeling and subtraction of the foregrounds Ghosh et al. (2011); Alonso et al. (2015).
Some of the difficulties faced by Ly-a observations include proper modelling and subtraction of the
continuum, fluctuations of the ionizing sources, poor modeling of the temperature-density relation Mc-
Donald et al. (2001) and metal lines contamination Kim et al. (2007). The two signals are tracers of
the underlying dark matter distribution. Thus they are correlated on large scales. However foregrounds
and other systematics are uncorrelated between the two independent observations. Hence, the cosmo-
logical nature of a detected signal can be only ascertained in a cross-correlation. The 2D and 3D cross
correlation of the redshifted HI 21-cm signal with other tracers such as the Ly-« forest, and the Lyman
break galaxies have been proposed as a way to avoid some of the observational issues Guha Sarkar et al.
(2011); Villaescusa-Navarro et al. (2015a). The foregrounds in HI 21-cm observations appear as noise in
the cross correlation and hence, a significant degree foreground cleaning is still required for a detection.

We use dr to denote the redshifted 21-cm brightness temperature fluctuations and d as the fluctu-
ation in the transmitted flux through the Ly-« forest. We write 6 and d7 in Fourier space as

3
ulr) = [ s A, 7

where a = F and T refer to the Ly-a forest transmitted flux and 21-cm brightness temperature respec-
tively. On large scales we may write

Aq(k) = Call + Bap®]A(K) (8)

where A(k) is the dark matter density contrast in Fourier space and p denotes the cosine of the angle
between the line of sight direction i and the wave vector (i =k - ). 3, is similar to the linear redshift
distortion parameter. The corresponding power spectra are

Po(k,pt) = C2[1 + Bap®* P(k) 9)

where P(k) is the dark matter power spectrum.
For the 21-cm brightness temperature fluctuations we have

Cr = 4.0mK by Zgp(1 + 2)? (%”%’j) (%) <%) (10)

The neutral hydrogen fraction Zy is assumed to be a constant with a value Zyy = 2.45 x 10~2 Lanzetta
et al. (1995); P’eroux et al. (2003); Noterdaeme et al. (2009). For the HI 21-cm signal the parameter
Br, is the ratio of the growth rate of linear perturbations f(z) and the HI bias br. The 21 cm bias is
assumed to be a consnt. This assumption of linear bias is supported by numerical simulations Bagla et al.
(2010); Guha Sarkar et al. (2012) which shows that over a wide range of scales, a constant bias model
is adequate to describe the 21 cm signal in the postreionization epoch (z < 3). We adopt a constant
bias by = 2 from simulations Bagla et al. (2010); Guha Sarkar et al. (2012); Villaescusa-Navarro et al.
(2014). For the Ly-« forest, 8r, can not be interpreted in the same manner as Sr. This is because of
the non-linear relationship between Ly-a transmitted flux and the underlying dark matter distribution
Slosar et al. (2011a). The parameters (Cr, 8r) are independent of each other the IGM.

We adopt an approximate values (Cx, f7) ~ (—0.15,1.11) from the numerical simulations of Ly-«
forest McDonald (2003). We note that for cross-correlation studies the Ly-a forest has to be smoothed
to the resolution of the HI 21 cm frequency channels.

Shttps://www.sdss3.org/surveys,/boss.php
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We now consider the 3D cross-correlation power spectrum of the HI 21-cm signal and Ly-« forest
flux. Consider an observational survey volume V which consists of a patch L x L on the sky and of
thickness [ along the radial line of sight direction. We still consider the flat sky approximation. The
Ly-a flux fluctuations are now written as a field in the 3-D space as

F(R) - F }

() = | T (1)

The observed quantity is d7,(7) = d7,(7) X p(7), where the sampling function p(7) is defined as

20 Wa 0B (7L — TLa)

1Y, Wa

and is normalized to unity ( [ dVp(7) =1 ). The summation as before extends up to N. The weights
w, shall in general be related to the pixel noise variance. However, for measurements of transmitted flux
with high SNR, the effect of the weight functions can be ignored. With this simplifying assumption we
have chosen w, = 1, whereby » w, = N. In Fourier space we have

p(r) = (12)

. L/2 L/2 /2 -
A]:(k:) :/ d27’_j_dr” Elk'r 5‘7:(7_’3 (13)
—L/2J—-L/2J-1/2

One may relate l%_ to U as fc]_ = @ We have, in Fourier space
Aro(k) = p(k) ® Ar(k) + AnF(F) (14)

where p is the Fourier transform of p and ® denotes a convolution defined as

1

k) © Ax(R) = 7D plk— F)AF(K) (15)
K

Ay }-(E) denotes a possible noise term. Similarly the 21-cm signal in Fourier space is written as
Aro(k) = Ap(k) + Anr (k) (16)

where A is the corresponding noise. ~
The cross-correlation 3-D power spectrum P.(k) for the two fields is defined as

(Ar(kR)AL(R) ) = VP(Rk)og (17)

Similarly, we define the two auto-correlation multi frequency angular power spectra, PT(E) for 21-cm

-

radiation and Pz (k) for Lyman-« forest flux fluctuations as

( Ar(R)AG(K') ) = VPr(k)d; 1, (18)

(AF(RARE) ) = VPr(R)og (19)
We define the cross-correlation estimator & as

E(RF) = 3 [ Moy, (7) + Ay (R) Ay (1] (20)

We are interested in the statistical properties of this estimator. Using the definitions of A ]—'O(E) and
Ar,(k) we have the expectation value of £ as

(B ) = 54 10F) © Ar(R) + Anr ()] x [M5(F) + Ayr(R)] )
5 () @ A () + Ak (F)] % [Ar(F) + Anr(F)]) (21)
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We shall now assume that the quasars are randomly distributed and are not clustered and the different
noises are uncorrelated. Further, we note that the quasars are assumed to be at a redshift different from
rest of the quantities and hence p can be assumed to be uncorrelated with both Ar and Ax. Therefore
we have

R 1 P -
(E(hK) ) =3 D (p(k = K") x VPrr(E")op (22)
K
Noting that ~
<ﬁ(k)> = 61}L106EH’0 (23)
we have o -
(E(k,K") ) = Prr(k)og g, (24)

Thus, the expectation value of the estimator faithfully returns the quantity we are probing, namely the
3-D cross-correlation power spectrum Prp(k). X
We next consider the variance of the estimator £ defined as

o} = (%) — (&) (25)
03 = A ro RN (F)) (Ao (B MG (H) + 5 (Ao (), () (26)
We saw that . . .
(Aro(k)ATo(K")) = Prr(k)og (27)
and we note that - . . .
(Aro(k)ATo(K)) = V[Pr(k) + Nr(k)] (28)

where Nrp is the 21-cm noise power spectrum. We also have for the Ly-a forest
(Aro(F)A%,(R) = ( (k) @ Ax (k) p*(k) ® Ag* (k) ) + NpL? (29)

where Nx is the Noise power spectrum corresponding to the Ly-a flux fluctuations. Using the relation

TN e T 1 1
(A(k)p™(K) ) = 570k, 47, Okp.00kp o + (1= )05 095 0 (30)
we have
7 * 7 1 ~r7 7N~k T 7 7 * 170
(Aro(k)AFo(k) = 373 > (k= kn)pt (k= k2))(Ar(krs, k) A% (kar, ko) (31)
k1,k2
or
| 1
(Aro(k)A%, (k) = vz Z O—i).00h—kyy.0 T N (6(k1—k1l)s(k1—k21)5(ku*k’ln)y(ku7192\\))
k1,k2
X (A (F1 L, k) A% (kai, ko)) (32)
This gives
, 11 . . . 1,
0% =5 |5 O Pr(k) + Pr(k) + Nz | x [Pr(R)+ Nr| + 5 Phr (33)
kL

Writing the summation as an integral we get

11 - - - - 1
O’?{z = 5 |:% (/koL P]:(k)) —‘rP_7:(]€)+N_7:i| X |:PT(k‘) —|—NT] —+ §P_/2:T

where 7 is the angular density of quasars and 7 = N/L?. We assume that the variance UQF n of the pixel
noise contribution to dx is the same across all the quasar spectra whereby we have Nr = O’_%_— ~/7 for
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Figure 1: Figure showing the 3D power spectrum in redshift space at a fiducial redshift z = 2.5. The
left panel shows the 21-cm power spectrum A2 = k3Ppr(k)/27% and the right panel shows the cross-
correlation power spectrum A2 = k3Prz(k)/2n?. Figure reference Guha Sarkar & Datta (2015)

its noise power spectrum. An uniform weighing scheme for all quasars is a good approximation when
most of the spectra are measured with a sufficiently high SNR McQuinn & White (2011). We have not
incorporated quasar clustering which is supposed to be sub-dominant as compared to Poisson noise. In
reality, the clustering would enhance the term (P2 (kj)P2P + Nz) by a factor (1 + nCq(k.)), where
Cg(k.) is the angular power spectrum of the quasarsMyers et al. (2007).

For a radio-interferometric measurement of the 21-cm signal we have (McQuinn et al., 2006; Wyithe

et al., 2008)
T2, (A2\? 2L
Nor(k _ sYs N v 4
) =22 () s (34)

Here T,,s denotes the system temperature. Bis the observation bandwidth, ¢y is the total observation
time, r, is the comoving distance to the redshift z , n,(U, v) is the density of baseline U, and A, is the
effective collecting area of each antenna.

3.1 The cross correlation signal and constraints with SKA

We investigate the possibility of detecting the signal using the upcoming SKA-mid phasel telescope
and future Ly-« forest surveys with very high quasar number densities. Two separate telescopes named
SKA-low and SKA-mid operating at two different frequency bands and will be constructed in Australia
and South Africa respectively in two phases. For this work we consider the instruments SKA1-mid which
will be built in phase 1. The instrument specifications such as the total number of antennae, antenna
distribution, frequency coverage, total collecting area etc., have not been fixed yet and might change
in future. We use the specifications considered in some recent documents, i.e., the ‘Baseline Design
Document’ and ’SKA Level 1 Requirements (revision 6)” which are available on the SKA websiteS. We
assume that the SKA1-mid will operate in the frequency range from 350 MHz to 14 GHz. It will have a
total of 250 antennae of 7.5 meters radius each 7. We use the baseline distribution given in (Villaescusa-
Navarro et al., 2015b) (figure 6-blue line) for the calculation presented here. We note that, the baseline
distribution used here is consistent with the projected antenna layout distribution with 40%, 54%, 70%,
81% and 100% of the total antennae are enclosed within 0.4 km, 1 km, 2.5 km, 4 km and 100 km radius
respectively (for details see table 6 in the document ‘Baseline Design Document’).

Shttps://www.skatelescope.org/key-documents/

"In one of the recent documents "SKA Level 1 Requirements (revision 6)” ,(https://www.skatelescope.org/key-
documents/) it is pointed out that only ~ 50% of these antennae may be built initially. One has to consider ~ 4 times the
total observation time proposed in this paper to achieve the same label of constraints presented here with this downgraded
design. However, this is a rough scaling and revised baseline distribution may change the analysis considerably.

158



T T T T T T T T
of {4 ot i
£=UNS
~ ~
T T
g 2w
= ? = ? - B
g g 3
2 2 £
o o [
k] k4
N
_\ 7
- - @
I 1 9 =
KN &
\ “’\
) . . .
-2 -15 -1 -05 0
1og10(ky Mpc™") 1og10(ky Mpc™")

Figure 2: SNR contours for the 21-cm auto-correlation power spectrum in redshift space at z = 2.5. We
have considered a 400hrs observation at 405MHz and assumed that complete foreground removal is done.
Figure reference Guha Sarkar & Datta (2015)

The fiducial redshift of z = 2.5 is justified since the quasar distribution peaks in the range 2 < z < 3.
Only a smaller part of the quasar spectra corresponding to an approximate band Az ~ 0.4 is used to
avoid contamination from metal lines and quasar proximity effect. The cross-correlation can however
only be computed in the region of overlap between the 21-cm signal and the Ly-« forest field.

The left panel of the figure (1) shows the dimensionless redshift space 21-cm power spectrum (A% (k1 , k) =
k3Pr(k., ky)/2n?) at z = 2.5. We can see that the power spectrum is not circularly symmetric in the
(ky, k1) plane. The asymmetry is related to the redshift space distortion parameter. The right panel of
figure (1) shows the 21-cm and Ly-a cross-power spectrum.

We first consider that a perfect foreground subtraction is achieved. The left panel of the figure (2)
shows the SNR contours for the 21-cm auto correlation power spectrum for a 400hrs observation and
total 32MHz bandwidth at a frequency 405.7MHz. We have taken a bin (Ak, Af) = (k/5,7/10). The
SNR reaches at the peak (> 20)at intermediate value of (k1 ,k|) = (0.4,0.4) Mpc™* . We find that 5o
detection is possible in the range 0.08 < k1 < 0.6Mpc™* and 0.1 < kj < 1.5Mpce™!. The range for the
100 detection is 0.12 < k1 < 0.5Mpc™* and 0.2 < kj < 1.2Mpe~!. At lower values of k the noise is
dominated by cosmic variance whereas, the noise is predominantly instrumental at large k.

The right panel of the figure (2) shows the SNR contours for the Ly-« 21-cm cross-correlation power
spectrum. For the 21 cm signal, a 400hrs observation is considered. We have taken 7 = 30deg™2, and
the Ly-a spectra are assumed to be measured at a 20 sensitivity level. We use Sr to be 1.11 and overall
normalization factor Cr = —0.15 consistent with recent measurements Slosar et al. (2011b). Although
the overall SNR for the cross power spectrum is lower compared to the 21-cm auto power spectrum,
50 detection is ideally possible for the 0.1 < ki < 0.4Mpc™* and 0.1 < kj < 1Mpc™t. The SNR
peaks (> 10)at (ki k) ~ (0.2,0.3) Mpc™'. The error in the cross-correlation can be reduced either by
increasing the QSO number density or by increasing the observing time for HI 21-cm survey. The QSO
number density is already in the higher side for the BOSS survey that we consider. The only way to
reduce the variance is to consider more observation time for HI 21-cm survey and enhance the survey
volume.

3.2 Parameter estimation using the cross-correlation

We now consider the precision at which we can constrain various model parameters using the Fisher
matrix analysis. Figure (4) shows the 68.3%,95.4% and 99.8% confidence contours obtained using the
Fisher matrix analysis for the parameters (A, B, 57,Qa). The table 1 summarises the 1 — o error these
parameters. The parameters (25, A) are constrained much better that 8= and Br at (3.5%,8%). The
error projections presented here are for a single field of view radio observation. The noise scales as o/ VN
where N is the number of pointings.
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Figure 3: The 68.3%,95.4% and 99.8% confidence ellipses for the parameters (A, S, 87,Q4). Figure
reference Guha Sarkar & Datta (2015).

Table 1: This shows 1 — ¢ error on various parameters for a single field observation.

Parameters Fiducial Value lo Error 1o Error
(marginalized) (conditional)

Br 0.48 1.06 0.04

Br 111 1.55 0.05

Qa 0.73 0.025 0.013

A 0.114 0.01 0.002
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We also consider conditional error on each of the parameters assuming that the other three are
known. 1 — ¢ error in 7 and Br are 8.5% and 4.5% respectively for single pointing. For 10 independent
radio observations the conditional errors improve to 2.7%, 1.4%, 0.4% and 0.6% for Br, 87, Qx and A
respectively. These constraints on the redshift space distortion parameters 8 from our cross-correlation
analysis are competitive with other cosmological probes Font-Ribera et al. (2012); Slosar et al. (2011a).
Further, we note that higher density of QSOs and improved SNR for the individual QSO spectra shall
also provide stronger constraints.

3.3 BAO imprint on the cross-correlation signal

The characteristic scale of the BAO is set by the sound horizon s at the epoch of recombination The
comoving length-scale s defines a transverse angular scale 65 = s[(1 4+ 2)Da(z)]~! and a radial redshift
interval Az; = sH(z)/c, where D4(z) and H(z) are the angular diameter distance and Hubble parameter
respectively. The comoving length-scale s = 143 Mpc corresponds to 65 = 1.38° and Az; = 0.07 at
z = 2.5. Measurement of 65 and Az, separately, allows the independent determination of D(z) and
H(z) and thereby constrain background cosmological evolution. Here we consider the possibility of
measurement of these two parameters from the imprint of BAO features on the cross-correlation power
spectrum.
The Fisher matrix is given by (Guha Sarkar & Bharadwaj, 2013)

% / d*k OPrr(k) O0Prr(k)
2m)3 ) [P#r(k) + Prro(k)Prro(k)]  9g; 9q;
where g; refer to the cosmological parameters to be constrained. This BAO information is mainly
present at small k (large scales) with the first peak at roughly k& ~ 0.045Mpc~!. The subsequent
oscillations are greatly suppressed by k ~ 0.3Mpc ™! which is within the limits of the k| and k| integrals.
We use P, = P — P, to isolate the purely baryonic features in the power spectrum, and we use this in
the derivative OP(k)/dq;. Here P. refers to the CDM power spectrum without any baryonic features.

This gives
sin x koM k2
= 2 —_ -
Py(k) = v8r2A —— exp <ksuk> exp [ <2kil>} (36)

where kg, and ky; denotes the scale of ‘Silk-damping’ and ‘non-linearity’ respectively. We have used
kw = (3.07h~'Mpc)~! and kg = (7.76 h~'Mpc)~! from Seo & Eisenstein (2007). The quantity

r=,/k%s? + kﬁsﬁ where s, and s corresponds to 6, and Az, in units of distance. A is an overall

Fy = (35)

normalization constant. The value of s is precisely from CMBR anisotropy observations, and the values
of s1 and s|| are equal to s for the reference values of D4 and H(z). Changes in D4 and H(z) manifest
as changes in the values of s and s respectively, and thus the fractional errors in s and s correspond
to fractional errors in D and H(z) respectively. We choose ¢ = In(s]') and ¢» = In(s)) as the
cosmological parameters to be constrained, and determine the precision at which it will be possible to
measure these using the BAO features in the cross-correlation signal. We use the formalism outlined in
Seo & Eisenstein (2007), whereby we construct the 2 — D Fisher matrix

a2 ! k? exp[—2(k/ ki) — (k/kut)?] 0
R VA [k | P g ) o

H(z
Frr(w) = T 0r0r (Lt grut)(1 + Bru?) (39)
where fi = u? — 1 and fo = 2. The Cramer-Rao bound é¢; = Fgl is used to calculate the maximum

theoretical error in the parameter ¢;. A combined distance measure Dy, also referred to as the “dilation

factor” Eisenstein et al. (2005)
cz

H(z)
is often used as a single parameter to quantify BAO observations . We use Dy /Dy = %(élFfl1 +AF+
F;,")%5 to obtain the relative error in Dy.. The dilation factor is known to be particularly useful when
the individual measurements of D4 and H(z) have low signal to noise ratio.

Dy (2)3 = (1+2)?Da(z) (39)
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The Fisher matrix formalism is used to determine the accuracy with which it will be possible to
measure cosmological distances using this cross-correlation signal.

The limits 7g — oo and Ny — 0, which correspond to Prr, — Prr and Prp, — Prr, set the
SNR only limited by cosmic variance. In this limit, where the SNR depends only on the survey volume
corresponding to the total field of view we have 6Dy /Dy = 0.15%, 6H/H = 0.25% and Da/Dj =
0.15% which are independent of any of the other observational details. The fractional errors decrease
slowly beyond fig > 50deg™2 or Ny < 107°mK?. We find that parameter values fig ~ 6deg™2 and
Ny ~ 4.7 x 107° mK?, attainable with BOSS and SKA1 mid are adequate for a 1% accuracy, whereas
ng ~ 2deg™? and Np ~ 3 x 1072 mK? are adequate for a ~ 10% accuracy in measurement of Dy .
With a BOSS like survey is possible to achieve the fiducial value §Dy /Dy = 2.0% from the cross-
correlation at Ny = 2.9 x 1074mK?. The error varies slower than /Nt in the range Ny = 10~4mK?
to Np = 107°mK?. We have (6Dy /Dyv,6Ds/Da,6H/H) = (1.3,1.5,1.3) % and (0.67,0.78,0.74) % at
N = 107*mK? and at Ny = 107°mK? respectively. The errors do not significantly go down much
further for Ny < 10~°mK?, and we have (0.55,0.63,0.63) % at Ny = 10~mK?,

3.4 Constraints on Neutrino mass

Free streaming of neutrinos causes a power suppression on large scales. This suppression of dark matter
power spectrum shall imprint itself on the cross-correlation of Ly-a forest and 21 c¢m signal (Pal &
Guha Sarkar, 2016). We have suggested this as a possible way to constrain neutrino mass. We have
considered a BOSS like Ly-a survey with a quasar density of 30 deg™2 with an average 3¢ sensitivity
for the measured spectra. We have also assumed a 21 cm intensity mapping experiment at a fiducial
redshift z = 2.5 corresponding to a frequency 406MHz using a SKA1-mid like instrument with 250 dishes
each of diameter 15m. We have assumed a (Qx, Qm, O, b, Y, m;)=(0.6825,0.3175,0.00005, 0.6711, 0.1ev)
(Planck Collaboration et al., 2014) for this analysis. The Fisher matrix analysis using a two parameter
(,,,.9,) shows that For a 10.000 hrs radio observation distributed over 25 pointings of 400 hrs each the
parameters €2, and €, are measurable at 0.321% and 3.671%. respectively [see figure (4)]. We find it
significant that instead of a deep long duration observation in one small field of view, it is much better
if one divides the total observation time over several pointings and thereby increasing survey volume.
For 100 pointings each of 100hrs one can get a 2.36% measurement of €,,. This is close to the cosmic
variance limit at the fiducial redshift and the given observations. In the ideal limit one may measure €2,
at a 2.45% level which corresponds to a measurement of Y m, at the precision of (0.1 £ 0.012) eV.

