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Stacking is a statistical approach to measure the average properties for known ob-
jects that are too faint to be detected individually at the target wavelength. This
approach has been extensively used for studies of high redshift, and /or intrinsically
faint galaxies with a wide range of telescopes, including radio inteferometers. The
technique is typically applied using images rather than the direct measurement of
an interferometer, namely Fourier components of the sky brightness distribution.
However, interferometry is not a direct imaging method, and this imposes several
challenges to stacking, limiting scientific inference. This thesis tests where visibility
stacking might be more effective than the traditional image-plane stacking approach
using simulated data, as well as real observations from the MeerKAT telescope. To
do so, we perform a suite of visibility stacking experiments on realistic synthetic data
generated from the TRECS Square Kilometre Array simulations. Parameters that are
varied include the CLEAN depth, stacking depth and the maximum source distance
from the phase centre. We further investigate the applications of visibility stacking
on real MeerKAT data. The stacking techniques are applied on HI-selected galaxies
within the Abell 3408 galaxy cluster. Our simulated and real data results suggest
that visibility stacking produces favourable results compared to image-stacking for
shallow observations, but caution must be applied to sub-uJy stacked sensitivity ex-
periments.
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Chapter 1

Introduction

In this first chapter, we provide a brief introduction of radio astronomy and how
radio signals are interpreted once reaching our radio instruments, we then describe
the dominant extragalactic source populations in the faint radio sky. Lastly, we give
an introduction to radio interferometry as relevant to this thesis.

1.1 Radio Astronomy

Celestial objects emit light in different parts of the electromagnetic (EM) spectrum,
one example being radio light which ranges in wavelength from about 1 centimetre
to 10 metres on the EM spectrum. EM light or radiation travels at the speed of light
c ~ 3 x 108 ms™! in a vacuum and one can interchange between wavelength and
frequency using the relation:

c=vA, (1.1)

where v is the frequency in units of Hertz and A the wavelength in metres. Radio
astronomy is the study of celestial objects emitting at the radio regime of the electro-
magnetic spectrum. The first detection of cosmic radio emission was serendipitously
observed by Karl Jansky in 1933 at the Bell Telephone Laboratories in Holmdel, and
the detection came from the centre of the Milky Way (Jansky, 1933). This discov-
ery later led to the development of radio astronomy. However, only radio, infrared
and visible light observations are typically performed from Earth, while other wave-
lengths or frequencies being obscured by the Earth’s atmosphere, requiring their
observations to either be in space or high, dry sites (Marr, Snell, and Kurtz, 2015).
Radio emission is detected using radio telescopes (also referred to as radio antennas)
and can either be used as a single antenna or linking multiple receptors by applying
the radio interferometry technique (e.g., Miiller and Peichl, 1991). Using multiple
antennas and correlating the outputs of the individual receivers allow to achieve a
better angular resolution than using a single antenna, this concept will be discussed
briefly in Section 1.2.2.

Astronomers study the physical or chemical properties of celestial sources through
EM radiation. This requires a deep understanding of how it interacts with the earth’s
atmosphere before reaching our telescopes, also how the measurement itself and our
telescopes interfere with the signal. If we assume a light radiating source being ob-
served, the light energy emitted by the source falling on a radio telescope can be
described in terms of spectral brightness (also referred to as spectral intensity) I,
measured in W m~2 Hz~! sr~!. The resulting flux density or just flux of the tele-
scope is defined as

Sv = /source IV(Q’ 4))’ (1.2)
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and units for S, are W m 2 Hz ! and are normally expressed in Jansky, where 1 Jan-
sky (1]y) is equivalent to 10726 W m~2 Hz~! (Condon and Ransom, 2016). The spec-
tral brightness can not be precisely measured if the observed source is unresolved
(small in angular size relative to the angular resolution of the telescope). Therefore
very faint and distant sources can only be measured in terms of flux density if a
telescope does not have the required angular resolution.