4 Cross-correlation with Lyman break galaxies

The cross-correlation between the HI 21-cm signal and the Lyman break galaxies is another important
tool to probe the large scale structure of the Universe at post reionization epoch. This has been studied
recently (Villaescusa-Navarro et al., 2015b) using a high resolution N-body simulation. Prospects for
detecting such a signal using the SKAl-mid and SKAl-low telescopes together with a Lyman break
galaxy spectroscopic survey with the same volume have also been investigated. It is found that the
cross power spectrum can be detected with a SNR up to ~ 10 times higher than the HI 21-cm auto
power spectrum. Like in all other cross power spectrum the Lyman break galaxy and HI 21-cm cross
power spectrum is expected to be extracted more reliably from the much stronger by spectrally smoothed
foreground contamination compared to the HI 21-cm auto power spectrum.

5 Cross-correlation of HI 21 cm signal with CMBR
5.1 Weak Lensing

Gravitational lensing deflects the CMBR photons which are free streaming from the epoch of recombina-
tion z ~ 1000. This forms a secondary anisotropy in the CMBR temperature anisotropy maps (Lewis &
Challinor (2006)). The weak lensing of CMBR can, in principle be used to probe the universe at distances
(z ~ 1100) much larger than any galaxy- redshift surveys. Measurement of secondary anisotropies in
CMBR, uses the cross correlation of some relevant observable (related to the CMB fluctuations) with
some tracer of the large scale structure (Hirata et al. (2004a); Smith et al. (2007); Hirata et al. (2004Db)).
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Figure 4: 68.3%,95.4% and 99.8% ellipse for 10000 hrs. observations for 25 pointings with each pointing
of 400 hrs. The marginalized one dimensional probability distribution function (PDF) for €, and Q,
are also shown. Figure reference Pal & Guha Sarkar (2016)

For weak lensing statistics one uses ‘convergence’ and the ‘shear’ which quantify the distortion of the
maps due to lensing. Convergence (k) measures the lensing effect through its direct dependence on the
gravitational potential along the line of sight and is thereby a direct probe of cosmology. The difficulty
in precise measurement of lensing is the need for very high resolutions in the CMBR maps, since typical
deflections over cosmological scales is only a few arcminutes. The non-Gaussianity imprinted by lensing
on smaller scales allows a statistical detection for surveys with low angular resolution. Cross-correlation
with traces, limits the effect of systematics and thereby increases the signal to noise. The weak lensing
observables like convergence are constructed using various estimators through quadratic combination
of the CMBR maps(T, E, B) (Seljak & Zaldarriaga (1999); Hu (2001); Hu & Okamoto (2002)). The
reconstructed convergence field can then be used for cross correlation.

We have investigated the possibility of using the post-reionization HI as a tracer of the underlying large
scale structure to probe weak lensing (Guha Sarkar, 2010). Cosmic shear fields imprint the underlying
distribution of matter over large scales. We have studied the cross correlation between the fluctuations
in the 21-cm brightness temperature maps and the weak lensing convergence field. We can probe the line
of sight integral effect of weak lensing at any intermediate redshift by suitably tuning the frequency band
for 21-cm observation. The cross-correlation power spectrum can independently quantify the cosmic
evolution and structure formation at redshifts z < 6. The cross-correlation power spectrum may also
independently compare the various de-lensing estimators that separate the lensing contribution from the
CMBR maps.

The distortions caused by the deflection is the quantity of study in weak lensing. At the lowest
order, magnification of the signal is contained in the convergence. The convergence field is a line of sight
integral of the matter over density ¢ given by (Van Waerbeke & Mellier (2003))

ot = S0u0 (%) [ inronawin

To

(40)

and F'(n) is given by

D(nrss —n)D(n) D+ (n)
D(nrss)a(n)
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Here, D, denotes the usual growing mode for the density contrast d§, and 7zss denotes the conformal
time corresponding to the last scattering surface. The comoving angular diameter distance D(x) = x for
flat universe, D(x) = sin(Kx)/K for K = [1—Q,, —Qa|"/?Hy/c < 0 and D(x) = sinh(Ky)/K for K >0
Universe. The convergence power spectrum is defined as ( af,,a}*,, ) = CFope Omms. where af, are the
expansion coefficients in spherical harmonic basis. The Convergence auto-correlation power spectrum
for large ¢ can be approximately written as

-t () [ )

The cross correlation angular power spectrum between the post-reionization H1 21-cm brightness tem-
perature signal and the convergence field, is given by

Cti=r = Al [ an [kzpwze(krm) / an(n)ﬁ(kr)} (43)

Cy

where P(k) is the present day dark matter power spectrum, and

AG) = 200 (H) T(2)amDs (2) (44)

We note that the convergence field (1), is not directly measurable in CMBR experiments. It is recon-
structed from the CMBR maps through the use of various statistical estimators (Hanson et al. (2009);
Kesden et al. (2003); Cooray & Kesden (2003)). The cross-correlation angular power spectrum, C/// ="
does not directly de-lens the CMB maps. It however uses the reconstructed weak lensing field, and is
hence sensitive to the underlying de-lensing tools, and the cosmological model. The cross-correlation
angular power spectrum may provide a way to independently compare various de-lensing estimators.

The cross-correlation power spectrum follows the same shape as the matter power spectrum. The
signal peaks at a particular ¢ which scales as ¢ o rg; when the redshift is changed. The angular
distribution of power clearly follows the underlying clustering properties of matter. The amplitude
depends on several factors which are related to cosmological model and the H1 distribution at zy;. The
angular diameter distances directly also depends directly on the cosmological parameters. The cross-
correlation signal may hence be used independently for joint estimation of cosmological parameters.

We shall now discuss the prospect of detecting the cross-correlation signal. Detecting the cross-
correlation is less likely to be affected by foregrounds or other systematics. We shall subsequently assume
that foregrounds have been largely removed from the H1 signal. The error in the cross-correlation signal
has the contribution due to instrumental noise and sample variance. Sample variance however puts a
fundamental bound on the detectability of the signal. The sample variance for the cross-correlation
angular power spectrum Cf I=r g given by

> Y%
OSYV = 77 o 7 A
SV (204 1)N f AL

I

(45)

The numerator contains the auto-correlation angular power spectra. Al represents a band in £ and f; is
fraction of sky common to the convergence field x and field of view of the 21 ¢m observation. N, denotes
the number of independent estimates of the signal.

We have used the ideal hypothetical possibility of a full sky 21 c¢m survey that is fs = 1, and used
Al = 1. The predicted S/N is found to be ~ 2 and is not high enough for a statistically significant
detection which requires S/N > 3. Choosing a A¢ = 10 for £ < 100 and A¢ = 100 for £ > 100 will however
produce a S/N > 3. This establishes that, with full sky coverage and negligible instrumental noise, the
binned cross-correlation power spectrum is detectable. The S/N estimate is based on H1 observation
at only one frequency. The 21- cm observations allow us to probe a continuous range of redshifts. This
allows us to further increase the S/N by collapsing the signal from various redshifts. In principle, a
broad band 21-cm experiment may further increase the S/N.

It is possible to increase the S/N by collapsing the signal from different scales ¢ and thereby test the
feasibility of a statistically significant detection. The Signal to Noise cumulated upto a multipole ¢ is

defined as
( )2 é (2 + N fo(CHI—)? (46)
— (CJT + NI(Cp 4+ Nj)
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Ny and N éH I denotes the noise power spectrum for x and H1 observations respectively. Ignoring the
instrument noises we note that there is a significant increase in the S/N by cumulating over multipoles
¢. This implies that a statistically significant detection of C, ZH 17" is possible and the signal is not limited
cosmic variance. It is important to push instrumental noise to the limit set by cosmic variance for a
detection of the signal. At the relevant redshifts of interest, it is possible to reach such low noise levels
with SKA. It is however important to scan large parts of the sky and thereby increase the survey volume.

Instrumental noise plays an important role at large multipoles (small scale). For a typical CMB

experiment, the noise power spectrum (Marian & Bernstein (2007); Smith et al. (2006)) is given by

Ny = JgiXQpiXW[Q, where different pixels are assumed to have uncorrelated noise with uniform variance
agix =52/ tpix, Where s2 and tpix denotes pixel sensitivity and ‘time spent on the pixel’ respectively. Qpix

is the solid angle subtended per pixel and we choose a Gaussian beam Wy = exp[—£202 g/ 16102].
For H1 observations, the quantity of interest is the complex Visibility which is used to estimate the
power spectrum (Ali et al. (2008)). For a radio telescope with N antennae, system temperature T, oper-

2
ating at a frequency v, and band width B the noise correlation is given by NN, [H T N L [Tsys

v | 7] wh
Where T denotes total observation time, and K is related to the effective collecting area of the antenna
dish. Binning in ¢ also reduces the noise. The bin A¢ = 1/2726, is chosen assuming a Gaussian beam of
width 6. With a SKA like instrument (Ali et al. (2008)), one can in principle achieve a noise level much
lesser than the signal by increasing the time of observation (a 5000 hour observation is sufficient even
with the present SKA configuration) and also by increasing the band width of the instrument. Being
inversely related to the number of antennae in the array, future designs can allow further suppression of
the the system noise and achieve N#! << CH!. This establishes the detectability of the cross-correlation
signal. We would like to conclude by noting that correlation between weak lensing fields and 21 ¢cm maps,
quantified through Cf I=* may allow an independent means to estimate cosmological parameters and also
test various estimators for CMBR, delensing.

5.2 ISW effect

In an Universe, dominated by the cosmological constant, A , the expansion factor of the universe, a,
grows at a faster rate than the linear growth of density perturbations. This consequently implies that,
the gravitational potential ® o« —d/a will decay. The ISW effect is caused by the change in energy
of CMB photons as they traverse these linearly time dependent potentials. The presence of non-linear
effects in the growth of the density perturbations modifies this simple linear picture, and would produce
additional temperature fluctuations.

If the horizon size at the epoch of dark energy dominance (decay of the potential) by na, then the
ISW effect is suppressed on scales k > 27 /na. This corresponds to an angular scale £y = 2wd/na, where
d is the angular diameter distance to the epoch of decay.

The ISW term is anisotropy is given by

Mo .
AT (0)SW = QT/ dnn @ (i, ). (47)
nLss

The cross correlation angular power spectrum between HI 21 cm signal and ISW is given by (Guha
Sarkar et al., 2009)

CZHI_ISW - K(ZHI)/dk P(k)Zy(krr) /’7” dnF(n)je(kr) (48)

LSS

where P(k) is the present day dark matter power spectrum,

K(2) = ~T(2)am D () T 0mo (19)
Ti(w) = bile) — £ (50)
and



For large ¢ we can use the Limber approximation (Limber (1954); Afshordi et al. (2004)) which allows
us to replace the spherical Bessel functions by a Dirac deltas as

. s 1
Je(kr) ~ /mép(ﬂ—k 5~ kr)

whereby the angular cross-correlation power spectrum takes the simple scaling of the form

ar-rsw _ TKE L
C, ~ o P(r) (52)
where P(k) is the present day dark matter power spectrum and all the other terms on the rhs. are
evaluated at zpy. The dimensionless quantity f quantifies the growth of the dark matter perturbations,
and the ISW effect is proportional to f — 1. The term f — 1 is a sensitive probe of dark energy. Here
we estimate the viability of detecting the H1 -ISW cross-correlation signal. Cosmic variance sets a
fundamental limit in deciding whether the signal can at all be detected or not. Even in the cosmic
variance limit at z ~ 1.0 with a 32 MHz observation we find that S/N < 0.45 for all zg; and £ and a
statistically significant detection is not possible in such cases. It is possible to increase S/N collapsing
the signal at different multipoles ¢. To test if a statistically significant detection is thus feasible we have
collapsed all multipoles less than ¢ to evaluate the cumulative S/N defined as (Cooray (2002); Adshead
& Furlanetto (2008)) We find that the contribution in the cumulated S/N comes from ¢ < 50 at all
redshifts 0.4 < z < 2. The cross-correlation signal is largest at (z ~ 0.4) and is negligible for (z > 3).
We further find that although there is an increase in S/N on collapsing the multipoles it is still less
than unity. This implies that a statistically significant detection is still not possible. Thus, probing a
thin shell of H1 doesn’t allow us to detect a cross correlation, the signal being limited by the cosmic
variance. A cumulated S/N of ~ 1.6 is attained for redshift upto z = 2 and there is hardly any increase
in S/N on cumulating beyond this redshift. This is reasonable because the contribution from the ISW
effect becomes smaller beyond the redshift z > 2. This S/N is the theoretically calculated value for an
ideal situation and is unattainable for most practical purposes. Incomplete sky coverage, and foreground
removal issues would actually reduce the S/N and attaining a statistically significant level is not feasible.
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Abstract

Studying the cosmic dawn and the epoch of reionization through the redshifted 21 cm line are
among the major science goals of the SKA1. Their significance lies in the fact that they are closely
related to the very first stars in the universe. Interpreting the upcoming data would require detailed
modelling of the relevant physical processes. In this article, we focus on the theoretical models of
reionization that have been worked out by various groups working in India with the upcoming SKA
in mind. These models include purely analytical and semi-numerical calculations as well as fully
numerical radiative transfer simulations. The predictions of the 21 cm signal from these models
would be useful in constraining the properties of the early galaxies using the SKA data.

1 Introduction

One of the major science goals of the SKA is to study the redshifted 21 cm signal of neutral hydrogen
from the cosmic dawn and the epoch of reionization (Mellema et al., 2013; Koopmans et al., 2015; Carilli,
2015). The cosmic dawn refers to a period when the first stars formed in the universe, while the epoch
of reionization is when the HI in the intergalactic medium was being ionized by the UV radiation from
the first stars (see, e.g., Barkana and Loeb, 2001). It is believed that this is process which extended
over redshift ranges 15 2 z 2 6 (Mitra et al., 2015). The redshifted 21 c¢m radiation is possibly the
most promising method of detecting the distribution of the HI at these redshifts (Furlanetto et al., 2006;
Pritchard and Loeb, 2012). The signal will contain information about how this process occurred, and
will indirectly help in studying the properties of the first stars and the surrounding medium at those
early epochs.

Detailed models of reionization are a crucial ingredient for interpreting the data and constraining
the EoR. The difficulty in constructing models at such high redshifts is that there are practically no
observational constraints on the physics of galaxy formation. As a result it is often not possible to have a
good idea about the number of ionizing photons available. The models thus assume simple prescriptions
to assign ionizing luminosities to dark matter haloes, and try to constrain the free parameters using
existing observations.

This article is meant to highlight the advances made in modelling the EoR and cosmic dawn by
members of the Indian community keeping the upcoming SKA in mind. It turns out that groups working
in related areas have contributed to different types of modelling, starting from purely analytical ones to
complex radiative transfer simulations. The main features of these models and their main results are
summarised in the following sections.

*tirth@ncra.tifr.res.in
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2 Present constraints on reionization history

The main components of building a reionization model are as follows:

e The abundance (and locations) of dark matter haloes form the first step as the sources of ionizing
photons (galaxies) form within these haloes. In analytical models, one can use the standard forms
of the halo mass function dn(M,z)/dM given by, e.g., Press and Schechter (1974); Bond et al.
(1991); Sheth and Tormen (1999), while in the N-body simulations, the masses and locations of
these haloes are usually obtained by group finder algorithms, e.g., the Friends-of-friend (Davis
et al., 1985).

e Given the dark matter haloes, one needs to work out the physical processes related to galaxy
formation, stellar radiation and escape of ionizing photons. All these are highly uncertain at z 2 6,
hence most reionization models tend to assume some prescription which relates the number of
ionizing photons to the halo mass. The simplest of these assume the number of ionizing photons
in the IGM produced by a halo of mass M to be given by

= (gh) L 1)

Qn muy ’

where ( is an unknown parameter and all other symbols have their usual meanings. Physically ¢
is a combination of star-forming efficiency, the number of ionizing photons produced by stars and
the fraction of ionizing photons that escape from the host galaxy into the IGM. The above relation
can also be written in terms of the number of photons in the IGM per unit time per unit comoving
volume

df coll

dt @)

where ny is the comoving number density of hydrogen and f.oy is the mass fraction in collapsed
haloes (called the collapsed fraction) that are forming stars. The collapsed fraction is related to
the mass function by

Ny = (nu

1 [ dn(M, z)
= — dM M ——— 3
fcoll ﬁm Mo dM 5 ( )
where My, is the minimum mass of haloes that can form stars. The value of M,;, is decided by
the cooling efficiency of the gas in collapsed haloes, e.g., if the gas contains only atomic hydrogen,
it is unable to cool at virial temperatures lower than 10* K while the presence of molecules can
push the limit to ~ 300 K.

e The third component is a description of the inhomogeneous baryonic density field. In analytical
models, this could be described by the PDF P(Ap) of the baryonic overdensity Ap (smoothed
over the Jeans scale). Some standard forms that are used are the lognormal distribution (Bi
and Davidsen, 1997; Choudhury et al., 2001a,b; Choudhury and Ferrara, 2005), or a fitting form
motivated by the hydrodynamical simulations (Miralda-Escudé et al., 2000; Bolton and Becker,
2009). While simulating the baryonic densities, it is important to be able to resolve reasonably
small scales so as to identify the dense optically thick systems. These regions, because of their
high recombination rate, act as “sinks” of ionizing photons and can alter the distribution of ionized
regions.

e Finally, given the ionization sources and the clumpy baryonic field, one has to solve the transfer
of radiation through the IGM accounting for all relevant physical processes. The cosmological
radiative transfer equation

oI, c ol c

—n - Vyl, — H(t Y 4+ 3H()I, = —cr, 1, v 4
ot Jra(t)n v ()V@V+ ®) - Jr47'(6 )

where I, = I(t,x,n,v) is the monochromatic specific intensity of the radiation field, n is a unit
vector along the direction of propagation of the radaiation, k, is the absorption coefficient and ¢,
is the emissivity, has to be solved at every point in the seven-dimensional (¢,x,n,v) space. How-
ever, the high dimensionality of the problem makes the solution of the complete radiative transfer
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Figure 1: The mean value (solid lines) and its 20 limits (shaded regions) for the ionized volume fraction
(left panel) and the neutral hydrogen fraction (right panel) obtained using a PCA + MCMC analysis
with Planck data . The fiducial model (short-dashed lines) and the model constrained using WMAP9
data (long-dashed lines) are also shown for comparison. We also show the observational limits on neutral
hydrogen fraction zyi(z) (right panel) from various measurements, for details see Mitra et al. (2015).

equation well beyond our capabilities, particularly since we do not have any obvious symmetries in
the problem and often need high spatial and angular resolution in cosmological simulations. Hence,
the approach to the problem has been to use different numerical schemes and approximations (Iliev
et al., 2006a).

In analytical models, one can simplify the problem by taking the global average of equation (4)
under the assumption that the mean free path of photons is significantly smaller than the horizon
size (Choudhury, 2009). The equation can be written in terms of the volume filling factor Q1 of

ionized regions as
dQumr Ny
= _ T 5
Gt ny Q€ oT) ng, (5)

where C is the clumping factor and «(T") is the recombination coefficient at a temperature 7.

The uncertainties in the reionization models can, in principle, be constrained by comparing with
existing data, in particular, the quasar absorption spectra blueward of the Ly« emission line and the
measurements of the Thomson scattering optical depth from the CMB observations. One such physically
motivated semi-analytical model (Mitra et al., 2011, 2012, 2015) which treats the ¢ as an unknown
function of z and constraints it using a Principal Component Analysis, predicts the evolution of Qi
and the average neutral fraction xyy as shown in Figure 1. One can see that the present data sets imply
that reionization begins at z ~ 15 and is completed close to z ~ 6. There is still considerable uncertainty
around the final stages of reionization as is shown by the width of the shaded regions around z ~ 7 — 8§,
and one expects the 21 cm experiments to play an important role in reducing the uncertainties.

3 Modelling the 21 cm signal from EoR

The basic principle which is central to the 21 cm experiments is the neutral hydrogen hyperfine transition
line at a rest wavelength of 21 cm. This line, when redshifted, is observable at low frequencies (~ 90— 200
MHz for z ~ 15—6) against the CMB. The strength of the signal is quantified by the differential brightness
temperature given by

(6)

_ Tg — T,
5Ty = T o Ap (w)

Ts

where T is the spin temperature of the gas and

QBh2) <0.15 1 +z)1/2

T =27 mK —_—
fm (0.023 Q10
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Figure 2: The angular power spectrum of HI brightness temperature fluctuations for a model with non-
overlapping spherical bubbles of a fixed radius. The results are shown for three different values of the
radius. Also shown is the power spectrum for dark matter linear fluctuations. See Datta et al. (2007)

for details.
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Figure 3: The frequency decorrelation function for four values of . Results are shown for the dark matter
fluctuations (upper left panel) and the reionization model with non-overlapping spherical bubbles of a
fixed radius (the other three panels). See Datta et al. (2007) for details.
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The quantities gy and Ap are the neutral hydrogen fraction and the baryonic overdensity respectively.
The radio-interferometric observations would measure only the fluctuations in §7, e.g., the power spec-
trum P(k) defined as

(073 (k) 6T (K')) = (2m)6p (k — K') P(k), (8)

where 67, (k) is Fourier transform of 6Tj. As can be seen from equation (6), the fluctuations in the
signal are sourced by either fluctuations in the neutral hydrogen density field xy; Ap or in the spin
temperature T's. Unless one is interested in the very early stages of reionization (cosmic dawn), the IGM
can be taken to be sufficiently heated by X-rays and the Ts coupled to the gas temperature through the
Lya coupling (Wouthuysen, 1952; Field, 1959). In that case T's > Tcmp and hence the signal is simply
0Ty x xur Ap, i.e., the signal will simply follow the neutral hydrogen distribution.