1.1.1 Radiation Mechanisms

The most common way to understand underlying physical EM radiation mecha-
nisms is to measure how the radiation intensity varies with frequency (i.e., spectral
emission distribution or spectra), simple example illustrations of spectra are shown
in Figure 1.1. Radiation mechanisms can generate a spectral-line (which can be in
the form of absorption, emission or broadened) or continuum spectra. A continuum
spectrum is due from a wide frequency range observations while spectral-line is due
from narrow frequency range observations.

(a) Emissionline  (b) Absorption line (c) Broadened (d) Continuum
emission line

o A
V

Frequency v v v v

FIGURE 1.1: Simple examples of spectra. Image is directly repro-
duced from Bradt (2004).

A continuum spectrum can be produced by two different processes, namely thermal
radiation, where energy is in the form of heat or synchrotron radiation where en-
ergy is non-thermal. Each of the processes has different signatures on the spectral
emission distribution (SED) and tells different physical processes about a source. For
example, if you measure a spectrum where the specific intensity or flux density in-
creases with temperature, then the mechanism taking place is of thermal radiation
defined by the Plank’s function in Equation 1.3, where the I, is the measured inten-
sity observed at frequency v, h is the Plank’s constant, c is the speed of light in a
vacuum, Kp is the Boltzmann constant and T is the brightness temperature of the
observed source in thermal equilibrium. If the specific intensity decreases with fre-
quency, then it is mostly likely to be synchrotron radiation (King, 2015). This thesis
will be mainly focused on sources that emit synchrotron radiation.

231
= hv

L _
€ efgT 1

[Wm2Hz sr™!] (1.3)
Synchrotron radiation occurs when electrons spiral around magnetic field lines due
to the non-relativistic magnetic force F = qu X B, where g is the charge of an electron
moving with speed v in magnetic field strength B. Since the electrons are relativistic,
the emitted radiation becomes so intense that it can reach to high energies such as
X-rays and y-rays. Synchrotron radiation can also be detected in radio due to be-
ing the strongest at low frequencies. The spectrum of synchrotron radiation can be
represented by a power law of the form:
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S, xv*, (1.4)

where S, is the flux density measured at observational frequency v, a is the spectral
index (Bradt, 2004). Figure 1.2 illustrates spectra examples of synchrotron sources
and radio galaxies in the literature.
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FIGURE 1.2: Left panel: spectra of radio galaxies (top panels), radio
source 3C 84 hosted in galaxy NGC 1275 contains a compact nuclear
component that is opaque below about 20 GHz, while 3C 123 is trans-
parent at all frequencies and loses energy making the spectrum steep
at fewer GHz; and quasars (bottom panels), 3C 48 at below 100 MHz
it is synchrotron self-absorbed, while 3C 454.3 contains structures of
different sizes that become opaque at different frequencies. Right
panel: infra-red and radio spectrum of a starburst galaxy M82, the
slightly horizontal dashed line indicates the contribution from free-
free emission, the dots indicate thermal dust at low and high frequen-
cies, respectively, the dot-dash line curve indicates synchrotron radia-
tion. The free-free emission absorbs some of the synchrotron photons
and flattens the overall spectrum at the lowest frequencies. Images
are directly reproduced from Condon and Ransom (2016).

1.1.2 Radio Source Populations

The extragalactic radio sky is divided into the "bright" and "faint" radio sky popula-
tion, where sources that fall under the bright radio sky are radio galaxies (RGs) and
radio quasars, while sources that fall under the faint radio sky are radio-quiet active
galactic nuclei (RQ AGN), Star-forming galaxies (SFGs) and FR 0 RGs (Padovani,
2016). For this thesis, the main focus will be on the faint radio sky population.

A physical structure of typical active galactic nuclei (AGN) includes a supermas-
sive black hole (SMBH), an accretion disc emitting at optical/ultra-violet and X-
ray radiation, fast moving gas clouds which appear as broad lines, slow moving
gas clouds appearing as narrow lines on an AGN spectrum, the broad-line regions
have velocity width in range 200 < Full width half maximum (FWHM) < 500 kms~!
(Groves, 2006), while the FWHM of the narrow line regions is in the range 5000 -
10000 kms—1! (Véron-Cetty and Véron, 2000). Also, the physical structure consists
of a torus and high energetic-charged particles forming luminous jet and/or lobes

1000

4
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(Padovani, 2016). A cartoon example of an AGN physical structure is illustrated in
Figure 1.3.