The above expressions do not account for the line of sight peculiar velocities of the gas which can
make the power spectrum anisotropic. Other sources of anisotropies are the light cone effect and the
AlcockPaczynski effect. In that case, the power spectrum can be denoted as P(k,u), where p is the
direction cosine between the line of sight and k. It is expected that the first generation of 21 cm
experiments would measure the spherically averaged power spectrum Py(k) = f_ll(du /2) P(k, p).

A related quantity of interest which can be measured from the observation is the multi-frequency
angular power spectrum (MAPS) defined as (Datta et al., 2007)

mr2

14

ClAv) = /O " dky cos(kr,Av) P(K), )

where 7, is the comoving distance to the redshift z = 1420 MHz/v — 1 and k has a magnitude k =
\ /kﬁ +12/r2. The quantity C;(0) is essentially the two-dimensional power spectrum on a plane at the

distance r, from the observer.

3.1 Analytical models

Analytical models of reionization are based on modelling the size distribution of ionized bubbles around
galaxies, which then can be extended to obtain the power spectrum. The simplest model would be to
approximate the ionization field as a collection of non-overlapping sphere of fixed radius R (Bharadwaj
and Ali, 2005; Datta et al., 2007). The values of R and the number density of such bubbles nyy;, can be
chosen to obtain a particular ionized fraction Quii(z) = npup 4T R? /3 at a given epoch. The quantity
C1(0) for different values of R for such a model is shown in Fig 2. One can see that the signal is enhanced
compared to the underlying dark matter fluctuations at angular scales larger than the bubble size. It
peaks around a value of [ which is inversely proportional to the angular size of the bubbles. The frequency
decorrelation function x;(Av) = C;(Av)/Ci(0) as function of Av is plotted in Fig 3 which shows that
the fluctuations decorrelate quite rapidly particularly for large {. This decorrelation can be useful in
separating the cosmological signal from other astrophysical foregrounds which have relatively smooth
frequency spectra.

These simple models of ionized bubbles do not account for the overlap and thus are valid only when
the ionized fraction is very small. It is possible to account for such overlaps using the excursion set
approach as was proposed by Furlanetto et al. (2004), which we refer to as FZHO04. In this approach the
condition for a spherical region of radius R having a density contrast ¢ (linearly extrapolated to present
epoch) to be fully ionized (Quir)s,r > 1 is given by a condition on the collapsed faction in the region

(feon)s,.r > ¢71 (10)

The condition for a region to be “self-ionized” can be converted into a condition in terms of the density
contrast ¢, and then problem reduces to the one for a barrier crossing. An improvement to the above
model was proposed by Paranjape and Choudhury (2014) by accounting for the fact that haloes would
preferentially form near the density peaks (Musso and Sheth, 2012; Paranjape and Sheth, 2012), known
as the excursion sets peak (ESP) model. Fig 4 shows the bubble size distribution for the two models
FZH04 and ESP for fixed values of the ionized fraction Q. The main effect of the ESP model is
to predict bubbles of relatively larger sizes, a fact which was confirmed while calculating the bubble
distribution from semi-numerical calculations. This implies that the power spectrum predicted from the
ESP model would be very different from the earlier calculations, a fact which can play an important role
in interpreting the 21 cm data.
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Figure 4: Comparison of the FZH04 (Furlanetto et al., 2004) and ESP (Paranjape and Choudhury, 2014)
calculations at redshift z = 8 for the Planck13 cosmology at the same value of global ionized Lagrangian
volume fraction. Left-hand panel: ionization barriers. Right-hand panel: normalized Lagrangian bub-

ble size distributions corresponding to the linear barriers of the left-hand panel.
Choudhury (2014) for details.
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Figure 5: The spherically averaged power spectrum of the redshift space 21-cm signal for the radiative
transfer simulation C2-RAY and two different semi-numerical models. The shaded regions in light and
dark gray represent the uncertainty due LOFAR-like system noise at 150 MHz for 1000 and 2000 hr of
observation respectively. See Majumdar et al. (2014) for more details.
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3.2 Semi-numerical models

Although the excursion-set based analytical calculations provide a reasonable description of the growth
of HII regions during reionization, it is difficult to incorporate various complexities into the analytical
framework e.g., the non-sphericity of bubble during overlap, the effects of line of sight peculiar velocities,
quantifying the cosmic variance. It is often useful to have realisations of the ionization field so that one
can construct realistic radio maps and other quantities relevant to the observations. One can use the
radiative transfer simulations to generate such maps, however, they are often not suited for exploring
the parameter space.

A compromise has been proposed where it is possible to generate HI maps without running the full
simulation. These semi-numerical methods are based on the excursion set formalism discussed in the
previous section and can be used for generating reasonably large volumes in a small amount of time
(Mesinger and Furlanetto, 2007; Geil and Wyithe, 2008). One of these methods is based on generating
the DM density field using the perturbation theory, calculating the collapsed fraction within each grid
cell (of size R and density contrast §) using the analytical expression for the conditional mass function
and then generating the ionization field using the excursion set formalism (Mesinger et al., 2011). A
slightly different approach is to run a full dark matter only N-body simulation and identify the haloes
using a suitable group-finder algorithm (Zahn et al., 2007; Choudhury et al., 2009). The method for
generating the ionization field remains the same, i.e., using the excursion set formalism.

To understand how these semi-numerical models work, let us assume that we have a realisation of the
density field along with the collapsed fraction at each grid point of the simulation box. The basic idea is
to compute the spherically averaged collapsed fraction (feon)r for each grid point in the box for a wide
range of R values. If the self-ionization condition (10) is satisfied for any R, then the grid point is flagged
as ionized. Points which fail to satisfy the condition are assigned a neutral fraction ((fcon)r..,, where
Reen is the size of the grid cell typically set by the resolution of the map. The procedure is repeated for
all points in the simulation volume. The method thus provides a realisation of the ionization field for a
given value of (.

One important physical process which is not taken into account in the above discussion is the recom-
bination. A significant fraction of the ionizing photons may be lost in ionizing the recombined hydrogen
atoms, which may lead to very different HI topology. In the simplest case where recombinations are
taken to be spatially homogeneous, the effect can be absorbed in the definition of ¢. In other words, one
can rewrite the ionization condition as

(fcoll)R Z C_l(l + Nrcc) = C;’-rlv (11)

where N, is the average number of recombinations per hydrogen atom. Since Ny is assumed to be
independent of the spatial point under consideration, the above equation is simply the earlier ionization
condition (10) with the redefinition ¢ — (esr.

In reality, however, the recombinations are not homogeneous. In fact, the high density regions will
tend to recombine faster and will be able to “shield” themselves from the ionizing radiation. These
regions would act as “sinks” of ionizing photons. One way of implementing the effect of such sinks into
the semi-numerical models is by including an additional condition for ionization (Choudhury et al., 2009)

EtH L
trec R ’

(ny)r = nu (12)
where (n,)g is the number density of ionizing photons averaged over the region of radius R, frec is
the recombination time-scale, ety is the time-scale over which the recombination term has significant
contribution with ¢y being the Hubble time and L is the comoving size of the absorbing region, usually
taken to be the local Jeans scale. The effect of these recombinations is that the reionization becomes
outside-in once a substantial fraction of the IGM is ionized (in contrast to models without sinks where
the process is always inside-out). The presence of sinks predict smaller amplitude of fluctuations at scales
k ~ 0.1 Mpc™! accessible to first generation of 21 cm experiments.

This model of Choudhury et al. (2009) was used by Majumdar et al. (2013) to study the effect of
peculiar velocities on the signal. It was proposed that the magnitude and nature of the ratio between
the quadrupole and monopole moments of the power spectrum (Py/FP§) can be a possible probe for the
epoch of reionization. The same semi-numerical models have also been used for showing that the 21 cm
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Figure 8: The brightness temperature maps for three different redshifts for three different models A, B
and C. Model A assumes the IGM to be Ly« coupled and highly heated (Ts > Tcup). Model B assumes
the IGM to be strongly Lya coupled but self-consistently heated by X-rays, while model C considers
Ly« coupling and X-ray heating self-consistently. See Ghara et al. (2015a) for details.

anisotropy is best measured by the quadrupole moment of the power spectrum, i.e., it evolves predictably
as a function of Qun (Majumdar et al., 2016).

Since the semi-numerical simulations are quite fast in terms of their computing time, they are suitable
for studying various statistical properties of the signal which may require large number of realisations.
One such application is to study the effects of non-Gaussianity of the ionization field on error predictions
for the power spectrum (Mondal et al., 2015, 2016). Unlike the Gaussian case where SNR, o N,i/2, Ny
being the number Fourier modes in a given k-bin, the SNR has upper limit which cannot be exceeded
by increasing Ny (Mondal et al., 2015) which can be seen in Fig 6. This could have severe implications
for estimating the sensitivities for the future 21 cm experiments. In fact, one can see from Fig 7 that
the error covariance is not diagonal any more and the coupling between different k-modes cannot be
neglected for error estimations (Mondal et al., 2016).

3.3 Numerical simulations

The full complexities of the radiative transfer through the clumpy IGM can only be taken into account
through the numerical solution of the radiative equation (4). However, radiative transfer simulations are
still computationally extremely challenging and hence the equation is usually solved under reasonable
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Figure 9: Evolution of 21 ¢cm power spectrum at scale k = 0.1 Mpc ~! for models A (solid red), B (dotted
green) and C (dashed blue), respectively. See Ghara et al. (2015a) for details.

approximations. One such algorithm has been implemented in the radiative transfer code “Conservative
Causal Ray-tracing method” (C2-RAY) which works by tracing rays from all sources and iteratively
solving for the time evolution of the ionized hydrogen fraction (Mellema et al., 2006; Iliev et al., 2006b).
It turns out that the ionization fields generated by the C2-RAY have properties which are quite similar
to the semi-numerical calculations described in the previous section (Majumdar et al., 2014). Fig 5
shows the 21 c¢cm power spectrum obtained from the C2-RAY compared with various semi-numerical
schemes. The match turns out to be quite reasonable thus showing that one can possibly use the fast
semi-numerical models to generate the 21 ¢cm maps.

An alternate, relatively faster, method is to use the density field and haloes from a dark matter only
N-body simulation, and post-process with a spherically symmetric one-dimensional radiative transfer
algorithm (Thomas and Zaroubi, 2008; Thomas et al., 2009). The main idea is to generate spherically
symmetric 21 em patterns around individual sources (galaxies) and then account for the overlap of such
regions suitably. This method has been implemented by Ghara et al. (2015a) whose code not only
accounts for ionization of hydrogen and helium, but also the effects of X-ray heating and Ly« radiation.
Inclusion of these effects allows one to estimate the spin temperature at different points self-consistently
and hence study the effect of fluctuations in T's. Some sample outputs from the code are shown in Fig 8
for three different models of treating the spin temperature fluctuations. The corresponding evolution of
the 21 cm signal fluctuations at a scale k ~ 0.1 Mpc™! is shown in Fig 9. If we concentrate on model C
where the heating and the Ly« coupling are calculated self-consistently, we find that the evolution shows
three distinct “peaks”. They arise from different physical processes, i.e., the one at the lowest redshift
z ~ 9 arises from fluctuations in xyy, the second peak at z ~ 15 corresponds to fluctuations in the X-ray
heating and the one at z ~ 20 is from the Lya coupling fluctuations. Measuring these peak-like features
could be quite important in understanding the physical processes at early times. It should however be
kept in mind that various line of sight effects may affect the amplitude of these peaks and hence care
should be maintained while interpreting the results (Ghara et al., 2015a,c).

4 Future outlook

There has been tremendous progress in modelling the physics of cosmic dawn and reionization in recent
times. It is now possible to construct models that are consistent with all available observations related
to reionization (Mitra et al., 2015). The prediction of the 21 c¢m signal is possibly a greater challenge
and there are various approaches in modelling this.

The construction of the SKA-low phase 1 will allow us to probe the 21 cm cosmological signal with
unprecedented sensitivity. Fig 10 compares the expected sensitivity of SKA1-low with some of the existing
facilities. As one can see, the noise variance for the SKA1-low will be almost a order of magnitude better
than any of the existing ones, thus allowing us to probe the high-z universe in much more detail.
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Figure 10: The baseline distributions (left panel) and the corresponding rms noise in visibilities (right
panel) for the SKA1-low, MWA, GMRT and LOFAR at frequency 90 MHz. ng(U, v) denote the number
of antenna pairs having same baseline U at frequency v. The rms is computed for an observation time
of 1000 hours and frequency resolution of 50 kHz. See Ghara et al. (2015b) for details.

Given this advancement, we require equally advanced techniques in modelling the signal so as to
interpret the data accurately. Some of the directions in which the models discussed in the article can be
improved are as follows:

Since the physical processes at high redshifts are uncertain, they need to be parametrized by a
number of free parameters (and functions). The analytical calculations could be quite helpful in
probing the space of these unknown parameters as they are fast. The challenge then would be to
improve the analytical models and make them as accurate as possible, most likely by comparing
with semi-numerical and radiative transfer simulations. There also remain some conceptual issues
with these excursion set based approaches, e.g., violation of photon conservation (Paranjape et al.,
2015).

One important physical process which is still not accounted for satisfactorily is the effect of high
density regions or sinks of ionizing photons. Appropriate self-consistent and accurate treatments
of these regions are required for analytical, semi-numerical and radiative transfer simulations. This
could turn out to be a major challenge for reionization models in the near future (Mesinger et al.,
2015; Choudhury et al., 2015; Shukla et al., 2016).

In addition to the 21 cm experiments, there would be instruments at other wave bands which are
likely to come up in the near future probing the high-z universe, e.g., JWST, TMT and so on. The
models of galaxy formation as well as HI distribution should be sufficiently broad so as to explain
all these observations simultaneously. This would be very important for understanding the EoR.

The sensitivities of the SKAl-low would not only probe the power spectrum of HI fluctuations,
but would also allow us to image the HI distribution. It is thus important to explore the new
information one can obtain through these images.

With the improvement in the noise properties of the instrument, it becomes important to devise
advanced statistical estimators which can be used for obtaining the relevant quantities of interest.
Thus a better modelling of the system noise coupled with improved reionization models is required
in the near future.
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Abstract

The line of sight direction in the redshifted 21-cm signal coming from the cosmic dawn and
the epoch of reionization is quite unique in many ways compared to any other cosmological signal.
Different unique effects, such as the evolution history of the signal, non-linear peculiar velocities of
the matter etc will imprint their signature along the line of sight axis of the observed signal. One
of the major goals of the future SKA-LOW radio interferometer is to observe the cosmic dawn and
the epoch of reionization through this 21-cm signal. It is thus important to understand how these
various effects affect the signal to detect and analyze it properly. For more than one and half decades,
various groups in India have been actively trying to understand and quantify the different line of
sight effects that are present in this signal through analytical models and simulations. In many
ways the importance of this sub-field under 21-cm cosmology have been identified, highlighted and
pushed forward by the Indian community. In this article we briefly describe their contribution and
implication of these effects in the context of the future surveys of the cosmic dawn and the epoch of
reionization that will be conducted by the SKA-LOW.

1 Introduction

The ‘Cosmic Dawn’ (CD) is the period in the history of our universe when the first sources of light
were formed and they gradually warmed up their surrounding intergalactic medium (IGM). This pe-
riod was followed by the ‘Epoch of Reionization’ (EoR) when these first and subsequent population of
sources produced enough ionizing photons to gradually change the state of most of the hydrogen in
our universe from neutral (H Romani) to ionized (H Romanii). These two epochs possibly are the least
known periods in the history of our universe. Our present understanding of these epochs is mainly con-
strained by the observations of the cosmic microwave background radiation (CMBR) (Komatsu et al.,
2011; Planck Collaboration, 2015) and the absorption spectra of the high redshift quasars (Becker et al.,
2001; Fan et al., 2003; Becker et al., 2015). These indirect observations are rather limited in their ability
to answer many fundamental questions regarding these periods; e.g. the properties of these first sources
of light and how they evolve as reionization progresses, precise duration and timing of the CD and the
FoR, the relative contribution in the heating and ionization of the IGM from various types of sources,
and the typical size and distribution of the heated and ionized regions. It is being anticipated that the
currently ongoing and proposed future radio interferometric surveys of these epochs, through the bright-
ness temperature fluctuations of the redshifted 21-cm signal originating due to the hyperfine transition
in the neutral hydrogen, has the potential to answer most these fundamental questions.

*s.majumdar@imperial.ac.uk
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The currently ongoing redshifted 21-cm radio interferometric surveys, being conducted using the
GMRT! (Paciga et al., 2013), LOFAR? (Yatawatta et al., 2013; van Haarlem et al., 2013), MWA? (Tingay et al.,
2013; Bowman et al., 2013; Dillon et al., 2014) and PAPER? (Parsons et al., 2014; Jacobs et al., 2015;
Ali et al., 2015), are mainly aimed at detecting this signal from the EoR. Most of these instruments are
not sensitive enough at high redshifts to detect this signal from the CD. The low frequency aperture
array of the upcoming Square Kilometre Array (SKA-LOW?®) will be a significant step forward in this
regard as it will have enough sensitivity over a large range of low frequencies to observe the redshifted
21-cm signal from both the CD and the EoR (Mellema et al., 2013; Koopmans et al., 2015). Also, it is
worth mentioning that, while the first generation experiments aim to detect the signal through statis-
tical estimators like variance and power spectrum (due to their limited sensitivity), the SKA-LOW is
expected to be sensitive enough (owing to its large collecting area) to make images of fluctuations in
H Romani from these epochs (Mellema et al., 2015).

However, as the redshifted 21-cm signal from the CD and the EoR has not been detected till date by
any of these first generation telescopes and they so far only managed to provide somewhat weak upper
limits on the signal power spectra (Paciga et al., 2013; Ali et al., 2015) at large length scales, so it has
been planned that the first phase of the SKA-LOW will survey a large volume of the sky for a relatively
shorter observation time to estimate the signal power spectrum at different redshifts, which will possibly
constrain some of the main parameters of the signal (Koopmans et al., 2015). The spherically averaged
power spectrum which is perceived as the main tool to achieve the first detection of the signal with the
first generation instruments and the initial tool for the CD-EoR parameter estimation with the SKA-
LOW, provides a high signal to noise ratio (SNR) by averaging the signal in spherical shells in Fourier
space, while still preserving many important features of the signal. However, as the CD-EoR 21-cm
signal is expected to be highly non-Gaussian in nature (Bharadwaj and Pandey, 2005; Mondal et al.,
2015, 2016a,b), thus the power spectrum alone cannot represent all the properties of such a field.

Even when one is dealing with the power spectra of the signal, one has to be aware of the fact that the
line of sight (LoS) direction of the redshifted 21-cm signal is unique. As the 21-cm signal originates from
a line transition, signal coming from different cosmological distances along the LoS essentially belongs to
different epochs and gets redshifted to different wavelengths, characterized by their cosmological redshift
z. This implies that the signal present in an actual observational data cube containing a range of
frequencies or wavelengths will evolve in time along the frequency or LoS direction. This is popularly
known as the light cone effect. Thus while analyzing the three dimensional data one has to take this into
account for a proper interpretation of the signal.

Another effect which also affects the signal along the LoS direction is the non-random distortions of
the signal caused by the peculiar velocities of the matter particles. The coherent inflows of matter into
overdense regions and the outflows of matter from underdense regions will produce an additional red
or blueshift in the 21-cm signal on top of the cosmological redshift, changing the contrast of the 21-cm
signal, and making it anisotropic along the LoS. It has been first highlighted by Bharadwaj and Ali
(2004, 2005) and Ali et al. (2005) that the peculiar velocities will significantly change the amplitude and
the shape of the 21-cm power spectrum measured from the observations of the periods before, during
and even after the reionization.

Ali et al. (2005) was also first to highlight another source of anisotropy along the LoS of the red-
shifted 21-cm signal from the CD and the EoR, which is caused due to the Alcock-Paczynski effect
(Alcock and Paczynski, 1979). This is the anisotropy due to the non-Euclidean geometry of the space-
time. It is important to take into account this effect when one wants to do parameter estimation using
the CD-EoR 21-cm power spectrum to quantify the uncertainties of such an analysis caused by the wrong
modelling of the background cosmology.

Understanding and quantifying the line of sight anisotropy (caused by several aforementioned rea-
sons) in the CD-EoR 21-cm power spectrum has been one of the long standing important issues in 21-cm
cosmology. This will be especially important in the context of the upcoming SKA-LOW observations,
which will probably be the first instrument to have enough sensitivity to constrain the model parameters
of both the CD and the EoR significantly using the 21-cm power spectrum. The Indian community has

Thttp://www.gmrt.ncra.tifr.res.in

2http:/ /www.lofar.org
Shttp://www.haystack.mit.edu/ast/arrays/mwa
4http://eor.berkeley.edu

Shttp:/ /www.skatelescope.org
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been particularly very active for almost one and half decade in this sub-field under 21-cm cosmology. To
be more precise, in the context of the 21-cm cosmology this sub-field was first identified and highlighted
by the Indian community through analytical models of the signal power spectrum (Bharadwaj et al.,
2001; Bharadwaj and Ali, 2004, 2005; Bharadwaj and Pandey, 2005; Ali et al., 2005; Datta et al., 2007).
These analytical predictions were later tested, validated and further pushed forward by the same groups
from the Indian community (along with their international collaborators) using various kinds of simula-
tions (Choudhury et al., 2009; Datta et al., 2012; Majumdar et al., 2013; Jensen et al., 2013; Datta et al.,
2014; Majumdar et al., 2014; Ghara et al., 2015a,b; Majumdar et al., 2016). In this article we aim to
summarize the effects of line of sight anisotropy in the CD-EoR 21-cm power spectrum considering future
SKA-LOW observations and the Indian contribution in this subject.

The structure of this article is as follows. In Section 2, we briefly describe different sources that
contribute to the LoS anisotropy of the signal. We next describe different methods to quantify the LoS
anisotropy present in the power spectra in Section 3. In Sections 4 and 5 we describe how one would be
able to quantify and interpret the two major sources of LoS anisotropy in the signal using the simulated
expected signal at different era, for several ongoing experiments and as well as for the SKA-LOW. We
further discuss several issues that may hinder the detection of the signal as well as the quantification of
the anisotropy in it in Section 6. Finally, in Section 7, we summarize our review.

2 Line of sight anisotropies in the redshifted 21-cm signal from
the CD and EoR

We briefly describe here the three major LoS anisotropies affecting the redshifted 21-cm signal originating
from the cosmic dawn and the EoR.

2.1 Redshift space distortions

The effect of redshift space distortions in the redshifted 21-cm signal from the CD and EoR is one of the
fields that has been pioneered and pushed forward by the Indian community for almost over a decade.
The fluctuations in the brightness temperature of the redshifted 21-cm radiation essentially trace the
H Romani distribution during the CD and the EoR. In a completely neutral IGM the H Romani distri-
bution is expected to follow the underlying matter distribution with a certain amount of bias, at large
enough length scales. The coherent inflows of matter into overdense regions and the outflows of matter
from underdense regions will produce an additional red or blue shift on top of the cosmological redshift.
If we consider a distant observer located along the z axis and use the x component of the peculiar velocity
to determine the position of H Romani particles in redshift space
Uz

= T H@) (1)
where a and H(a) are the scale factor and Hubble parameter respectively. Thus, in redshift space the
apparent locations of the H Romani particles will change according to the above equation, which will effec-
tively change the contrast of the 21-cm signal and will make it anisotropic along the LoS. However, as the
first sources of lights were formed and they start converting their surrounding H Romani into H Romanii
the one-to-one correspondence between matter and H Romani no longer holds and the effect of the matter
peculiar velocities on the 21-cm signal becomes much more complicated. In the context of the 21-cm
signal from the CD and EoR, this effect was first pointed out and quantified in Bharadwaj and Ali (2004)
and Bharadwaj and Ali (2005). Their analytical treatment showed that the redshift space distortions
changes the shape and amplitude of the signal power spectrum significantly when measured from the
recorded visibilities in a radio interferometric observation. It has also been proposed that one can possi-
bly extract the matter power spectrum (Barkana and Loeb, 2005; Shapiro et al., 2013) at these epochs
using the redshift space anisotropy present in the 21-cm power spectrum.

2.2 Light cone effect

The other LoS anisotropy that will be present in the observed 21-cm signal is known as the light cone
anisotropy. As light takes a finite amount of time to reach from a distant point to an observer, thus
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the cosmological 21-cm signal coming from different cosmological redshifts essentially belongs to different
distances and thus correspond to different cosmological epochs. In the context of redshifted 21-cm signal,
this change in frequency due to cosmological redshift can be represented by

)\obs = )\emitted(l + Z) . (2)

Any radio interferometric observation produces a three dimensional data set containing a range of fre-
quencies. The time evolution of the signal will be present in such a data set as one changes the frequency.
Thus while making estimating power spectrum of the signal from such a data one needs take into account
this effect for a proper interpretation of the signal. In the context of 21-cm signal this was first consid-
ered by Barkana and Loeb (2006) in their analytical estimation of the two point correlation function of
the signal. This also makes the shape of the H Romanii regions around extremely bright sources (e.g.
quasars) anisotropic along the LoS (Wyithe et al., 2005; Yu, 2005; Majumdar et al., 2011, 2012). If the
reionization was dominated by such sources than the effect on power spectrum and correlation functions
in such a case has been studied by Sethi and Haiman (2008).

2.3 Alcock-Paczynski effect

The Alcock-Paczynski effect (Alcock and Paczynski 1979, hereafter the AP effect), another anisotropy
in the signal along the LoS, is caused due to the non-Euclidean geometry of the space-time. This makes
any object, which is intrinsically spherical in shape, to appear elongated along the LoS. At low redshifts
(for z < 0.1) it is not that significant but at high redshifts this causes a significant distortions in the
signal, which makes the power spectrum of the 21-cm signal from the CD and the EoR anisotropic along
the LoS. The AP effect in the context of 21-cm signal from the EoR was first considered by Ali et al.
(2005) in their analysis of the signal through the power spectrum. The proposal of Barkana and Loeb
(2005), that one can probably distinguish different sources that contribute to the 21-cm power spectrum
by measuring the anisotropy in the power spectrum, has the implicit assumption that the background
cosmological model is known to a great degree and hence does not take into account the anisotropies
introduced by the geometry (AP effect). Ali et al. (2005) in contrast adopted a framework which allows
the high redshift 21-cm signal to be interpreted without reference to a specific background cosmological
model and also studied the variation in the anisotropy due to the AP effect depending on different
background cosmological models. They further quantify the relative contribution in anisotropy due to
the AP effect when compared with the anisotropy due to the redshift space distortions and how they
differ in their nature.

3 Methods to quantify the LoS anisotropy in 21-cm signal

We next discuss different possible ways of quantifying any line of sight anisotropy present in the signal
through its power spectrum.

3.1 pu-decomposition of the power spectrum

It is convenient to introduce a parameter u, defined as the cosine of the angle between a specific Fourier
mode k and the LoS. In case of plane parallel redshift space distortions, the redshift space power spectrum
then can be expressed as a fourth-order polynomial in p:

Pk, ) = 0Ty (2) [Puo (k) + 42 Pz (k) + u* Poa(k)] (3)

where 07, is the average differential brightness temperature of the 21-cm signal at a specific redshift z. In
the context of the CD and EoR 21-cm signal this representation of the power spectrum is popular, as one
can directly identify each coefficients of the powers of p with physical quantities contributing to the 21-
cm power spectrum under the linear (Bharadwaj et al., 2001; Bharadwaj and Ali, 2004, 2005; Ali et al.,
2005; Barkana and Loeb, 2005; Lidz et al., 2008; Majumdar et al., 2013) or quasi-linear (Mao et al., 2012;
Jensen et al., 2013; Majumdar et al., 2014, 2016; Ghara et al., 2015a,b) model for the signal (which is
valid mainly for the large scale fluctuations in the signal). Following this quasi-linear model one can
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express each of these coefficients of u as:

P ”(k) = PﬂHIleHI(k) + P’lﬂ](k) + PPHIJI(k) >

%
Hz(k‘) = 2 [PPHLPM (k) + PPM»Tl(k‘)} bl

Pa(k) = Py (F) )
where pyy is the neutral hydrogen density, pyp is the total hydrogen density and n(z,x) = 1-Temp(2) /Ts(z, %)
represents spin temperature fluctuations in the H Romani distribution. The spin temperature (7s), which
represents the relative population of atoms in two different spin states, can get affected by the Lyman-a
pumping and heating during the Cosmic Dawn and the early stages of reionization (Bharadwaj et al.,
2001; Bharadwaj and Ali, 2004, 2005; Ali et al., 2005; Ghara et al., 2015a,b). For most part of the reion-
ization, by when the IGM is expected to be significantly heated above the CMB temperature, it can
be safely assumed that Ts > Tcap (unless it is a case of very late heating). In that case, all terms
related to n turns out to be zero and it becomes very tempting to conclude that at least at large scales
this representation will hold and it would be possible to separate the astrophysics (P, pn; and Py, pyr)
from cosmology (P o). However, one has to be aware of the fact that this representation is not in
orthonormal basis, thus each of these coefficients are not independent of the other, thus decomposing
the power spectrum in this form and identifying the coefficients of the powers of ;1 with certain physical
quantities may lead to erroneous conclusions. It is also important to note that this model do not consider
any AP effect to be present in the signal, which will introduce an additional % term in eq. (3) (Ali et al.,
2005).

3.2 Legendre polynomial decomposition of the power spectrum

A different approach to quantify the LoS anisotropy is to instead expand the power spectrum in the
orthonormal basis of Legendre polynomials, which is a well known approach in the field of galaxy red-
shift surveys (Hamilton, 1992, 1998; Cole et al., 1995). In this representation (assuming plane parallel
redshift distortions), the power spectrum can be expressed as a sum of the even multipoles of Legendre
polynomials:

P(k,p) = ) P)F(k). (5)

| even

From an observed or simulated 21-cm power spectrum, one can calculate the angular multipoles P

following;:
. 20+1 .
P = 2 [ PP, ©

The integral is performed over the entire solid angle to take into account all possible orientations of k
with the LoS direction. Each multipole moment estimated through eq. (6) will be independent of the
other, as this is a representation in orthonormal basis. In the context of 21-cm signal from the EoR,
the effect of redshift space distortions was first quantified in Majumdar et al. (2013) by estimating the
quadrupole (Ps) and monopole (P;) moments of the power spectrum from EoR simulations. If one
considers the quasi-linear model of the signal, the first three non-zero angular multipoles of the power
spectrum can be expressed as (Majumdar et al., 2014, 2016):

—2 1 2 2
POS = 6Tb (Z) |:gPPM7PM + PpHI:PHI + Pn,n + 2PT]~,PHI + gPthpl\/I + §P7I7PM (7)
s 2 1 1 1
Py = 46T, (2) ?PPMyPM + gPPHLPM + §P77aPM (8)
s 8 =2
P4 = % 0T} (Z) pPMsPM (9)

This shows that it might be possible to extract the matter power spectrum by estimating the hexadecapole
moment (P§) of 21-cm power spectrum for sufficiently large length scales. However, at those scales the
signal might be severely dominated by the cosmic variance. It further shows that, it is not possible to

independently extract Pp, oy OF Ppyi oy, €ven when Ts > Topyp (i-e. when all i related terms are
7ero).
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Figure 1: The evolution of the ratio Py /P§ with Zyy at three representative k values estimated from a set
of inside-out simulations of the EoR 21-cm signal (one semi-numerical and the other radiative transfer).
The shaded regions in light and dark gray represent uncertainty due to the system noise for 2000 and
5000 hr of observation using a LOFAR like instrument at 150 MHz. Figure taken from Majumdar et al.
(2014).

3.3 Other alternative method

A rather simplistic alternative method to quantify the LoS anisotropy in the signal power spectrum is
to calculate the anisotropy ratio proposed by Fialkov et al. (2015), which is defined as:

(P(k, Z)l#k‘>0.5>

Tk 2) = B ) <00)

—1, (10)

where the angular bracket represent average over angles. Ideally, if the signal is isotropic then r,(k, z)
should be zero, otherwise it will take positive or negative values. The redshift evolution of this quantity
will some way quantify the integrated or angle averaged degree of anisotropy present in the signal at
different stages of the CD and the EoR.

4 Quantifying the redshift space distortions in the 21-cm power
spectrum

4.1 During the EoR

The anisotropy in the redshifted 21-cm signal from the EoR has been traditionally quantified through the
ratio of the spherically averaged power spectrum in redshift space to the same quantity estimated in real
space. Predictions for this ratio has been made from analytical models as well as from radiative transfer
and semi-numerical simulations of the signal (e.g. Lidz et al. 2007; Mesinger et al. 2011; Mao et al. 2012
etc.). However, one very important point to note here that, in reality one would not be able to estimate
this ratio, as the signal will always have redshift space distortions present in it, thus it is not possible to
estimate the power spectrum of the signal in real space. Instead of estimating this ratio, Majumdar et al.
(2013) suggested that one could independently estimate different angular multipole moments of the power
spectrum of the signal (following eq. [5] and [6]) directly from the observed visibilities, which is the basic
observable in any radio interferometric survey. They further suggested that, the ratio between the first
two non-zero even multipole moments of the power spectrum (i.e. monopole or P§ and quadrupole or
Pj§) can be used as an estimator to quantify any LoS anisotropy present in the signal. It is precisely
due to the fact that, if there is no LoS anisotropy in the signal, any higher order multipole moment,
other than the monopole moment (which by definition is the spherically averaged power spectrum) will
be zero. To quantify the effect of redshift space distortions in the signal Majumdar et al. (2013) used
a set of semi-numerical simulations (with a proper implementation of the redshift space distortions in
it using actual matter peculiar velocities) of the signal and studied the evolution of the ratio of Ps/P;
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Figure 2: The quadrupole moment of the power spectrum for different reionization scenarios as a function
of the global neutral fraction at k = 0.12 Mpc~!. Figure taken from Majumdar et al. (2016).

with an evolving global neutral fraction (Zp) at different length scales observable to the present and
future EoR surveys. They observed that at the early stages of the EoR (1 2 Zyr 2 0.9), for an inside-out
reionization scenario, at large and intermediate length scales (0.5 > k > 0.05 Mpc '), this ratio is positive
and gradually goes up from the initial value of around Ps /P ~ 50/49 (predicted by the linear model
for a completely neutral IGM) to higher values (=~ 3 for k ~ 0.05Mpc ™' at Zu; ~ 0.9) as reionization
progresses further. Once the early stage of the EoR is over, one observes a sharp transition in this ratio at
around Ty ~ 0.9, where it becomes negative and reaches values as low as &~ —3 at large length scales. It
slowly goes up again with decreasing neutral fraction (for 0.5 < Zyr < 0.9) and reaches a value of —1 by
Zgr ~ 0.5. This ratio remains negative and almost constant (Ps /P§ ~ —1) for the rest of the reionization
(Zur < 0.5), until the signal strength goes down and it becomes undetectable. Majumdar et al. (2013)
ascribes the sharp peak and dip features of the Py /P§ versus Zyp curve around Zyp ~ 0.9 and negative
value of P5/P§ for Zpr < 0.9 to the inside-out nature of the reionization. The robustness of these results
(and associated features in the behaviour of Py /Py) were further confirmed by Majumdar et al. (2014)
by estimating the same ratio from a radiative transfer and a set of semi-numerical simulations (Figure
1). They also showed that this ratio would be detectable using LOFAR after 2000 hr of observations.
Both of these studies also find that the hexadecapole moment (P}) will be severely dominated by cosmic
variance and thus it would be difficult to conclude anything about the matter power spectrum through
it.

In a similar study with a radiative transfer simulation, but using the p-decomposition technique
described in Section 3 through eq. (3), Jensen et al. (2013) also found that it is not possible to extract
the coefficients of 1 and p? terms in the signal power spectrum, i.e. not possible to extract P, ,,, and
P, independently, rather it is possible to extract the sum of the coeflicients of u? and p?, though
it to would be more prone to errors compared to estimating the quadrupole moment (Ps) of the power
spectrum, as it is a representation in non-orthonormal basis.

4.1.1 Constraining the EoR history using the redshift space anisotropy in the 21-cm signal

The quasi-linear model in eq. (8) suggest that the quadrupole moment (Ps) contains matter power
spectrum and the cross-power spectrum between the matter and H Romani (when Ts > Tcas g, i.e. alln
related terms are zero). While the matter power spectrum contains the amplitude of the matter density
fluctuations (which evolves rather slowly with redshift), the cross-power spectrum P, ,,, contains the
information of the phase difference between the matter and the H Romani field. If the distribution and
the properties of the reionization sources change, the topology of the ionization field will also change and

one would expect then the phase difference between the matter and the H Romani field to also change,
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which it turn should have a signature in the quadrupole moment. To test whether this idea can be used to
distinguish between different reionization sources using the nature and amplitude of Py, Majumdar et al.
(2016) simulated a collection of reionization scenarios considering various degrees of contribution from
different kinds of reionization sources. The reionization scenarios they consider include ionizing photon
contribution from the usual UV photon sources hosted by the halos with mass > 10° Mg, a uniform
ionizing background generated by hard X-ray sources, a local uniform ionizing background generated by
soft X-ray sources (limited by the mean free path of soft X-ray photons), various combinations of all
of these three contributions, reionization driven by quasar like very strong sources located around the
most massive halos etc. They find that, for all of their reionization scenarios (except the one dominated
by a uniform ionizing background), the quadrupole moment at large length scales (k = 0.12 Mpc™1)
evolves with Zyy in a rather robust manner (Figure 2), even though the topology of the 21-cm signal
look significantly different in all of those scenarios. They further show that as long as the major ionizing
photon sources follow the underlying matter distribution, the phase difference between the matter and
the H Romani evolves with Zy; in almost similar fashion, though the topology of the 21-cm signal can
be drastically different. This is why the quadrupole moment (Pj) evolves in a robust fashion with Zyy
in all of those scenarios. Building on this idea, they further demonstrate that this robustness of Ps can
be used to extract the reionization history to a great degree. They show that for an instrument with
the sensitivity of the first phase of the SKA-LOW, it will require 100 hr of observation to constrain the
reionization history (Zmr versus z) very precisely, if foregrounds have already been removed to a great
degree.

4.2 During the Cosmic Dawn

The 21-cm signal from the Cosmic Dawn and the very early stages of the EoR (Zp; 2 0.95) are expected
to be affected by the spin temperature fluctuations caused by the inhomogeneous X-ray heating and
Lyman-a coupling around the early sources of light. In this regime one would not be able to assume
Ts > Tcyp and the fluctuations in the quantity n(z,x) = 1 — Teyp(2)/Ts(z,x) will contribute to the
21-cm brightness temperature significantly as predicted by Bharadwaj et al. (2001); Bharadwaj and Ali
(2004, 2005); Ali et al. (2005) ete. Ghara et al. (2015a) developed and used an one dimensionals radiative
transfer simulation to study the effects of spin temperature fluctuations on the 21-cm power spectrum
during these stages while implementing the effect of redshift space distortions in the signal using the
actual matter peculiar velocities. It was assumed that each of the early sources of light produced in their
simulation has two components: i) usual stellar component (modelled using general population synthesis
prescriptions) and ii) a mini-quasar component (assumed to have a power-law spectrum). They found
some distinct features in the large scale power spectrum in this case when compared to the scenario
where inhomogeneities in the gas temperature and the Lyman-« coupling are ignored. They observed
three distinct peaks in the large scale spherically averaged power spectrum of the signal when plotted as
a function of redshift (left panel of Figure 3). The peak which appears latest in the history is associated
with ~ 50% neutral fraction of the IGM and the H Romani fluctuations have the maximum contribution
to the power spectrum at this stage. The second peak is related to the fluctuations in the heating pattern
and appears when ~ 10% of the volume is heated above Tcyp. The third peak, which corresponds to
the earliest stages of the 21-cm history, corresponds to the inhomogeneities in the Lyman-a coupling.
Identification of these peaks (two of which were not reported earlier in the literature) would be very
important when one would try to parametrize the CD and the EoR using the observed power spectrum
and variance of the 21-cm signal from the proposed shallow survey using the first phase of SKA-LOW
(Koopmans et al., 2015).

To quantify the effect of redshift space distortions Ghara et al. (2015a) estimated the ratio of the
spherically averaged power spectrum in redshift space and in real space. They find that this ratio
at large length scales to be not that high as reported by some earlier studies (Majumdar et al., 2013;
Jensen et al., 2013), when one includes the effect of spin temperature fluctuations. They associate this
disagreement to the fact that they do not include the sources with mass lower than 10° My and also
to the fact that during the CD and the early stages of the EoR the fluctuations in 21-cm are mainly
driven by the fluctuations in Ts, which is mildly correlated to the density field, thus the redshift space
distortions do not change the amplitude and shape of the power spectrum drastically here. They have
also estimated the p-decomposed power spectrum (right panel of Figure 3) following eq. (3) to further
understand the effect of redshift space distortions on the signal power spectrum. They find that both
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Figure 3: The left panel shows the spherically averaged 21-cm power spectrum at large length scales
for three different models of X-ray heating and Lyman-« coupling. Model A: IGM is Lyman-a coupled
and highly heated, Model B: IGM is strongly Lyman-a coupled but self consistently heated with X-ray
sources, Model C: IGM is self consistently coupled with Lyman-a and heated by X-ray sources. The
right panel shows the redshift space p-decomposed power spectra estimated following eq. (3) for Model
C. Figure taken from Ghara et al. (2015a).

the coefficients of ;2 and p? have non-zero values during this stage, however their amplitude are smaller
or comparable but not higher than the coefficient of 1% term (which is equivalent to the real space power
spectrum) in the power spectrum. In a later work, Ghara et al. (2015b) have computed the anisotropy
ratio (top panels of Figure 4) defined by eq. (10) as a function of z at large and intermediate length
scales (k= 0.1 and 0.5Mpc™ ') for the similar reionization scenarios as in Ghara et al. (2015a) but here
they have also included the sources of mass lower than 10° M. It is evident from these figures that the
anisotropy due to the redshift space distortions can be significant (7, > 1) at large and intermediate
length scales even during the Cosmic Dawn and the early stages of the EoR when one takes into account
the inhomogeneities in the X-ray heating and Lyman-a coupling.