Observer sees blazar

\ Observer sees
Q\ radio loud quaser
[
< Observer sees
radio galaxy
Gas clouds in narrow P
line region 5
-
-
-
- Observer sees

Seyfert 2 galaxy
—

Jet/‘{:?‘

Accretion disk

Broad line region

Observer sees
Seyfert 1 galaxy
‘i‘\k

FIGURE 1.3: An illustration of an active galactic nuclei unification

model, showing that the type of AGN class depends on the observer’s

viewing direction, where the types of AGNs observed are indicated

with arrows. Image is directly reproduced from Condon and Ransom
(2016).

Studies of AGNs have shown that there are two classes of AGNs which are classified
in terms of their luminosity, radio-loud (RL) and RQ AGN, typical luminosities of
RQ AGN are Ly ¢y, < 10%* W Hz !, which is 10% less luminous than RL AGN. RL
AGN are associated with large-scale jets and lobes, and also are mostly found in el-
liptical galaxies, while RQ have little or weak emitting ejecta and are found in spiral
galaxies (Xu, Livio, and Baum, 1999; Wilson and Colbert, 1994). RQ AGN got their
name from the fact that they were undetectable with radio telescopes of that time,
and only to find out after the improvement of the sensitivity of radio telescopes
that the sources are actually radio faint, but the radio-quiet name stuck (Sandage,
1965). In the context of this thesis, it is to note that RQ does not mean radio silent.
The RQ AGN class dominates > 90% of the AGN family, making their studies more
important when it comes to understanding the mysteries behind AGN and galaxy
evolution, and can be divided into two classes, according to their optical spectra,
(i) the type-I AGN, also called Seyfert 1 (Sy1), this class type shows both broad and
narrow lines on an AGN spectrum and (ii) type-II AGN (Seyfert 2 or Sy2) show only
narrow lines. Type I and II AGN are classified as radiative-mode sources. In con-
trast, jet-mode sources are AGN with low-ionisation nuclear emission-line regions
(LINERs) (Heckman and Best, 2014), the schematic drawing of each respectively is
shown in Figure 1.4, also see Figure 1.5 for their total energetic output, the Edding-
ton distribution ratios.

The appearance of an AGN and its host galaxy are determined by the observer’s
viewing direction or viewing angle, because the radiation-emitting by the nuclei is
not isotropic, and this effect is called the Unification Model (Barthel, 1989; Antonucci,
1993). For example, sources with jets along the viewing direction will have much
brighter nucleus compared to sources with obscured jets. Another example is in
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Figure 1.3, a cartoon illustration of a unification model of an AGN, where the broad-
line region and jets are orientated close to the observer’s viewing direction, giving
the AGN a quasar or Syl galaxy appearance.

Radiative-mode AGN Jet—-mode AGN

Radio
o et Type 1

° Dominant
© Radio Jet ©
o

o ° o
° o

o
Black hole

/ Dust?
[ )

Advection—-dominated|
inner accretion flow

o o
Weak narrow o
line region
° o
o

Narrow line
region o

o

FIGURE 1.4: Radiative-mode and jet-mode AGN schematic diagrams.
Left panel: radiative-mode AGN consists of a supermassive black
hole (SMBH) that is surrounded by a geometrical thin and optically
thick accretion disk. The dusty obscuring structure makes it difficult
to view the SMBH, accretion disk and the broad-line regions, result-
ing in the AGN being observed as a type II, whereas at other lines of
sight are not obscured and a type I AGN is observed. Jets can be pro-
duced in small proportions. Right panel: in jet-mode AGN the accre-
tion disk is in the outer regions, replaced by the advance-dominated
inner accretion flow. The majority of energy is released through ra-
dio jets in the form of Kinetics. Image is directly reproduced from
Heckman and Best (2014).