5 Quantifying the light cone effect in the 21-cm power spectrum

5.1 During the EoR

The first numerical investigation of the light cone effect on the 21-cm power spectrum from the EoR
was done by Datta et al. (2012). They used a set of radiative transfer simulations of volume (163 Mpc)?
having three different reionization histories (from rapid to slow) to study the light cone effect. They
have quantified the impact of the light cone effect by estimating the relative difference between the
spherically averaged power spectrum of the light cone box [A%(k)] and the same estimated from a
coeval cube [A%C(k)}, corresponding to the central redshift of the light cone box, i.e. through the
quantity [AZq(k) — A2 (k)]/A%(k) (Figure 5). They observed that the relative change in the power
spectrum can be up to ~ 50% within the k range ~ 0.1—9.0 Mpec~! and the large scales are affected more
compared to the small scales. They find that the light cone power spectrum get enhanced at large scales
and suppressed at small scale compared to the coeval box power spectrum at the redshift of the centre of
the box. This enhancement and suppression of power happens around a Fourier mode k¢poss—over, which
gradually shifts towards the large scales as reionization progresses. Using simple toy models of power
spectra, they argue that this behaviour is a signature of the difference in the bubble size distribution
in the coeval box and the light cone box. They also observed that the difference in between A%C and
A% is minimum when reionization is half way through. The line of sight extent of the light cone box
influences the difference between Aic and A%C. This difference goes down with the reduction of the
LoS extent of the light cone box. It was also noticed that as any radio interferometric observation do not
measure the k; = 0 mode, thus the DC value of the signal power spectrum cannot be measured, which
in turn removes the effect of the evolution of mass averaged neutral fraction (Zmr) (across the LoS) from
the observed light cone power spectrum. Datta et al. (2012) have further observed that the change in

190



Model A Model B Model C

2 2 2
15 - 1
1 1 =
=
0.5 1 a
0 k=05Mpct — -
1 Mpc'1 —=-
_05 L L L L L L _05 L L L L L L _05 L L L L L L
8 10 12 14 16 18 20 8 10 12 14 16 18 20 8 10 12 14 16 18 20
z z z
0.1 0.1 0.1
0.05 1 0.05 1
>
! 0 4 0 4 g
o
-
-0.05 1-0.05 1
_0.1 L L L L L L _O.l L L L L L L
8 10 12 14 16 18 20 8 10 12 14 16 18 20
z z z
2 2 2
(@]
|
= +
~ [a]
4 0
@
_05 L L L L L L _05 L L L L L L _05 L L L L L L
8 10 12 14 16 18 20 8 10 12 14 16 18 20 8 10 12 14 16 18 20
z z z

Figure 4: This shows the anisotropy ratio 7, computed following eq. (10) as a function of redshift for
large and intermediate length scales. The models A, B and C are the same as described in Figure 3,
the only difference here is that all of them also include sources of mass lower than 10° M. The three
rows from top to bottom shows the ratio computed when the signal includes only the redshift space
distortions, only light cone effect and both redshift space distortions and light cone effect, respectively.
Figure taken from Ghara et al. (2015b).
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Figure 5: The left panels show the spherically averaged 21-cm power spectrum estimated from the light
cone cube (LC:red solid line) and coeval cube at the central redshift (CC:blue solid line) at different stages
of the EoR. The dashed lines show the power spectrum from the coeval cubes at redshifts corresponding
to the back and the front sides of the light cone box. The right panels show the relative difference in the
power spectra between the LC and the CC boxes, estimated at the same stages of the EoR as shown on
the left. Figure taken from Datta et al. (2012).

reionization history (whether rapid or slow), does not change the light cone affect on the power spectrum
significantly. The light cone effect is more dependent on the mass averaged neutral fraction at the central
redshift of the light cone box rather than the total EoR history. These findings of Datta et al. (2012)
regarding the light cone effect were later confirmed independently by La Plante et al. (2014) as well.

It is intriguing to ask the question, whether the light cone effect introduces any significant LoS
anisotropy to the observed EoR 21-cm power spectrum. If the anisotropy introduced by the light cone
effect is significant and also contributes in a similar fashion in the power spectrum as the redshift space
anisotropy, then it would be really difficult to distinguish between these two effects from a real observa-
tion. Also, several other proposed outcomes using the SKA-LOW observations, which uses the redshift
space anisotropy as a tool, such as separating the cosmology from astrophysics (Barkana and Loeb, 2005)
or extracting the reionization history (Majumdar et al., 2016), would be difficult to achieve. Datta et al.
(2014) have tried to address mainly this issue, i.e. whether the light cone effect introduces any significant
anisotropy to the signal power spectrum and what could be the best observational strategy to minimize
the impact of the light cone effect on the EoR 21-cm power spectrum.

Datta et al. (2014) used a significantly large simulation volume ([607 Mpc]?), which is comparable
to the field of view of LOFAR, to study the impact of the light cone effect on the signal. The large
simulation volume allowed them to study this effect in case of both very rapid as well rather slow
reionization histories. They find the impact of the light cone effect on the spherically averaged power
spectrum is maximum when the reionization is ~ 20% and ~ 80% finished and it is rather small at
~ 50% reionization. Which, reconfirms the findings of Datta et al. (2012). However, they do not observe
any significant LoS anisotropy introduced to the power spectrum due to the light cone effect. They
used a toy model to explain this rather surprising finding. They find that, even though the light cone
effect makes the H Romanii bubbles larger in an observational data cube towards the side closer to
the observer compared to the opposite side of the observational volume along the LoS, it does not
necessarily makes the H Romanii bubbles elongated or compressed along the LoS. This systematic change
in H Romanii bubble size along the LoS does not make the power spectrum anisotropic as long as the
bubbles remain approximately spherical in shape. The power spectrum can only become anisotropic
when the shape of the individual H Romanii bubbles distort along the LoS, which can only happen if the
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major sources of reionization are extremely strong in terms of their photon emission rate (e.g. quasars),
which will lead to a relativistic growth of the H Romanii regions. They also studied the power spectrum
by including both redshift space distortions and light cone effect to the signal and found that the light
cone effect does not change the signatures of the redshift space distortions at any stage of the EoR.

Datta et al. (2014) also identified that there exists an optimal frequency bandwidth along the LoS
for the power spectrum estimation, within which the light cone effect can be ignored without loosing
the signal to the uncertainties due to the sample variance. They found that for large scales such as
k = 0.16 Mpc™! this is ~ 11 MHz and for intermediate scales k = 0.41 Mpc~" this is ~ 16 MHz, if one
allows a change of 10% in the power spectra. These optimal bandwidths may change depending on the
reionization history.

5.2 During the Cosmic Dawn

Ghara et al. (2015b) performed the first numerical study on the impact of the light cone effect on the
redshifted 21-cm power spectrum from the Cosmic Dawn. They used a set of one dimensional radiative
transfer simulations (similar to Ghara et al. 2015a) for the signal, while considering spin temperature
fluctuations in the signal due to the inhomogeneous X-ray heating by the first sources and non-uniform
Lyman-a coupling. They found that the impact of the light cone effect is more dramatic when one
considers both the inhomogeneous X-ray heating and the Lyman-a coupling induced spin temperature
fluctuations in the signal, compared to the case when these effects are ignored. It was observed that at
large length scales k ~ 0.05 Mpc ™!, light cone effect is more prominent around the peaks and dips of the
power spectrum when plotted as a function of redshift (Figure 6). They observed that the large scale
signal power spectrum is suppressed around the three distinct peaks (by factors of ~ 0.7) and enhanced
(by factors of ~ 2) around the dips due to this effect. This enhancement/suppression was found to be
higher in a case where one includes sources of mass lower than 10° M, in their reionization prescription.
A significant light cone effect was also observed at small length scales (k ~ 1 Mpc™!), during the Cosmic
Dawn.

The reason behind this behaviour is that where ever the power spectrum experiences any non-linear
evolution, the light cone effect becomes substantial at those points, as any linear evolution will be mostly
cancelled out (Datta et al., 2012). This is possibly why this effect appears to be more prominent around
the heating peak and the peak and dip caused due to the inhomogeneous Lyman-a coupling. It was
also observed that inclusion or exclusion of light cone effect changes the power spectrum at large scales
(k ~ 0.05Mpc™") by —100 to 100 mK? and at small scales (k > 0.5 Mpc ') by —250 to 100mK?*. These
large differences should be in principle detectable by SKA-LOW, due to its higher sensitivity. It was
proposed that the power spectrum peaks at large scales during the CD can be used to extract the source
properties, X-ray and Lyman-a backgrounds etc (Mesinger et al., 2014). However, while performing such
an exercise on an actual observational data set, one needs to take into account the light cone effect as it
suppresses those peaks.

Similar to Datta et al. (2014) in the EoR, Ghara et al. (2015b) also did not find any significant
LoS anisotropy introduced by the light cone effect in the signal from the CD. They had estimated the
anisotropy ratio r, for large and intermediate scales (Figure 4) to quantify the LoS anisotropy due to
the light cone effect. They found that the LoS anisotropy quantified by this ratio is less than 5% during
most of the duration of the CD and the EoR. They had also observed that, the light cone anisotropy do
not destroy the anisotropy due to the redshift space distortions present in the signal.

6 Detectability of the line of sight anisotropy signatures

6.1 Foreground avoidance versus foreground removal

One of the major obstacle for the detection of the CD-EoR 21-cm signal is the foreground emission from
galactic and extra-galactic point sources, which is expected to be few orders of magnitude larger than
the signal itself. These foregrounds are assumed to be spectrally smooth, which implies that they will
only affect the lowest k& modes parallel to the LoS (k). However, due to the frequency dependence
of an interferometers’s response, the foregrounds will propagate into higher & modes. This causes the
foregrounds to become confined to a wedge-shaped region in kj — k. plane, which was first identified
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Figure 6: The top panels show evolution of the spherically averaged 21-cm power spectrum with redshift
from simulation boxes with (thin line) and without (thick line) light cone effect in them. The middle
and the bottom panels show relative change in the power spectrum due to the light cone effect when
compared with the coeval power spectra. Three different columns correspond to three different models
for reionization sources. Figure taken from Ghara et al. (2015b).
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by Datta et al. (2010). One of the ways to deal with the foregrounds is thus to avoid this region where
foregrounds will be dominant and restrict the signal power spectrum estimation within the region of the
k) — k. space which is expected to be clean from foregrounds (see e.g. Trott et al. 2012; Dillon et al. 2014;
Pober et al. 2014 etc). One drawback of this method is that one have to live with the low SNR of the
signal power spectrum, after throwing away a large fraction of the data in this way. The other drawback
will be that the directional dependence of the power spectrum will be hard to quantify in this method.
Detectability of any LoS anisotropy (more precisely the anisotropy due to the redshift space distortions
in this context) present in the 21-cm signal power spectrum will depend on the fact that the power
spectrum is sampled uniformly over all angles (or p values) with respect to the LoS. Any sort of biased
sampling of the power spectrum in this regard may lead to misinterpretation of signal characteristics
and the related characteristics of the CD-EoR parameters. This would be inevitable in this foreground
avoidence technique (Pober, 2015). Even when one is interested only in the spherically averaged power
spectrum, it has been observed that the biased sampling of the k) — k. plane will introduce an atrificial
but significantly large bias to the estimated power spectrum (Jensen et al., 2016). Thus to quantify the
LoS anisotropies in the CD-EoR 21-cm signal using the future SKA-LOW shallow or medium survey
(Koopmans et al., 2015), it is very important that we employ a proper foreground subtraction technique
rather than using foreground avoidance.

6.2 Uncertainties due to the cosmic variance

Any statistical estimation of the CD-EoR 21-cm power spectrum comes with an intrinsic uncertainty of
its own, which arises due to the uncertainties in the signal across its different statistically independent
realizations, i.e. due to the cosmic variance of the signal. In most of the analysis present in the current
literature related to the characterization of the CD-EoR 21-cm signal power spectrum, it has been
assumed that the signal has properties similar to a Gaussian random field, which makes its cosmic
variance to scale as the square root of the number of independent measurements. This could be a
reasonably good assumption during the early phases of reionization, but during the later stages of the
FoR, the signal becomes highly non-Gaussian as it gets characterized by the H Romanii regions around the
reionization sources (Bharadwaj and Ali, 2005; Bharadwaj and Pandey, 2005). The size and population
of these H Romanii regions gradually grow as reionization progresses, making the signal more and more
non-Gaussian. A similar picture can be drawn during the early stages of the cosmic dawn as well,
when the signal is characterized by the heated regions around the first sources of light. Using a large
ensemble of simulated EoR 21-cm signal, Mondal et al. (2015) was the first to study the impact of the
non-Gaussianity of this signal on the cosmic variance of its power spectrum estimation. They had shown
that for a fixed observational volume it is not possible to obtain an SNR above a certain limit, even when
one increases the number of Fourier modes for the estimation of the power spectrum. In a more detailed
follow up work, Mondal et al. (2016a) had provided an theoretical framework to interpret the entire
error covariance matrix of the signal power spectrum. They identify two sources of contribution in the
error covariance. One is the usual variance of Gaussian random field and other is the trispectrum of the
signal, which comes due to the fact that the different Fourier modes in the signal are correlated due their
inherent non-Gaissianity. They establish the fact that errors in differnt length scales of the EoR 21-cm
power spectrum are correlated. In a further follow up on this, Mondal et al. (2016b) studied the evolution
of these errors with the evolving IGM neutral fraction. Using the EoR simulations they had established
that for any mass averaged neutral fraction gy < 0.8 the error variance will have a significantly large
contribution from the trispectrum of the signal for any Fourier mode k > 0.5 Mpc~!. This dependence
may change depending on the reionization source model and the resulting 21-cm topology. It is important
to properly quantify the actual uncertainties present in the power spectrum of the EoR 21-cm signal due
to the cosmic variance as that will decide the statistical significance with which the LoS anisotropies in
the power spectrum can be quantified.

7 Summary and Future Scopes with the SKA-LOW

In most part of this review, we have been trying to stress on the fact that the understanding of the LoS
anisotropy in the redshifted 21-cm is not only important for the current ongoing surveys of the CD-EoR
but it will be specifically very crucial for the future SKA-LOW surveys of this era, as the SKA-LOW is
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expected to measure this signal with an unprecedented sensitivity in both spatial as well as frequency
direction compared to any of its predecessors. In context of the proposed survey strategies for the SKA-
LOW (Koopmans et al., 2015), the following issues related to LoS anisotropy in the signal would be
particularly important —

e It has been proposed that using the shallow survey (observing 10,000 deg? in the sky for 10 hr)
with SKA-LOW one would be able constrain different parameters for the CD-EoR 21-cm signal by
comparing it with a large ensemble of simulated 21-cm power spectra (Greig et al., 2015). However,
as it has been shown in the previous few sections, that a proper accounting of the impact of the
redshift space distortion, the light cone effect and the bias in the sampling of the k; — k|| space
would be necessary to get a unbiased estimation of these parameters. It would be important to
take into account the AP effect as well to account for any anisotropies in the signal due to the
non-Euclidean geometry of the space-time. Finally, the effect of the non-Gaussian nature of the
signal on it’s power spectrum error covariance needs to be taken into account. This will help to
quantify the uncertainties in the estimated reionization parameters properly.

e While estimating power spectrum from the observed three dimensional data one should estimate
it within an optimal band width to avoid any significant impact due to the light cone effect. The
width of this optimal bandwidth needs to be properly examined with a larger variety of reionization
sources and reionization histories.

e Accounting for the possible light cone effect would be also important, when one will try to charac-
terize the heating sources during the CD from the peaks of 21-cm power spectrum, as this effect
tends to reduce those peaks.

e If the foreground removal works reasonably well, it would be possible to constrain the reionization
history from the evolution of the quadrupole moment of the power spectrum estimated from the
proposed medium deep survey by the SKA-LOW (observing 1000 deg? of the sky for 100 hr).

e Presence of the noise bias and several telescope related anomalies in the observed data may make
the quantification of the signal and the LoS anisotropy present in it very difficult. Thus it would be
necessary to develop clever estimators of the signal power spectrum, which will inherently remove
such bias and anomalies (Datta et al., 2007; Choudhuri et al., 2014, 2016).
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Abstract

Detection of individual luminous sources during the reionization epoch and cosmic dawn through
their signatures in the HI 21-cm signal is one of the direct approaches for probing the epoch. Here,
we summarize our previous works on detecting individual sources during reionization epochs and
cosmic dawn in HI 21-cm maps and present a preliminary results on the prospects of detecting
such sources using the SKA1-low experiment. We first discuss the expected HI 21-cm signal around
luminous sources at different stages of reionization and cosmic dawn. We propose two visibility based
estimators for detecting the signal: one based on the matched filtering technique and the other relies
on simply combing the signal from different baselines and frequency channels.

We find that that the SKA1l-low should be able to detect ionized bubbles of radius Ry = 10 Mpc
with ~ 100 hr of observations at redshift z ~ 8 provided that the mean outside neutral fraction
zu 1 2 0.5. We also investigate the possibility of detecting HII regions around known bright QSOs
such as around ULASJ1120+40641 discovered by (Mortlock et al., 2011). We find that a 50 detection
is possible with 600 hr of SKAl-low observations if the QSO age and the outside zy 1 are at least
~ 2 % 107 Myr and ~ 0.2 respectively.

Finally, we investigate the possibility of detecting the very first X-ray and Ly-alpha sources
during the cosmic dawn. We consider the mini-QSOs as a source of X-ray photons. We find that
around ~ 1000 hr would be needed to detect those sources individually with the SKA1l-low. We also
summarize how the SNR changes with various parameters related to the source properties.

1 Introduction

The emergence of first galaxies, quasars in the Universe is one of the significant events in its history.
According to the standard scenario, the Ly-«, X-ray, UV photons produced by these first sources per-
colate through the intergalactic medium (IGM) and completely altered its thermal and ionization state.
Unfortunately, we know very little about the nature and properties of these sources.

Recently, tens of extremely bright quasars at redshifts z = 6 have been detected by various surveys
(Fan et al., 2006; Mortlock et al., 2011; Venemans et al., 2015). In addition, hundreds of high redshift
galaxies at similar redshifts have been discovered by various techniues (Ouchi et al., 2010; Hu et al.,
2010; Kashikawa et al., 2011; Ellis et al., 2013; Bouwens et al., 2015). These sources played an important
role during the last phase of the epoch of reionization (EoR). We expect many such sources to exist even
at higher redshifts during the initial stages of reionization and cosmic dawn.

It is likely that the UV photons from these sources ionized the neutral Hydrogen atoms around them
and create ionized bubbles which are embedded in neutral Hydrogen medium. The Ly-« from the very
first luminous sources during the cosmic dawn couple the IGM temperature with HI spin temperature.

*kanan.physics@presiuniv.ac.in
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Similarly the X-ray photons from X-ray sources heat up the IGM temperature and therefore raise both
the IGM kinetic and the HI spin temperature. The coupling and the heating are initially efficient near the
sources. It has been suggested that one can detect the 21-cm signatures around these individual sources
using low-frequency telescopes (Datta et al., 2007b, 2008, 2009) which can be helpful in constraining the
source properties (Majumdar et al., 2012; Datta et al., 2012). We note that upcoming space telescopes
such as the James Webb Space Telescope (JWST)! should also be able to detect some of these brightest
sources during cosmic dawn and reionization epoch in the optical/infrared band (Zackrisson et al., 2011;
De Souza et al., 2013, 2014).

Detection of individual luminous sources during the reionization epoch and cosmic dawn through
their signature on the HI 21-cm signal is one of the direct approaches to understand the epoch. Ongoing
experiments such as the GMRT, MWA, LOFAR primarily aim to detect the HI 21-cm signal statistically
using quantities such as the power spectrum, rms, skewness of the HI 21-cm brightness temperature
fluctuations.

We take an alternative approach to undersatnd the reionization epoch and cosmic dawn through
detection of HI 21-cm signature of the sources. In this paper, we summarize our previous works on
detecting individual sources in HI 21-cm maps and present a preliminary results on the prospects of
detecting such sources using the SKA1l-low experiment. With an order of magnitude higher sensitivity,
better baseline coverage and improved instrument the SKAl-low is expected to detect such objects
individually with much less observations time. We first discuss the expected HI 21-cm signal around
luminous sources at different stages of reionization and cosmic dawn. then we propose two visibility
based estimators for detecting the signal: one based on the matched filtering technique and the other
relies on simply combing the signal from different baselines and frequency channels.

The outline of the paper is as follows: In section 2, we discuss the HI 21-cm signal profile around
individual sources during the cosmic dawn and reionization epoch. In subsection 2.3 we calculate cor-
responding visibility signal. Section 3 discusses two estimators which are visibility based for detecting
the signal discussed in section 2. We also describe the filter we consider for the first estimator which
uses the matched filtering technique. Section 4 discusses the results on the detectability of ionized bub-
bles, known bright QSOs in the reionization epoch and the first sources during the cosmic dawn using
SKA1-low telescope. We summarize the work presented here in section 5.

2 The HI 21-cm signal around individual sources

The first sources are expected to emit in UV, Ly-alpha, X-ray frequencies. In a likely scenario, a fraction
of the Ly-a photons from the first generation of stars escape from their host environment and couple
the H I spin temperature with the IGM gas kinetic temperature very quickly. At the same time the soft
X-ray photons emitting from sources like the mini-QSOs, X-ray binaries, Pop III stars etc. enter into
the IGM and heat it up. This causes the HI spin temperature above the background CMB temperature.
Subsequently, the UV photons start ionizing HI surrounding the sources and create ionized bubbles which
are embedded into HI medium. The Ly-a coupling, X-ray heating, and UV ionization are initially done
near the sources and slowly spread over the entire IGM. We expect three distinct differential HI 21-cm
brightness temperature (6T) profiles around sources at three different stages of the cosmic dawn and
reionization. In general, the differential brightness temperature of the HI 21-cm signal can be written as

6Tb(§, 7/) =27 mHI(X, Z)[]_ + 6B(X7Z)] (QBh2>

0.023
0.15 142\"? Tens(2)

1 - ZCMBE | K

x <th2 10 > [ Ts(x, 2) } R

(1

where x = r.f and 1+ z = 1420 MHz/vops, 7, is the radial comoving distance to redshift z. 0p(z,x)
and zpp(z,x) denote the density contrast in baryons and neutral hydrogen (HI) fraction respectively at
x at a redshift z. Tomp(z) = 2.73 x(1+ z) K is the CMB temperature at a redshift z and Ts is the spin
temperature of neutral hydrogen gas. We ignore the line of sight peculiar velocity effects (Bharadwaj

Lhttp://jwst.nasa.gov
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and Ali, 2004; Barkana and Loeb, 2005) in the above expression, which, we believe do not affect the
results presented here..

Below, we briefly discuss the HI 21-cm brightness temperature profile around individual sources
expected at different stages of reionization and cosmic dawn.

2.1 Model A: HI 21-cm signal from ionized bubbles during reionization

5T, (MK)

Figure 1: Left panel: The differential brightness temperature profile around an isolated mini-QSO. The
source properties are taken to be those corresponding to the fiducial values. The results are shown
for all three coupling models A, B, C described in the texts. Right panel: The absolute value of the
corresponding visibility amplitude as a function of baseline U. Also shown are rms noise in the visibilities
calculated for 1000 h of observation with the SKAl-low with a frequency resolution of 50 kHz. We have
fixed Upin = 10 while calculating the rms noise. The figure is taken from our previous work (Ghara
et al., 2015).

In this scenario, we assume that the IGM kinetic temperature is fully coupled with the HI spin
temperature and both the temperatures are much higher than the CMB temperature. This is a likely
scenario when the Universe is already ~ 10 — 20% ionized or after that. Now, we consider a spherical
ionized bubble of comoving radius Rp centered at redshift z. surrounded by uniform IGM with neutral
hydrogen fraction xy;. We refer this as model A. These kind of ionized bubbles are expected to be
common during the later stages of reionization as there are a significant numbers of UV sources which
create spherical ionized regions around them. A bubble of comoving radius R will be seen as a circular
disc in each of the frequency channels that cut through the bubble. At a frequency channel v, the angular
radius of the disc is 8, = (Ry/r,)\/1 — (Av/Aw,)?%, where Av = v — v, is the distance from the bubble’s
centre v, = 1420M Hz /(14 z.) and Avy, = Ry/7),, Avy is the bubble’s radius in frequency space. Here, 7,
is the comoving distance corresponding to z = (1420 MHz/v) — 1 and ), = dr, /dv. The specific intensity
profile of HI 21-cm signal in this scenario can be written as

- 19—, | |v—re|

where the radiation from the uniform background HI distribution with neutral Hydrogen fraction xyp

can be written as zp; I, where I, = 2.5 x 102% (%”—5) (0—,17) (HI{E)) and O(z) is the Heaviside step

function. Note that, here we assume Ts >> Tcup, neutral Hydrogen overdensity parameter §g = 0. In
the Raleigh-Jeans limit the specific intensity I,, in eq. 2 can be calculated from the differential brightness
temperature in eq. 1 using the relation I, = (2;5) 5Tb(§, v).

The dashed blue line in the left panel of figure 1 shows the HI differential brightness temperature
profile as a function of comoving distance from the source. As mentioned above, we assume Ty > T,
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here. The brightness temperature is zero very close to the source because the region is highly ionised
and equals to the background HI differential brightness temperature.

2.2 Model B & C: 21-cm signal around sources during cosmic dawn

In model B the Ly-a coupling is assumed to be efficient throughout i.e, the IGM kinetic temperature is
completely coupled with the HI spin temperature. Additionally, we assume that there is a X-ray source
at the centre of a host DM halo. We refer this as model B. In this model the HI 21-cm signal pattern,
in general, can be divided into three prominent regions: (i) the signal is absent inside the central ionized
(H II) bubble of the source. (ii) The H II (ionized) region is followed by a region which is neutral and
heated by X-rays. In this region, the IGM kinetic temperature Tx > Tcyp and thus the HI 21-cm signal
is seen in emission. (iii) The third is a strong absorption region which is colder than Toump as the X-rays
photons have not been able to penetrate into this region. At reasonably far from the source the spin
temp eventually becomes equal to the background IGM temp.

We consider a third model, referred as model C, which calculates the Ly-alpha coupling, heating,
ionisation self-consistently. This is believed to be the case at very early stages of the cosmic dawn. In
addition to all three prominent regions described in the model B there will one more prominent region
i.e, Beyond the absorption region, the signal gradually approaches to zero as the Ly -« coupling becomes
less efficient far away from the source.

Here, we consider only mini-QSOs as a X-ray sources (see (Ghara et al., 2015) for other X-rays
sources). The stellar mass for this source model is taken to be M, = 10” M. The value of the escape
fraction is taken to be fesc = 0.1. The X-ray to UV luminosity is fixed as fx = 0.05, while the power
law index of the X-ray spectrum of Mini-QSO model is chosen to be a = 1.5. It is assumed that the age
of the sources is tage = 20 Myr. The densities of hydrogen and helium in the IGM are assumed to be
uniform and the density contrast ¢ is set to 0. We denote this model source as our “fiducial” model. We
choose the fiducial redshift to be 15 for presenting our results.

The black dashed and the solid red lines in the left panel of the figure 1 show the 21-cm differential
brightness temperature d7; profile around a mini-QSO like source described above for the B and C
models respectively.

2.3 Visibilities
The expected visibility signal in each frequency channel is the Fourier transform of the sky intensity

pattern and can be approximated as (see (Datta et al., 2007b) for the model A, and the Appendix A of
(Ghara et al., 2015)for the B and C models)

) J1(27U8,,;) lv — v
(@) ~ =2 1,02, |22 1-— )
SYN(U,v) mzuinly,i0;; { 2700y, e Ay 3)

We assume that the source is at the phase centre of the antenna field of view. i denotes various models
such as model A, B, C. The integer m = 1 for the A and C model and —1 for the B model. The above
visibility signal picks up an extra phase factor if the source is not at the centre of the field of view. The
right panel of Fig: 1 shows the visibility signal S (U, v) as a function of baseline U.

For the model A, the HI 21-cm signal is zero within a circular disc through an ionized bubble of
radius Ry 1. In each channel of frequency v, the signal has a peak value |S(0,v)| = ﬂ'xHII_l,,AGiA. The
signal is largely contained within baselines U < Uy = 0.61/6,, 4 (blue dashed line in the right panel of
figure 1), where the Bessel function has its first zero crossing, and the signal is much smaller at larger
baselines.

For the B and C model, we find that the emission and absorption bubbles are larger than the H
IT bubble. We further find that the visibility signal is essentially determined by the emission region in
the B model and by the absorbtion region in the C model (black dashed and red solid lines respectively
in the right panel of figure 1). The first zero crossings of the visibility signal for the B and C model
occur at lower values of U compared to the model A. For example, the first zero crossing appears around
Uy = 2390 and 590 for the models B and C respectively, while it appears around Uy = 5650 for the model
A. In addition, we find that the amplitude of the visibility signal at small U is the largest (smallest)
for C (A). The amplitude of the visibility at small baselines scales roughly as fy, AHB,I-, where Ifl,,i is the

signal amplitude in the emission region for the model A and in the absorption region in models B and
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C.0,, = R, ;/r, is the total radial extent of the ionized region for the model A, ionized and emission
regions for model B and ionized, emission and absorption regions for models C. Given this scaling, it
is easy to see that since the size of the absorption region is much larger than the ionized and emission
regions, the visibility amplitude in model C would be the largest. This is further assisted by the fact
that the I;i itself is very high in the absorption region.

3 Estimators for detecting sources individually

The visibility recorded in radio-interferometric observations can be written as a combination of four
separate contributions

V(U,v)=8U,v)+HFU,v)+ NU,v)+ FU,v) (4)

where the baseline U = d/)\, d is physical separation between a pair of antennas projected on the
plane perpendicular to the line of sight. S(U7 v) is the HI signal that we are interested in, HF([j, v)
is contribution from fluctuating HI outside the targeted region, N (ﬁ ,v) is the system noise which is
inherent to the measurement and F' ((7 ,v) is the contribution from other astrophysical sources referred
to as the foregrounds.

It is a major challenge to detect the signal which is expected to be buried in noise and foregrounds
both of which are much stronger. It would be relatively simple to detect the signal in a situation where
there is only noise and no foregrounds. There are various ways of reducing the rms noise in observations.
Below we discuss two ways to minimize the noise contribution in the measurements and maximize the
signal to noise ratio.

3.1 DMatched filter technique

This technique has been proposed and explored for detecting individual ionized bubbles described in the
A type model. Bubble detection is carried out by combining the entire observed visibility signal weighed
with the filter. The estimator E is defined as (Datta et al., 2007b)

E= Z;Sﬂﬁa,ww(ﬁa,ub) / Zbl (5)

where the sum is over all frequency channels and baselines. The expectation value (F) is non-zero only
if an ionized bubble is present. S f(l?a, vp) is a filter which has been constructed to detect the particular
ionized bubble.

The system noise (NS), HI fluctuations (HF) and the foregrounds (FG) all contribute to the variance
of the estimator

AB?) = ((AB)?) +{(AB)?) AB?) .
(BB = ((AB)?) +((AB)?) +(@AE?)

(6)
Because of our choice of the matched filter, the contribution from the residuals after foreground

subtraction <(AE)2>FG is predicted to be smaller than the signal (Datta et al., 2007b), Datta 2012) and

we do not consider it in the subsequent analysis. The contribution <(AE)2> which arises from the HI
fluctuations outside the target bubble imposes a fundamental restriction on bubble detection. It is not
possible to detect an ionized bubbles for which (E) < 1/<(AE)2>HF. Bubble detection is meaningful

only in situations where the contribution from HI fluctuations is considerably smaller than the expected
signal. Once this condition is satisfied, it is the SNR defined as

SNE=(E)/\[((AB)?) (7)
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It is possible to analytically estimate (E) and ((AE)?)xg in the continuum limit (Datta et al., 2007b).
We have

(B) = / U / dv pr (T, v) S5 (T,0)S(T,v). (8)
and

(@BP)s = [0 [dvpx@o) 15,00 (9)

pn(U,v) is the normalized baseline distribution function defined so that [a*U [ dvpn(U,v) = 1. For
a given observation, d?U dv pN(U ,v) is the fraction of visibilities in the interval d?U dv of baselines and
frequency channels. Further, we expect pN(ﬁ ,v) o< v~2 for an uniform distribution of the antenna
separations d.

The term o in eq. (9) is the rms. noise expected in an image made using the radio-interferometric
observation being analyzed. Assuming observations at two polarizations, we have

o= kBTsys
Aeff Vv thobsB
where kp is the Boltzmann constant, T, the system temperature, A.ry the effective collecting area of

an individual antenna in the array, N, the number of baselines, ¢,;s the total observing time and B the
observing bandwidth.

(10)

3.2 Filter

In order to detect an ionized bubble whose expected signal is S(U, v) we use the matched filter Sy (U, v)
defined as

| V — UV, | 1 /VC+B//2 7 /
1-2——— ) — d .
@( ] B s S(U,v")dv
(11)

Note that the filter is constructed using the signal that we are trying to detect. The term (v/v,)? accounts
the frequency dependent U distribution for a given array. The function © is the Heaviside step function.
The second term in the square brackets serves to remove the foregrounds within the frequency range
ve — B'/2 to v, + B’/2. Here B’ = 4 Ay, is the frequency width that we use to estimate and subtract
out a frequency independent foreground contribution. This, we have seen in Paper I, is adequate to
remove the foregrounds such that the residuals are considerably smaller than the signal. Further we have
assumed that B’ is smaller than the total observational bandwidth B. The filter S f(ﬁ ,v) depends on
[Ryp, 2c, 9_;] the comoving radius, redshift and angular position of the target bubble that we are trying to
detect.

3.3 Combining visibilities

The success of the matched filter method depends on ability to find a suitable filter. The signal to
noise ration (SNR) is maximum in a situation when the filter matches perfectly with the signal. Prior
knowledge about the signal and its dependence on various parameters is necessary in order to find an
appropriate filter. The HI 21-cm signal around the sources during the cosmic dawn depends on various
parameters such as the number of Ly-a, X-ray, UV photons available, X-ray spectral index, background
IGM kinetic temperature, source age, UV escape fraction, IGM overdensity etc. Dependence of the HI
21-cm signal around cosmic dawn sources on so many unknown parameters makes it difficult to choose
an appropriate filter for the B and C type model. We, therefore, do not attempt to apply the matched
filter technique to the B, C type models. Instead, we simply add the visibility signal from all baselines
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and frequency channels to enhance the SNR. The estimator is defined as (see (Ghara et al., 2015) for
details)

E, = Zb:f/(ﬁa,yb) / 2;1 (12)

Note that the above estimator is a special case of the matched filter estimator i.e, Sf([j, v) =1 for all
baselines and frequency channels. The SNR can be written as,

1 [d?U [dv pn(U,v) S(U,v)

SNR = =
ON Jd?U [dv pn(U,v)

: (13)

where
2 kpTgys
oN = \/7 BLsys ) (14)
Aeff \/tobs Bl/ Nant(Nant - 1)/2

The quantity B, denotes the bandwidth of the observations, and is simply the frequency resolution Av,
times the number of frequency channels. Note that the above definition (13) of the SNR implies that
we weight the visibility signal S(U,v) at individual baselines by the number ng(U, v) of baselines. Since
ng(U,v) < 072(U,v), we have simply weighed the visibilities according to inverse of the noise error.

4 Results

4.1 Prospects of detecting ionized bubbles (H II regions) during reionization

In this section, we discuss the possibility of detecting individual ionized bubbles using the matched filter
technique. We implement this technique only for the model A. Figure 2 shows the SNR as a function
of comoving radius R, (Mpc) of ionized bubble for the matched filter technique. Ionized bubbles are
assumed to be embedded in uniform IGM with neutral Hydrogen fraction zpr ~ 0.5. The upper green
line of the figure 2 shows results for the SKAl-low for a total 100 hr of observations at frequency 165
MHz corresponding to redshift z = 7.6. For a comparison we show results for LOFAR (red line) for the
same observation time. Here, we assume that the SKAl-low baseline distribution is same as LOFAR.
We find more than 40 is possible for the SKAl-low for the entire range of bubble sizes we consider. It
is possible to detect ionized bubbles of radii R, = 20 and 30 Mpc with SNR> 15 and 30 with SKA1-low
100 hr observations. We also find that the SNR is around 10 times higher for the SKA1l-low compared
to LOFAR.

4.2 Prospects of detecting bright QSOs

We estimate the possibility of detecting the H 11 bubble around a quasar using the SKA1l-low medium or
deep HI 21-cm survey. For this analysis we assume that the quasar under consideration has a spectro-
scopically confirmed redshift from infrared surveys (similar to the case of (Mortlock et al., 2011)), and its
location and the luminosity (an extrapolation from the measured spectra) are known. We also assume
that the H 11 bubble is embedded in uniform IGM with the mean neutral fraction xg 1. We estimate the
total observation time required for the SKAl-low to detect such an H 1iregion around a high redshift
quasar using HI 21-cm observations. We investigate the minimum background xy 1 and the quasar age
required for a statistically significant detection of the H 11bubble. We consider the matched filtering
technique described above and introduced in (Datta et al., 2007b) for our analysis. We assume that the
quasar under consideration is emitting with a constant ionizing photon luminosity throughout its age
and, therefore, growing in size following the model of (Yu, 2005) (here we consider it to be same as the
(Mortlock et al., 2011) quasar ULASJ11204-0641 i.e. ]\']7 = 1.3 x 10°7 sec™!). We consider the apparent
anisotropy in the quasar H Iregions shape arising due to the finite light travel time (Yu, 2005) and
include that as the matched filter parameter in our targeted search (Majumdar et al., 2011, 2012). The
apparent radii of the ionized bubble for different QSO age and the outside zy 1 are shown in figure 3.
We assume that the quasar is located at redshift z = 8.
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Figure 2: This shows the SNR as a function of comoving radius R, (Mpc) of ionized bubble using the
matched filter technique for the model A. Tonized bubbles are assumed to be embedded in uniform IGM
with neutral Hydrogen fraction xy; &~ 0.5. The upper and lower lines show results for the SKA1-low and
LOFAR respectively for a total 100 hr of observations at frequency 165 MHz corresponding to redshift
z = 7.6. Here, we assume that the shape of SKA1-low baseline distribution is same as LOFAR.

For the SKAl-low interferometer we assume® Agff/Tsys ~ 500m?K~! at 110 — 160 MHz with
frequency resolution of Av = 0.1 MHz, number of antennas 512 and a total bandwidth of 32 MHz, which
yields a value of C* = 3.904 Jy in the following expression of R.M.S. of noise (Datta et al., 2007b)

contribution in a single baseline
- Ay \ V2 Ap V2
N2y =C" . 15
(V%) <1MHZ> (1866) (15)

Using this expression of noise and following the method described in (Majumdar et al., 2012) we
estimate the minimum observation time required for a 30 and 50 detection of the H 11 bubble using the
SKAl-low. Note that we do not assume the HIfluctuations outside the targeted bubble due to galaxy
generated H 11regions and density fluctuations (Datta et al., 2008, 2012; Majumdar et al., 2012). Figure
4 shows our estimates for SKAl-low. Four different shades of black from dark to light represent 100,
200, 400 and 600 hr of observations respectively. We find that at least 30 detection is possible with 100
hr of observations if the QSO age and the mean zy 1 outside the QSO H II region are higher than 107
Myr and 0.7 respectively. If the mean zy 1 outside the QSO H II region are ~ 0.4, 0.3 and 0.2, then the
total observations time required are 200, 400 and 600 hr respectively when the QSO age is ~ 107 Myr.
A 50 detection is possible if the QSO age and the outside zy 1 are at least ~ 2 x 107 Myr and ~ 0.2
respectively.

4.3 Prospects of detecting sources during cosmic dawn

Different panels of Figure 5 show the SNR as a function of various parameters related to the source
properties (e.g., stellar mass, escape fraction of ionizing photons, X-ray to UV luminosity ratio, and age
of the source and the overdensity of the surrounding IGM) for the SKA1-low. Recall that the fiducial
value of the parameters are M, = 10"Mg, § = 0, fose = 0.1, fx = 0.05, @ = 1.5, tage = 20 Myr. While
showing the dependence of the SNR on a particular parameter, we have fixed all the other parameters to
their fiducial values. The characteristics of the observations are chosen such that the total observational
time is 1000 hours, while the bandwidth is 16 MHz.

2https://www.skatelescope.org/wp-content /uploads/2012/07 /SKA-TEL-SKO-DD-001-1
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Figure 3: This shows the apparent comoving size of the H 11bubble around a quasar with the ionizing
photon emission rate N, = 1.3 x 1057 sec ™!, same as ULASJ1120+0641 (Mortlock et al., 2011). Different
contours from right to left represent 40, 35, 30, 25, 20, 15 and 10 Mpc.

7q/107 yr 70/107 yr

Figure 4: This shows the estimates of minimum observation time required for 3¢ and 50 (left and right
panels respectively) detection of the H mbubble around the quasar ULASJ1120+0641 discovered by
(Mortlock et al., 2011) using SKA1l-low. Different shades of black from dark to light represent 100, 200,
400 and 600 hr of observations respectively.
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Figure 5: The SNR as a function of different model parameters for the source model mini-QSO and
coupling model C. While calculating the dependence of the SNR on a particular parameter, we have
fixed the other parameters to their fiducial values. The fiducial value for each parameter is denoted by
the vertical dashed line in the corresponding panel. The SNR is calculated using eq. 13 for 1000 hr of
observations with SKAl-low with a bandwidth of 16 MHz. See (Ghara et al., 2015) for details.

210



The SNR increases with the stellar mass (top left panel) as the strength of the 21-cm signal increases
and thus the visibility amplitude increases. On the other hand, the radius of both the ionised and heated
bubbles increase with the mass of the source, which result in faster decrease of the visibility with the
baseline. Although the visibility signal is much stronger at smaller baselines for large stellar mass sources,
the very small baselines U,,;, < 8 are not available for SKAl-low baseline distribution at redshift 15.
This slows the growth of the SNR for the extremely high mass M, > 107 M

sources. From the bottom left panel, we find that the SNR decreases with increase of escape fraction.
This is because of the amount of Ly-a photons, produced due to the recombination of the absorbed
photons in the ISM, is proportional to 1 — fesc and thus the Ly-a coupling becomes less effective as
fese increases. This leads to a smaller absorption region and thus a smaller amplitude of the 21-cm
signal. The size of the 21-cm signal region increases with the age of the source as the photons are able to
propagate longer distance and thus the visibility amplitude at lower baselines as well as the SNR increase
with the age of the source, as shown in the bottom middle panel of Figure 5 . The strength of the signal
increase with the increase of the overdensity (1 + 0), as 6T} is proportional to the overdensity . Thus
the SNR increase almost linearly with (1 + §), as shown in the top right panel. The SNR is found to be
weakly dependent on the two X-ray parameters fx and a and we dont show them here.

5 Discussion and conclusions

Detection of individual luminous sources during the reionization epoch and cosmic dawn through their
signature on the HI 21-cm signal is one of the direct approaches to understand the epoch. Ongoing
experiments such as the GMRT, MWA, LOFAR primarily aim to detect the HI 21-cm signal statistically
using quantities such as the power spectrum, rms, skewness of the HI 21-cm brightness temperature
fluctuations. Although, it has been proposed that these experiments should be able to detect individual
ionized bubbles around reionization sources using optimum detection methods such as the matched filter
technique (Datta et al., 2007b, 2008, 2009; Majumdar et al., 2011, 2012; Datta et al., 2012). With an
order of magnitude higher sensitivity, better baseline coverage and improved instrument the SKA1l-low
is expected to detect such objects with much less observations time.