SFGs are mostly associated with spiral and irregular galaxies, emitting synchrotron
radiation and free-free emission, from Type II and Type Ib supernovae remnants
(SNRs) of mass M 2 8M, and HII regions, respectively (Condon, 1992). The char-
acteristics of SEGs radio spectra includes a steep curve of spectral index a ~ 0.8 due
to synchrotron radiation, and then becomes flat (x ~ 0.1) due to free-free emission
which predominates at frequencies v 2 30 GHz (Condon, 1992), the definition of
a synchrotron radiation spectra is shown in Equation 1.4. SFGs are dominating at
high redshifts, in other words, there is more star formation (SF) at high redshifts
compared to in the local Universe (Padovani, 2016), an illustration of this is shown
in Figure 1.6. SF is a process where molecular gas clouds convert into stars under the
influence of self-gravity, where the clouds are mainly made up of hydrogen and car-
bon monoxide. The SF activity occurs in two modes, (i) the starburst mode, where
SF is triggered by mergers or dense SF regions, and (ii) star formation rate (SFR) and
the stellar mass tight correlation mode (Padovani, 2016). This correlation is called
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the main sequence (MS) of SFGs and is described by power-law SFR « MY, stating
that the SFR scales with stellar mass M, for star-forming galaxies, with & ~ 0.6 - 1.2
(Popesso et al., 2019). For a given volume in the Universe, SFGs outnumber AGNSs,
but the rare AGNs are more luminous, about half of the observed radio emissions
come from AGNs (Condon and Ransom, 2016).

FR 0 RGs are a newly proposed class of radio galaxies (Padovani, 2016). They are
relatively rare, and the main purpose of this thesis is to introduce AGNs and SFGs,
which dominate the better-understood radio source counts.

FIGURE 1.5: Left panel: the distribution of Eddington ratios of emis-
sion line selected AGNSs, obtained from the Sloan Digital Sky Survey
(SDSS), where the main galaxy sample is split by star-formation ac-
tivity. D(4000)<1.4 indicate distributions for active star-forming host
galaxies, while D(4000)>1.7 are for passive host galaxies, each of the
distributions is for a range of masses as shown in the legends. The
fractions are plotted within each 0.25 index wide bin in the Eddington
ratio. Right panel: the distribution of Eddington ratios of radio-loud
AGN using the SDSS main galaxy sample, of Eddington limit 1073,
the sample is split into the jet-mode and radiative-mode sources, and
again, the fractions are also plotted within 0.25 index. The jet-mode
AGN dominates at low Eddington ratios and follows a Power-law
distribution with a slope of bout -1.5. The radiative-mode Eddington
ratios peaked at a few percentages. The distributions of these two
classes show similar characteristics as populations for emission-line
AGN in the right panel. Images are directly reproduced from Heck-
man and Best (2014).

Astronomers often study sources by counting them as a function of flux density, and
in most cases, the counts are calculated using the differential source count approach
(i.e., the number of sources per flux density per steradians). The count helps un-
derstand source population evolution properties as well as Cosmological properties
(Padovani, 2016). An example being Figure 1.7 on the left panel, where Padovani
(2016) illustrates Euclidean-normalised source counts at 1.4 GHz frequency for three
different luminosity evolution models, up to redshift z = 2. The number counts were
calculated in the case of a pure luminosity evolution defined by P(z) = Py(1 + z)%,
where k is the evolution constant (i.e., k < 0: negative evolution, k > 0: positive
evolution, and k = 0: no evolution). The left panel of Figure 1.7 shows that when

— T T T [‘)4‘10‘0(‘)“1‘4”‘ 100»vvvvyvvvvyvvvv ————T T
(4000) <14 3 E —A— All radio-loud AGN
[ ——10°"® < Mg, < 10" ]
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2 "o —¢-10"% < Mg, < 10" 4 10 E - 4- Radiative-mode subset ?
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Y44 4 =} -
[ o 1021 =
r # o E 3
L 7% u—
$ &4 o
% c [
; S 10°% 3
/ E = E 3
E| o E ,
. S F
= 7
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FIGURE 1.6: SFR versus redshift for deep survey data at various

wavelengths. The top right legend-like indicate the wavelengths and

their corresponding flux limits. The plots (colour coded with wave-

length and flux limit) shows that SFR increases with redshift. Image
is directly reproduced from Madau and Dickinson (2014).

the cosmological model and spectral index are fixed, source counts depend on the

evolution of the source population(s).
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FIGURE 1.7: The Euclidean normalised radio source counts at 1.4
GHz derived from different luminosity evolutions (left panel) and
various surveys (right panel), as indicated in the legends. The solid
and dotted black lines represent a smoothed version of the source
counts while the red dashed line represent simulated source counts.
Images are directly reproduced from Padovani (2016).
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The right panel of Figure 1.7 shows a Euclidean-normalised source counts of ob-
served data from various surveys at 1.4 GHz. It shows the source counts undergoing
a positive evolution at high flux densities, in other words at high flux densities the
source counts are dominated by RL AGNs, and source counts decline down to 1 m]Jy
following a power law, where RQ AGNs and SFGs tend to be residing. At lower flux
densities (S ~ 1 m]y) we can see that it is crowded. If we go deep in observations we
experience what is known as source confusion for arcsec-scale interferometers (i.e.,
many sources merge in a single beam), the source counts are scattered. It is believed
to be due to cosmic variance and/or inconsistencies in the way authors measure the
number of sources. Source confusion will be discussed further in Section 2.6, as it is
of key importance in continuum stacking.

1.2 Radio Astronomy Facilities

Depending on the scientific goal, a radio antenna can be used as a transmitting or
receiving device. It converts EM radiation from space to electric current here on
earth or vice versa, but for astronomy, radio antennas are normally used as receiv-
ing devices. A typical radio antenna consists of a dish (a primary reflector) to collect
and focus radiation to the secondary reflector (if present); and feeds as wave-guides
for transferring incoming radiation to receivers. The same aspects are common to
telescopes operating at different wavelengths such as visible (e.g., Walker, 1987),
infrared (e.g., Fanson et al., 1998) and ultraviolet (e.g., Davidsen et al., 1992). How-
ever, radio antennas can have a different form when operating at longer wavelengths
(e.g. low-frequency antennas such as the Low-Frequency Array Haarlem et al., 2013
versus high frequencies such as the Atacama large millimetre array Wootten, 2003).
Most radio antennas have steerable dishes, meaning they can point at any direction
in the sky controlled remotely. For a typical single-dish antenna, whether steerable
or not, the effective area of the dish is defined as

P
Aeff = m/ (1.5)

where P is the radiative power from a source of flux density S, and bandwidth
Av. The radiation power measured from the source can be obtained by reworking
Equation 1.5 as follows

pP= SvAeffAV/ (16)

and the power can be described in terms of temperature T4 (for antenna temper-
ature, the power delivered by the antenna through transmission lines) using the
equivalent temperature relation

P
kBAU’

where kg is the Boltzmann’s constant (Lancaster, 1989). Note that the radiation
power is dependent on the effective area of the dish A,sr, meaning larger dishes
collect more power and result in faint sources being detected. The measured radi-
ation power from a source is not simple as shown from the Equation 1.7 since the
incoming radiation from the source has to compete with unwanted power (i.e. tele-
scope receiver noise, background sky noise, the atmosphere and radio frequency
interference) (Bradt, 2004), so it is important to perform careful calibration in an at-
tempt to separate those different components. The total radiation power detected by

Teqv = (1-7)
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the antenna plus the unwanted power can be described in terms of temperature and
itis called the system temperature Ts,s = T4 + Tn, where Ty is the unwanted power
(noise temperature) which can be described as Tx = Ty + Tatmosphere + Tcmp + ete.
in units of Kelvin. The antenna temperature can be extracted from the system tem-
perature by subtracting the noise temperature, but since Ts;s > T4, then some un-
certainties from the noise temperature may occur on T4, and the uncertainties can
be described using the radiometer sensitivity equation,

0(Ty) = , (1.8)

where At observational duration and Av is the bandwidth. Therefore the measured
radiation power from a source becomes more precise for large bandwidth and longer
observations. Bandwidth is fixed by design; thus uncertainties in the sky tempera-
ture can be reduced by observing at much longer durations (Lancaster, 1989). Gen-
erally in astronomy, a space source is considered to be detected when the antenna
temperature is at least five times the antenna uncertainties (5¢(T4)).