In this work, we summarize our previous works on this issue and present some preliminary results
on the prospects of detecting individual sources during reionization and cosmic dawn using SKA1-low
HI 21-cm maps. While calculating the HI 21-cm signal around individual sources we consider three
scenarions: (i) In the first scenario named model A, we assume that the IGM kinetic temperature is
fully coupled with the HI spin temperature and both the temperatures are much higher than the CMB
temperature. This is a likely scenario when the Universe is already ~ 10 —20% ionized or after that. The
central source creates a spherical ionized bubble which is embedded in a uniform neutral (or partially
neutral) medium. (ii) The second scenario named model B, the IGM kinetic temperature is completely
coupled with the HI spin temperature. Additionally, we assume that there is a X-ray source at the
centre of a host DM halo and calculate the IGM kinetic temperature and the HI spin temperature profile
self-consistently. (iii) In the third model named model C, we calculate the Ly-alpha coupling, heating,
ionisation self-consistently. This is believed to be the case at very early stages of the cosmic dawn. We
discuss various features in the differential brightness temperature profile around the central source in
these three models. Subsequently, we calculate, analytically, the visibility signal for such HI 21-cm signal
and study its various properties.

We propose two visibility based methods for detecting such signal around individual sources: one
based on the matched filter formalism and the other relies on combining signal from all baselines and
frequency channels. We apply the first method to the model A i.e, to spherical ionized bubble model
at the reionization epoch. We find that the SKAl-low should be able to detect ionized bubbles of
radius Ry = 10 Mpc with ~ 100 hr of observations at redshift z ~ 8 provided that the mean outside
neutral fraction zig 1 = 0.5. Higher observation time would be required for lower neutral fraction.
We also investigate the possibility of detecting HII regions around known bright QSOs such as around
ULASJ1120+0641 discovered by (Mortlock et al., 2011). We find that a 50 detection is possible with
600 hr of SKAl-low observations if the QSO age and the outside xy 1 are at least ~ 2 x 107 Myr and
~ 0.2 respectively.

Finally, we investigate the possibility of detecting the very first X-ray and Ly-alpha sources in model
B and C during the cosmic dawn. We consider the mini-QSOs as a source of X-ray photons. We find that
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around ~ 1000 hr would be needed to detect those sources individually with SKAl-low. We also study
how the SNR changes with various parameters related to the source properties such as the stellar mass,
escape fraction of ionizing photons, X-ray to UV luminosity ratio, age of the source and the overdensity
of the surrounding IGM.

Finally, we emphasise that the work we present and discuss here should be treated as a preliminary
one. Further work needs to be done to understand the signal properties in detail. Detail investiga-
tion is also necessary to understand the impact of the foreground subtraction, calibration, ionospheric
turbulence, RFI mitigation effects etc. We plan to adress some of these issues in future.
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Abstract

We briefly review the Tapered Gridded Estimator (TGE) to quantify the angular power spectrum
CY of the sky signal directly from the visibilities measured in radio interferometric observations. The
TGE uses the visibilities after gridding in the wv plane. This also enables us to taper the sky re-
sponse and thereby suppresses the sidelobe-response of the telescope’s primary beam and reduces the
contribution from the residual point sources located at the periphery of the telescope’s main lobe.
This is an useful ingredient in wide-field foreground removal for detecting the cosmological 21-cm
signal. Further, the estimator is devised in such a way that it computes the noise bias internally and
subtract accurately its contribution to extract desire signal for providing an unbiased estimation of
C'y. We have used the TGE to the worked example of 150 MHz GMRT observations to show that
it is possible to considerably reduce the oscillations in the multi-frequency angular power spectrum
of the sky signal by suppressing the sidelobe response of the primary beam. We validate our the-
oretical formalism of the TGE using simulations at 150 MHz for GMRT and LOFAR. Further, we
demonstrate, using 150 MHz GMRT simulation, that the TGE successfully recovers the C; of the
input model of diffuse Galactic synchrotron emission from the residual visibility data over the entire
¢ range by reducing the contribution from the residual point sources located at the periphery of the
beam. We propose the TGE as an effective novel tool to observationally quantify both foregrounds
and the cosmological 21-cm signal.

Key words: methods: statistical, data analysis - techniques: interferometric- cosmology: diffuse
radiation

1 Introduction

Observations of the redshifted 21-cm radiation from the large scale distribution of neutral hydrogen (HI)
is one of the most promising probes to study the high redshift Universe (recent reviews: Morales &
Wyithe 2010; Mellema et al. 2013). Although, one of the key challenges in a statistical detection of the
21-cm signal comes from the contamination by the Galactic and extra-galactic foregrounds which are
orders of magnitude higher compared to the relatively weak 21-cm signal (Ali, Bharadwaj & Chengalur
2008; Bernardi et al. 2009; Ghosh et al. 2012). Several methods of foreground removal and foreground
avoidance have been proposed in the literature for detecting the Epoch of Reionization (EoR) 21-cm
signal (Chapman et al. 2014, references therein). In general, foreground avoidance method is based
on the assumption that the foregrounds are smooth in frequency and therefore it will mostly occupy a
limited space in the Fourier domain (k_, k) labeled as the foreground “wedge”. The HI power spectrum
can be estimated from the uncontaminated modes above the wedge region termed as the “EoR window”
where the HI signal is dominant over the foregrounds. On the other hand, foreground removal methods
tries to build up a physical model of the foregrounds and subtracts it form the calibrated data where the
residuals have contribution from only the 21-cm signal and noise.

*saiyad@phy.jdvu.ac.in
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In radio interferometric observations, the quantity measured is the complex visibility. The measure-
ment is done directly in Fourier space which makes interferometers ideal instruments to quantify the
power spectrum of the sky signal. The visibility based power spectrum estimators also have the added
advantage that they avoid possible imaging artifacts due to the dirty beam, etc (Trott et al. 2011). A
visibility based estimator, namely the “Bare Estimator”, has been successfully employed to study the
power spectrum of the HI in the interstellar medium (ISM) of several nearby galaxies (eg. Begum et
al. 2006; Dutta et al. 2009) and used for measuring the angular power spectrum of the sky signal using
GMRT data in the context of HI observations (Ali, Bharadwaj & Chengalur 2008; Ghosh et al. 2011a).
The Bare Estimator directly uses pairwise correlations of the measured visibilities by avoiding the self
correlation that is responsible for the noise bias. The Bare Estimator is very precise, but computationally
very expensive for large data volumes, as it scales with the square of the visibility number. Moreover,
accurate determination and possible subtraction of any additive noise bias is an important issue for any
estimator. For example, the image based estimator (Seljak 1997; Bernardi et al. 2009; Iacobelli et al.
2013) for Cy and the visibility based estimator (Liu & Tegmark, 2012) for P(k1, k) rely on modelling
the noise properties of the data and subtracting out the expected noise bias. However, the actual noise
in the observations could have baseline, frequency and time dependent variations which are very difficult
to model, and there is always a possibility of residual noise bias contaminating the 21-cm signal. We note
that, in a recent study, Paciga et al. (2011) have avoided the noise bias by cross-correlating observations
made on different days assuming noise are independent in different days.

In general, all the different foreground removal techniques use the smooth spectral behaviour of the
various foreground components. In our earlier works, Ghosh et al. (2011a,b) have found that residual
point sources located away from the phase center introduce oscillations along frequency direction in the
measured multi-frequency angular power spectrum Cy(Av) or MAPS (Datta, Roy Choudhury & Bharad-
waj, 2007). The oscillations are more rapid if the distance of the source from the phase center increases,
and also with increasing baseline. This oscillatory patterns pose a serious obstacle for foreground re-
moval. Equivalently, the dominant contribution to the width of the “foreground wedge” (below which
most of the foregrounds are localized) in a 2D cylindrical power spectrum arises from the sources located
near the horizon of the field of view (Thyagarajan et al. 2013). Using GMRT data Ghosh et al. (2011b,
2012) have shown that it is possible to reduce the oscillations by tapering the primary beam (PB) of the
antenna elements. It has been recently demonstrated from both simulated and observed data for MWA
that removal of the wide-field foregrounds (particularly point sources) is crucial to accurately measure
the 21 cm power spectrum (Pober et al. 2016). In our recent paper (Choudhuri et al., 2016a), based on
150 MHz GMRT simulation, we have shown that it is possible to suppress the point source contributions
from the outer parts of the main lobe of the primary beam by tapering the sky response to measure the
Cy of the sky signal.

In this article, we focus on the TGE which uses the measured visibilities after gridding on a rectangular
grid in the uwv plane to quantify the angular power spectrum (Cy) of the sky signal. The estimator can
self-consistently compute the noise bias and accurately subtract it to provide an unbiased estimation
of Cy’s. We note that the TGE has a lower precision as compared to the Bare Estimator, but takes
less computation time which is mostly proportional to the data volume (Choudhuri et al. 2014). This
is relevant to the current and next generation radio interferometers which are expected to produce
considerably large volumes of visibility data in observations spanning many frequency channels and large
observing times. We have used the TGE for 150 MHz GMRT observation to show that it is possible
to considerably reduce the oscillations in the multi-frequency angular power spectrum of the sky signal
by suppressing the contribution from the outer region. As a test-bed for the estimator, we consider a
situation where the point sources have been identified and subtracted out perfectly so that the residual
visibilities are dominated by the Galactic synchrotron radiation. To validate the estimator we investigated
how well the TGE is able to recover the angular power spectrum of the input model which was used
to simulate the Galactic synchrotron emission for the Giant Metrewave Radio Telescope (GMRT)! and
the Low Frequency Array (LOFAR, var Haarlem et al. (2013)) at 150 MHz. Further, we use simulated
150 MHz GMRT data which includes point sources and diffuse Galactic synchrotron radiation to validate
that it is possible to suppress the contribution from the residual point sources, in the outer parts of the
primary beam and in the the sidelobes, in estimating the C of the diffuse radiation.

A brief outline of the paper follows. In Section 2 we present briefly the TGE as an effective tool to

Thttp://www.gmrt.ncra.tifr.res.in
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observationally quantify both foregrounds and the cosmological 21-cm signal. In Section 3 we validate
our theoretical analysis using simulations at 150 MHz for GMRT and LOFAR. In this Section we have
also applied the TGE for 150 MHz GMRT observation to see how tapering of the primary beam works
to reduce the oscillations in the multi-frequency angular power spectrum of the sky signal. We present
summary and conclusions in Section 4.

2 The Tapered Gridded Estimator

In this section, we briefly review the formalism for Tapered Gridded Estimator (TGE) which is used to
estimate the angular power spectrum from the measured visibility data. Choudhuri et al. (2014) presents
a detailed discussion of this estimator, and we only present a brief outline here. The measured visibilities
are a sum of two components namely the sky signal and the system noise

V(U,v)=8(U,v)+ N(U,v). (1)

We assume that the signal and the noise are both uncorrelated Gaussian random variables with zero
mean. The measured visibilities record the Fourier transform of the product of the primary beam pattern
A(g7 v) and 01 (5, v), the angular fluctuation in the specific intensity of the sky signal. The TGE allows
us to taper the sky response of the antenna elements and thereby suppresses the contribution coming
from the outer part of the primary beam and the sidelobes. We implement the tapering by multiplying
the field of view with a frequency independent window function, W(6). Equivalently, in the Fourier
domain we convolve the measured visibilities with @w(U), the Fourier transform of W(#). The convolved
visibilities are evaluated on a rectangular grid in uv space using

Veg =Y (U, —Ui) Vs (2)

7

where U, refers to the different grid points and V; refers to the measured visibilities at baseline U;. We
note that the gridding process considerably reduces the data volume and the computation time required
to estimate the power spectrum (Choudhuri et al., 2014). It may be noted that tapering the sky response
is effective only if the window function w(Uy — Uj;) in eq. (2) is densely sampled by the uv distribution.
The results of this article, shown later, indeed justify this assumption for the GMRT which is limited by
the patchy uv coverage.

The convolved visibilities of the sky signal gives us an estimate of the product of the intensity
fluctuations 61(0,v) and a modified primary beam pattern Ay (6,) = W(0) A(f,v). We model the
modified primary beam pattern as a Gaussian Ay (0) = e=?/0 with 6, = F(1+ £2)71/20y. Here,
0o = 0.6 X Opw gar and Opy gy is the Full Width Half Maxima of the true primary beam pattern of the
telescope.

The correlation of the gridded visibilities (V4V7,) provides a direct measurement of the angular power
spectrum Cy,. We define the estimator at a grid point g as,

g WegViy =25 | 0(Uy — Us) 21 Vi I?) 3)
I (| Klg |2 Vi— K299V0) .

762 2 702 2 - ~ -
where, Vg = 50 (28)°, vy = Tot (887, K1y = 3, 0(Uy—Uy), Ky = 32, 0(Uy—U)i* (U —Uy)

Now, the expectation values of the individual term in the numerator can be written as,

(chVé‘g> =| K14 |2 Vily, + 2‘7121[(299 (4)

and

DU =0y [P (| Vi )

i

Vo Z | ©(Uy = U;) |* Co, + 207 Kagg
i

12

V()Cf_q Kagg + QUZK299 (5)

We see that the expectation of Eg gives an unbiased estimate of the angular power spectrum Cp
avoiding the positive noise bias caused by the system noise. The details of the noise variance calculation
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for this estimator can be found in Choudhuri et al. (2014). The sky coverage of the modified primary
beam Ay (0) falls with a decrease in f. This explains the bahaviour of the cosmic variance contribution
which increases as f is reduced. We further see that the system noise contribution also increases as f is
reduced. This can be attributed to the term V; = %05 which appears in eq. (3). This effectively increases
the system noise contribution relative to Cy as f is reduced.

3 Results

At the beginning of this section, we highlight the effect of tapering in measuring the sky signal at 150 MHz
GMRT observations through multi-frequency angular power spectrum Cy(Av). Later, we will come back
to validate the estimator defined in Section 2 using simulations at 150 MHz. The measured Cy(Av), for
a fixed £, from the sky signal which is dominated by foregrounds, is expected to vary smoothly with
Av and remain nearly constant over the observational bandwidth. But, the estimated C¢(Av) from
GMRT 150 MHz observations has a oscillating component with larger amplitudes as a function of of
Av (Ali, Bharadwaj & Chengalur, 2008). These oscillations could arise from bright continuum sources
located at large angular separations from the phase center. The emission from the bright sources can
leak through the frequency dependent sidelobe of the primary beam. We investigate whether tapering
the sky response of the primary beam actually mitigates the oscillations in the estimated MAPS from the
observed GMRT data reported in earlier work at 150 MHz (Ali, Bharadwaj & Chengalur 2008, FIELD
IV of the paper, Ghosh et al. 2012). For this purpose, we introduce the dimensionless decorrelation
function k¢(Av) = Cp(Av)/C(0) which has the maximum value xy(Arv) = 1 at Av = 0, and is in the
range | k¢(Av) |< 1 for other values of Av. We use k¢(Av) to quantify the Av dependence of Cy(Av)
at a fixed value of £. Figure 1 shows r¢(Av) with and without the tapering for the sky signal. We have
considered f = 0.6 and 0.8 which respectively correspond to a tapered sky response with FWHM 2.3° and
3.04° as compared to the untapered PB which has a FWHM of 3.8° at 150 MHz. The oscillatory pattern
is distinctly visible when the tapering is not applied. We observe for most values of ¢, the oscillations are
considerably reduced and are nearly absent when tapering is applied. We do not, however, notice any
particular qualitative trend between decrease of oscillations and f values. The tapering, which has been
implemented through a convolution, is expected to be most effective in a situation where the uv plane
is densely sampled by the baseline distribution. Though, in this analysis our results are limited by the
patchy uwv coverage of the GMRT data. This also possibly explains why some small oscillations persist
even after tapering is applied.

Further, as a test bed for the estimator defined in Section 2, we consider simulated visibilities due
to the diffuse synchrotron emission which is modelled as Gaussian random filed with a fixed power law
index. The details of the simulation have been presented in our earlier paper (Choudhuri et al. 2014). In
that paper, to validate the estimator, we investigated how well the TGE is able to recover the angular
power spectrum of the input model CM (eq. 14, Choudhuri et al. 2014) which was used to simulate
the Galactic synchrotron emission at 150 MHz. Figure 2 shows the estimated Cy of the diffuse Galactic
synchrotron radiation from the simulated GMRT and LOFAR data with f = 0.8. We choose a weight
scheme (w, =| K1, |?) such that it assigns a larger weight to grid points which have a denser visibility
sampling relative to the grid points with sparser sampling. This is expected to minimize the system
noise contribution. We used 20 realizations to calculate the mean and the variance of the estimated C).
We notice that for both GMRT and LOFAR, the estimated C; lies roughly within the 1o of the input
model of the angular power spectrum C2?. For GMRT, however, the estimated Cy values all appear to
be somewhat in excess of C}M indicating that we have an overestimate of the angular power spectrum
relative to C’ZM . We note that the Tapered Gridded Estimator is expected to give an unbiased estimate
of Cy provided we have an uniform and sufficiently dense baseline distribution. On the other hand, the
GMRT has a relatively patchy uv coverage and we think the overestimate is a consequence of GMRT’s
patchy uv coverage, and is not inherent to the TGE. In comparison, we find the estimated C, values
are in better agreement with C for the LOFAR simulation (Right panel, Figure 2). We think this is
due to the uniform and denser uv coverage of LOFAR as compared to the GMRT. We would also like to
highlight that the analytic predictions of error estimates are in good agreement with the rms fluctuation
estimated from the 20 simulated realizations.

As noted earlier bright point sources located far away from the phase centre of the telescope can
leak through the sidelobe of the primary beam and this can limit our ability for a detection of the faint

216



K, (Av)

0.8

FIELD IV

ITT 711

T

t=2760

OLIIIIIII

Av MHz

0.4

Av MHz

Figure 1: This figure shows the measured x¢(Av) as a function of Av for the different ¢ values as shown
in each panel, for FIELD IV (Ghosh et al. 2012). The thick solid, thin solid and dotted curves show

results for no tapering, and tapering with f = 0.8 and 0.6 respectively.
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Figure 2: This shows C, multiplied with £(¢ + 1)/2m, plotted as a function of ¢. The left-hand (right-
hand) panel shows the results for GMRT (LOFAR) with f = 0.8 and weight w, =| K1, |?. The solid
line shows the input model (eq. 14, Choudhuri et al. 2014) used for the simulations, and the points show
the values estimated by the Tapered Gridded Estimator (eq. 3). The light shaded region shows the 1o
variation measured from 20 realizations of the simulations. The dark shaded region shows the cosmic
variance which has been calculated by setting the system noise ¢, = 0 in the simulation, and the error
bars display the 1o error bars which was predicted analytically using eq. 42, Choudhuri et al. 2014.
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Figure 3: This figure shows the estimated angular power spectrum Cy of total (diffuse Galactic syn-
chrotron and the point sources) and the residual data (after point source subtraction). The flat nature of
the total power spectrum arises due to the discrete points sources (Poisson) considered in our simulation.

It also shows the estimated Cy from the residual data using the TGE for the different values of f as
shown in the figure. The figure is included here from Choudhuri et al. 2016a.

cosmological 21-cm signal. To suppress their contribution using TGE, we have set up a simulation where
we add point sources out side of the main lobe of the PB and subtract sources only from the inside of
the PB (see for details, Choudhuri et al. 2016b). Hence, the residual data after source subtraction has
possible effect of the emission leaking through the sidelobes of the PB. The details of the simulation and
data analysis, including point source subtraction are presented in Choudhuri et al. (2016b).

Next, we apply the TGE to the residual data after subtracting the model point sources from the
initial visibility data to measure the angular power spectrum Cp of the underlying diffuse emission.
Figure 3 shows the Cy of the total (the diffuse Galactic synchrotron emission and point sources) and
also the residual data where the point sources are subtracted from the main lobe of the PB. We find
that the estimated total power spectrum is almost flat at all angular scales. This is due to the Poisson
distribution of point sources which dominates the Cy at all angular multipoles (£’s). We do not include
the clustering component of the point sources in our simulation. We also show the estimated Cy from
the residual visibility data using TGE with different f values 2.0,0.8 and 0.6 (Figure 3). We notice that
in the absence of tapering we are able to recover the angular power spectrum of the diffuse synchrotron
radiation at the low angular multipoles (large angular scales) ¢ < 3 x 103. The residual point source
contribution is nearly independent of ¢ and has a value Cy ~ 10 mK? which dominates the estimated
C, at the large angular multipoles (small angular scales) ¢ > 10%. The point source contribution comes
down by a factor of more than 2 if we use the TGE with f = 2.0. We are now able to recover the angular
power spectrum of the diffuse synchrotron radiation to larger ¢ values (¢ < 5 x 10%) as compared to the
situation without tapering. The point source contribution, however, still dominates at larger ¢ values.
We find that the point source contribution to Cy is suppressed by more than a factor of 10 if we use
TGE with f = 0.8 or 0.6. We are able to recover the angular power spectrum of the diffuse synchrotron
radiation over the entire ¢ range using either value of f. The fact that there is no noticeable change
in Cy if the value of f is reduced from 0.8 to 0.6 indicates that a tapered sky response with f = 0.8
is adequate to detect the angular power spectrum of the diffuse synchrotron radiation over the entire £
range of our interest here.

4 Summary and conclusions

In this article we have briefly reviewed the TGE which quantifies the angular power spectrum of the sky
brightness temperature. It suppresses the contribution from outside of the main lobe of primary beam
by multiplying the sky with a frequency independent window function. Also, it uses the visibility data
after gridding on a rectangular grid in the uv plane to reduce the computation time. Another advantage
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of this estimator is that it internally calculate the noise bias and subtract this out to get an unbiased
estimate of the power spectrum of the sky signal.

We have carried out different simulations to validate the TGE. In the first situation, we have simulated
the diffuse Galactic synchrotron radiation which is modelled as a homogeneous and isotropic Gaussian
random field with a power law angular power spectrum. In Figure 2, we find that the TGE is able
to recover the input model C’é” to a high level of precision for LOFAR where the baselines have a
uniform wv coverage. For the GMRT, which has a patchy uv coverage, the Cy estimated from the
TGE is largely within the 1o errors from the input model C. There is, however, indication that the
angular power spectrum is overestimated to some extent. The overestimate is a consequence of GMRT’s
patchy uv coverage and is not inherent to the estimator which is unbiased by construction. It is possible
to use simulations to quantify this overestimate and correct for this in a real observation. It is also
interesting to point out that the TGE works well when the uv coverage (baseline distribution) is dense
and uniform. This will be one of the key advantage with SKA-I, which will have a much denser baseline
sampling compared to the current generation radio interferometers, in measuring the diffuse angular
power spectrum of the synchrotron emission or the 21-cm signal at the low radio frequencies.

In the second situation, we include point sources along with the diffuse Galactic synchrotron radiation
to study the effect of tapering on unsubtracted point sources to recover the angular power spectrum of
the diffuse synchrotron radiation from the residual data. We find, using simulated data, that the TGE
very effectively suppresses the contribution of the residual point sources located at the periphery of the
telescope’s field of view and recover the angular power spectrum of the diffuse synchrotron radiation at
all angular scales of our interest (Figure 3). It is, hence, not necessary to image a very large region to
model and subtract point sources even from the outer region in order to recover the power spectrum of
the diffuse emission.

In our earlier publication (Ghosh et al., 2012), we have applied the TGE for 150 MHz GMRT obser-
vation to show that it is possible to considerably reduce the oscillations in the multi-frequency angular
power spectrum of the sky signal by suppressing the sidelobe response of the primary antenna elements
(Figure 1). The oscillations in k¢(Av) are considerably reduced and are nearly absent when tapering is
applied for most values of £. A small oscillatory pattern persists even after the tapering is applied. This,
however, does not pose a problem for foreground removal as the Cy(Av), after tapering, is well fitted by
a low order polynomial, and the foregrounds were successfully removed (Ghosh et al., 2011b) from the
measured angular power spectrum at 610 MHz.

We note that earlier studies on GMRT 150 MHz observations (Ali, Bharadwaj & Chengalur, 2008;
Paciga et al., 2011) have found that, for EoR studies, the bright compact sources are the most dominating
foreground component at the angular scales (< 4°). It is difficult to model and subtract the point sources
at the periphery of the telescope’s field of view. Because of the incomplete sampling of the visibility
data, bright point sources affect the interferometric observations significantly and pose a severe problem
for detecting and measuring the redshited 21-cm signal from the EoR. The difficulties include the fact
that the antenna response is highly frequency dependent near the nulls of the primary beam, and the
calibration differs from that of the phase center due to ionospheric fluctuations. The accurate and
precise subtraction of bright point sources from the wide-field dataset are needed as a primary step for
measurement of the weak (~ 20 —30mK) and structured EoR signal. The wide-field foreground removal
is highly relevant issue for different ongoing EoR experiments and the next generation telescope, with
innovative designs, Square Kilometer Arrayupcoming Square Kilometre Array? (SKA) for measuring the
FoR signal. In this article we briefly demonstrate, using simulated data, that the TGE very effectively
tackles the wide-field foreground removal issue by suppressing the contribution of the residual point
sources located at the periphery of the telescope’s field of view using tapering, and is able to successfully
recover the input sky model from residual data. As a first step the knowledge gained by exploring the low
frequency foregrounds will help us to constrain the astrophysics of the foreground emission such as the
fundamental properties of turbulence of the ISM, Galactic magnetic field, synchrotron emitting medium
and the intervening Faraday structure.

We have found that the TGE works very well in a situation where the baselines have a nearly uniform
and dense uv coverage, it leads to an overestimate of Cy if we have a sparse uv coverage (Figure 2). The
improved method of TGE (Bharadwaj et al. 2016, in prep.) will be unbiased for both patchy and uniform
uv coverage to estimate the Cy of the sky signal. It is important to generalize the TGE to estimate the

2https://www.skatelescope.org
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multi-frequency angular power spectrum Cy(vy, v2) or equivalently the three dimensional power spectrum
P(ky, kL) from the data to better characterize the foreground emission and the 21-cm signal (Bharadwa;
et al. 2016, in prep.).
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Abstract

We present an outline for using Minkowski Functionals to probe and constrain primordial non-
Gaussianity manifest in 21-cm differential brightness temperature. We discuss how to calculate
Minkowski Functionals for two-dimensional slices of simulated differential brightness temperature.
We plan to apply this to future data from SKA.

1 Introduction

The detailed understanding of the epoch of reionization remains a challenging issue in modern cosmology.
Cosmoic microwave background (CMB) observations suggest that the universe got reionized at z ~
9 (Planck Collaboration et al., 2015c). However, these observations are not able to provide tomography
of the duration of the epoch. The best way to study this epoch in detail is to detect neutral hydrogen
(HI) from this era. The baryonic component of the Universe after the epoch of recombination was
mostly in the form of HI. It is possible to detect the redshifted 21-cm radiation from HI from pre-
reionization and the reionization era of the universe. In addition to the complications of the reionization
physics (see e.g. (Furlanetto et al., 2006)), this emission has spatial fluctuations imprinted from the
primordial density perturbations. Locked in the nature of these emissions are clues about the physics of
the primordial Universe - the amplitude, shape and statistical nature of primordial fluctuations; global
matter densities and expansion rate; and physical details of the evolution of structure formation.

Inflation has proved to be a rather efficient paradigm to generate the primordial perturbations.
Even amongst the simplest of slow roll scenarios involving a single canonical scalar field, there exist
a plethora of inflationary models that remain consistent with the data, both at the level of power
spectra (in this context, see, for instance, Refs. (Martin et al., 2014b,a; Planck Collaboration et al.,
2015b)) and at the level of non-Gaussianities (Planck Collaboration et al., 2015a). These slow roll
models lead to nearly scale invariant primordial spectra and rather small values of the non-Gaussianity
parameter fyr, that characterizes the primordial scalar bi-spectrum (they typically result in fxr, ~ 1072,
of the order of the first slow roll parameter). The strongest constraints on fxr until now have been
arrived at from the CMB data, which suggest that the primordial perturbations are consistent with
a Gaussian distribution (Planck Collaboration et al., 2015a). However, the uncertainities in fxi, have
turned out to be large, with o, ~ 5-40 depending on the shape of the primordial bi-spectrum that is
considered. Further measurements of CMB polarization are expected to improve the constraints on fyr,
only marginally. Whereas, A fxr, ~ 1 would be required in order to significantly tighten the constraints
on inflationary models.

*prava@iiap.res.in
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The 21-cm data can potentially be used to constrain cosmology (McQuinn et al., 2006; Furlanetto
et al., 2006; Mao et al., 2008; Munoz et al., 2015), in the same way that temperature and polarization
fluctuations of the CMB have been used. The constraints from CMB were limited essentially because of
the fact that being a two-dimensional surface, the modes are limited. In contrast, mapping the three-
dimensional distribution of neutral Hydrogen will provide a much larger number of modes (Mufioz et al.,
2015). Moreover, it will be able to probe scales that are much smaller than what is accessible to the
CMB.

The detection of 21-cm signal is experimentally extremely challenging. The ongoing radio interfer-
ometers MWA, LOFAR, and PAPER might need up to 1000 hrs of integration to reduce the noise to
levels needed to detect the signal. This is further complicated by the fact that Galatic and extra-Galactic
forgrounds dominate the signal by many orders of magnitude. However, rapid technological advances in
recent decades and superior understanding of the nature of the HI signal from the epoch of reionization
makes this problem tractable and might enable statistical detection of the signal in the near future (e.g.
(Zaroubi, 2013)).

The upcoming radio interferometer Square Kilometer Array (SKA) will improve upon the ongoing
experiements on multiple fronts. SKA will have more collecting area, superior angular resolution, and
unprecedented frequency coverage. The SKA might enable direct detection of the 21 c¢m signal in the red-
shift range 6 < z < 30, corresponding to the frequency range 200 MHz > v > 50 MHz. Hence it provides
the best hope for potential use of 21 cm signal for tightening cosmological contraints, complementary to
the CMB and large scale structure.

In the light of the limit on the constraint on primordial non-Gaussianity, and consequently inflationary
models, from CMB data, the measurements of the fluctuations in the distribution of neutral Hydrogen
using the 21-cm line offers the exciting window of opportunity to obtain much more stringent constraint
on fxp. It has been argued in (Cooray, 2006) that 21-cm anisotropies can potentially measure the
local form primordial non-Gaussianity parameter fyr, if it is > 0.1. This is one order of magnitude
improvement over the constraint of fxr, > 3 from CMB experiments.

In order to realize this possibility one needs to design statistics which efficiently capture the non-
Gaussian deviations. Some of the methods that have been discussed in the literature are the bispectrum
of the brightness temperature (Cooray, 2006; Munoz et al., 2015), scale dependent bias in the power
spectrum of ionized hydrogen (Joudaki et al., 2011), and the power spectrum and other clustering
properties (Lidz et al., 2013; Mao et al., 2013).

One of the tools that are frequently used to study the statistical properties of random fields in cos-
mology are what are known as Minkowski Functionals. In this work we focus our attention on Minkowski
Functionals in two dimensions (Tomita, 1986; Coles, 1988; Gott et al., 1990; Winitzki and Kosowsky,
1998). The two-dimensional MFs have been very effectively used to search for deviations from Gaussian
statistics of the primordial density perturbations as manifest in the CMB temperature fluctuations (Ko-
matsu et al., 2011; Planck Collaboration et al., 2015a) and polarization (Ganesan et al., 2015; Planck
Collaboration et al., 2015a). They are good at picking out spurious sources of non-Gaussianities, such
as foreground contamination (Chingangbam and Park, 2013), since they contain all orders of n-point
functions and not restricted to specific forms. In the context of 21-cm emissions, the genus, which is
one of the Minkowski Functionals was used to study different reionization models and history in (Wang
et al., 2015; Lee et al., 2008; Hong et al., 2014). MF's in three dimensions have also been used for similar
purpose in (Yos). In this article our goal is to use two-dimensional Minkowski Functionals to analyze
primordial non-Gaussianity in 21-cm signal anisotropies.

In section II we describe the brightness temperature field, primordial non-Gaussianity and the simu-
lation of the 21-cm brightness temperature for Gaussian and non-Gaussian primordial perturbations. In
section III we give a brief description of Minkowski Functionals. In section IV we describe the relevance
of Minkowski Functionals for the 21-cm brightness temperature and how to compute them numerically.
We end with concluding remarks in section V.

2 Brightness temperature simulation and primordial non-Gaussianity

Let us denote the offset of the 21-cm brightness temperature, Ty, from the CMB temperature, Toy g,
at some redshift z by 07,(z,v) For an observed frequency v, and along a line of sight, §7,(z, ) can be
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written as (Furlanetto, 2006; Mesinger et al., 2011),

H
0Tp(x,2,v) = 2Tepr (1+0n(x,2) (m)

[y Towm) (142 015 1/2
Ts 10 Q,.h2
2
X hh in mK, (1)
0.023

where z g7 is the fraction of neutral Hydrogen, d,, is the evolved matter density contrast, H(z) is the
Hubble parameter, dv,./dr is the gradient of the line of sight comoving velocity, and Ty is the gas spin
temperature. The redshift z is related to the 21-cm frequency vy = 1420 MHz by z = vy/v — 1. The
spatial fluctuation of 07;(z) comes from the fluctuation of d,,. During the post-heating regime, for
redshifts lower than roughly 20, Ts > Tcap and at lower redshifts the term Toarp/Ts can be ignored.

2.1 Primordial non-Gaussianity

The primordial scalar three-point function or the scalar bi-spectrum Bg (K1, k2, k3) is defined as
(Riey Rk, Ry ) = (27)° Br(ka, bz, kig) 8@ (e + bz + ka), 2)

where Ry, represents the Fourier modes of the curvature perturbation. The shape of the primordial scalar
bi-spectrum depends on the mechanism that generates the non-Gaussianities in the early universe. The
generated shapes are broadly classified as local, equilateral and orthogonal. While comparing with the
data, each of these shapes is characterized by a corresponding non-Gaussianity parameter fyr,, which is
essentially a suitable dimensionless ratio of the bi-spectrum to the power spectrum. For instance, the
local form of the primordial scalar bi-spectrum is expressed in terms of the corresponding non-Gaussianity
parameter fi¢ and the scalar power spectrum Pr (k) as follows (Komatsu, 2010):

3.1 N

10 Var Kk KD

x |k Pr(k2) Pr(ks)

BR(k17k27k3) =

+ two permutations|. (3)

It should be noted that the most stringent constraints from the CMB data have been arrived at on the
local shape of the bi-spectrum. These constraints correspond to fll\})f = 0.8+ 5.0 (Planck Collaboration
et al., 2015a) which is, evidently, consistent with a Gaussian primordial distribution.

At the linear order, the curvature perturbation is related to the Bardeen potential ® in the matter
dominated epoch through the relation R = —5®/3. The bi-spectrum of the Bardeen potential can be
defined in terms of the corresponding Fourier modes as follows:

(D, Pro, Proy ) = (27)° Bo (K, ko, k3) 6 (ky + kg + ks). (4)

Upon utilizing the expression (3) for the primordial bi-spectrum, we can express the local form of the
bi-spectrum Bg(k1, k2, k3) as

loc
1 NL

1
2 V2T kf kg kg
X k’% 'qu(k‘g) P@(kg)

Bo(ki, ks ks3) =

+ two permutations |, (5)

where Py (k) denotes the power spectrum associated with the Bardeen potential.
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2.2 Simulations of 21-cm temperature

We use the publicly available semi-analytic code 21cmFAST (Mesinger et al., 2011) to make simulations of
the 21-cm brightness temperature. This code implements the following steps. First it generates Gaussian
random initial conditions for the dark matter density and velocity field at some initial redshift, for a
given simulation box size and number of particles. Then first order perturbation theory is used to obtain
the evolved large scale density, d,, (%, z), and velocity density fields, upto the desired redshift. Next the
ionization field, gy, at the desired redshift is generated. To do this it is assumed that the number of
ionizing photons is proportional to the collapsed halo fraction in the evolved density field computed from
the extended Press-Schechter formalism. The spin temperature is separately computed. Then, from the
ionization fraction, evolved density field, evolved peculiar velocity field and the spin temperature, the
differential brightness temperature is computed.

For our analysis we have made a few simulations with ACDM parameter values from the PLANCK
2015 data(Planck Collaboration et al., 2015c¢), at redshift values z = 20,15, 10, with simulation box size
to be 200h~'Mpc with a resolution of 900 cells. We have input ionization fraction values zp; = 0.65.

To make simulations of non-Gaussian §7;, we need to implement the primordial non-Gaussian ini-
tial conditions discussed in the previous subsection. For this we need to modify the initial conditions
subroutine of the 21cmFAST code. We plan to implement this in the near future.

3 Minkowski functionals in two dimensions

Minkowski Functionals (MFs) are defined as follows. Consider a random field defined on d-dimensions
and choose a particular value of the field, usually referred to as threshold value. Then one can consider
the set of all points where the field has values higher than or equal to the threshold. This set is called
the excursion set (Adler, 1981). There is a one-parameter family of excursion sets indexed by the
threshold parameter. The morphological properties of the excursion sets changes systematically as we
vary the threshold value and this systematic behaviour can reveal the statistical nature of the field. The
morphological properties of the excursions sets can be quantified in terms of geometrical and topological
quantities namely, the MFs. In two dimensions, which is our focus here, there are three MFs (Tomita,
1986; Winitzki and Kosowsky, 1998). The first, denoted by Vj, is the area fraction which is the ratio of
the area of the excursion set to the total area for which the field is defined. The second, denoted by V7,
is the total length of iso-temperature contours or boundaries of the excursion set, usually referred to as
the contour length. The third, denoted by V5, is the genus which is the difference between the numbers
of hot spots and cold spots.

Let f denote a generic random field, o its rms and let u = f/og. Let v be the threshold value chosen
from the range of u. Then, the MFs are defined mathematically as follows:

Vo(u)z/da, Vl(u)z/cdl, VQ(V)E%/CKdl, (6)

where da is the area element of the excursion set, C' denotes contours that form the boundaries of the
excursion sets, dl is the line element on C' and K is the curvature of the contours. Eqs.(6) reduce to
simple analytic functions of v for special random fields. For the special case of a Gaussian random field
the MFs are given by,

Vi) = A Hey(v) e V72, k=0,1,2, (7)

where Hj(v) is the k-th Hermite polynomial and the amplitudes are

1 1 g1 1 g1
Ay= —, A1 =- , A= — o | —— , 8
P Ve T 8VRey T () <ﬂ00> )

where o7 is the rms of the gradient of the field. The cosmological information is encoded in the amplitudes
via the variances g, 01. Fig. (1) shows the shapes of the MFs for a Gaussian field.
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Figure 1: Plots showing the shapes of the three Minkowski Functionals for a Gaussian field in two
dimensions. The amplitudes have been scaled out.

4 Minkowski functionals for two-dimensional 67, on redshift
slices

In the context of the CMB, the random fields of interest are the temperature fluctuations, AT, E, B
modes and the total polarization intensity, P. For primordial Gaussian fluctuations AT, E, B are
expected to be Gaussian, while P has Rayleigh form of the probability distribution function. The analysis
then consists of numerical calculations of the MFs for these fields that are observed in experiments and
comparing them with the expected Gaussian form.

In the case of the brightness temperature field the situation is quite different from the CMB. 0T,
will inherit its statistical properties from §,,, which in turn inherits it from the primordial density
fluctuations and the gravitation evolution that it goes through. On sufficiently large scales one would
expect d,, to evolve linearly and hence exhibit the nature of the primordial fluctuations. However on small
scales its gravitational evolution becomes highly non-linear and hence its statistical behaviour becomes
dominated by the non-Gaussian nature induced by the gravitational evolution. A thorough theoretical
understanding of the interplay between the manifestation of the nature of the primordial fluctuations,
gravitational evolution and the relevant scales is essential before we analyze observations of the brightness
temperature. It is also essential to understand the complications that will be introduced by other sorces
of non-Gaussianities and how to disentangle them. MFs will be very valuable in such investigations.
Our approach here is to make simulations of the 21-cm field with Gaussian and non-Gaussian primordial
initial conditions and calculate MFs.

In the top panel of Fig. (2) we show a sample slice of the simulated 67} field produced using 21cmFAST,
at redshift z = 20 and xy; = 0.65. The middle and lower panels show excursion sets of 67} for field
threshold values 20 and 50 mK respectively. The excursion will then be used for calculation of MF's.

4.1 Numerical method for calculation of MFs for two-dimensional 67, on
redshift slices

For a given random field, in the absence of any prior knowledge of its statistical properties, the MFs
have to be calculated numerically. For the field of view relevant for experiments such as the SKA, the
flat sky approximation should be sufficient for analysing the observed sky patch. In this case the MFs
can be calculated in a geometrical way by identifying excursion set regions and calculating the boundary
length and curvature.
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Figure 2: Top: A slice from the 07, simulation at redshift z = 20 with xy; = 0.65. Middle: The
excursion set for 073 for threshold value 20 mK. The black regions are the excluded excluded. Bottom:
Same as middle panel but for threshold value 50.
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It is also straightforward to employ the methods of calculation used for the CMB which are imple-
mented on the surface of a sphere using equal area pixels and the publicly available code HEALPIX (Gdrski
et al., 2005). A simple outline of the algorithm can be as follows. The three dimensional 67}, data is
converted into two-dimensional slices, each of which corresponds to a patch on the surface of a sphere.
We can choose one of the coordinates of the grid, say z, as the line of sight direction from us. Then
we obtain two-dimensional x,y slices for each z value. From the value of the redshift at which d7T} is
obtained the comoving distance of the z = 0 slice from us can be calculated. Then the comoving distance
for each slice can be calculated by adding z to it. Approximating that each z,y slice is part of a spherical
surface, we find the spherical coordinates 6, ¢ value for each x,y cell. Next we transfer each 6,¢ to a
HEALPIX pixel by using the ang2pix subroutine. Thus we get a patch of sky carrying 67}, data for each
x,y slice. Note that we are ignoring the curvature of the redshift slices. This is okay for small simulation
box sizes or sufficiently small field of views.

5 Discussions

21-cm observations promise to provide us access to unprecedented volume of cosmological data - from
a period when the age of the Universe was a mere hundreth of its current age. From the point of view
of cosmology this is very exciting because it will provide new test of the standard model of cosmology
that is complementary to the existing ones, and simultaneously improve the constraints on cosmological
parameters. For primordial non-Gaussianity the prospect is an order of magnitude improvement on
constraints on the non-Gaussianity parameters. MFs are good at identifying spurious sources of non-
Gaussianities since they are sensitive to all orders of n-point functions and not tailored for specific
forms. Hence, they promise to be very useful tools to characterize primordial, as well as secondary,
non-Gaussianity and to characterize different reionization models. We plan to carry out this study in
the near future. Since they are defined directly in field space their computation and analysis of other
contaminants to the field of interest is relatively easier than other statistics such as the bispectrum that
are defined in Fourier space. Much of the technology that have been developed for using them in the
context of the CMB can be extended to the 21-cm observations.
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