A radio antenna’s system performance of whether it is capable of detecting radia-
tion of a particular source during observations can be described through the system
equivalent density (SEFD), where the SEFD is the flux density of a point source that
doubles the Tsys when in beam, it accounts for the combined sensitivity of the an-
tenna dish and the receiving system and is given by

2kg Tsys

SEFD =
Aeff

. (1.9)

The SEFD is measured in units of Jansky, and it also provides the sensitivity measure
for calculating the minimum detectable flux density

g _ SEFD
A tAY

The SEFD can be said as the measure of a telescope’s sensitivity, where lower SEFD
means the telescope is more sensitive. For example, the Very Large Array’s 25-metre
antennas have SEFD of 250 Jy at X-band while MeerKAT has a combined SEFD at ~
400 Jy at L-band.

(1.10)

Radio observations can be conducted in two different ways, either through a single-
dish antenna or an interferometer where multiple single-dish antennas are linked
up forming an array and work simultaneously to portray one large single-dish tele-
scope. However, a single-dish is the simplest way of collecting radiation from a
source.

1.2.1 Single Dish

A single dish is a radio antenna whose resolution is defined by 6 = %, where 0 is
the angular resolution (the ability to distinguish between two adjacent sources sep-
arated by a minimum angular distance), A is the observed wavelength and D being
the diameter of the dish. For example, the HartRAO 26 metre radio antenna operat-
ing at 13-centimetre wavelength has an angular resolution 6 ~ 20 arcminutes (Jonas,
Baart, and Nicolson, 1998). Normally single-dish antennas have small diameters to
make movements easy, but the small diameter results in a smaller field of view, a
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low angular resolution, lower sensitivity and poor pointing accuracy (Condon and
Ransom, 2016). The angular resolution can be improved by increasing the diame-
ter of the dish or by observing at shorter wavelengths. Nowadays single dishes are
primarily used for

i. Pulsar searching or observing them since pulsars are easy to separate from
confusion and require low-resolution power to observe them;

ii. Complementing interferometers for observing large scale structures and serv-
ing as part of interferometers (e.g., Heywood et al., 2019);

iii. Spectroscopic observations of low brightness sources that cannot be confused,
for example, the searching for extraterrestrial signals, with projects like the
SETI, the search for extraterrestrial intelligence (Wright, 2002).

1.2.2 Interferometery
Two Element Interferometry

As with cameras, the angular resolution of a single dish is diffraction-limited, and
it pushed scientists and engineers to find better techniques which led to interfer-
ometry and aperture synthesis (Ryle and Hewish, 1960). The angular resolution
achievable by an interferometer is defined as 6 = 1.22%, where By, is the max-
imum distance between a pair of antennas (called the maximum baseline) of the
interferometer. The short baselines between closely located antennas, as shown in
Figure 1.10 give information about large scale structures. In contrast, the longer
baselines give information about small scale structures. While an interferometer’s
angular resolution at a given wavelength depends on the array configuration and
observing wavelength, the sensitivity of the interferometer depends mainly on the
receiver electronics characteristics and collecting area of each element forming the
array (Boccardi et al., 2017), and is captured by the SEFD as mentioned earlier. A
very sensitive interferometer used in this thesis is discussed in Section 1.2.2.

Figure 1.8 shows a schematic diagram of a two element interferometer, where EM
radiation from a distant source is collected by the two single dishes separated by
distance B known as the baseline, but the signal will not reach both the dishes at
the same time due to the separation distance B between the dishes and non-zenith
observing direction. The radiation signals measured from the two dishes under-
goes what is known as correlation, which happens within the correlator, where the
signals are multiplied and averaged in time, and frequency intervals. The resul-
tant response signal measured by the interferometer is a complex (noise corrupted)
function known as visibility and is described by the van Cittert- Zernike theorem
(Thompson, 1999)

A(lL,m)\(Im) _or(u VI—E—m?-1
Vi(u,v,w) = W(u,v,w // LMY ) =i (ulom-+a " ))dldm,
( ) ( ) 1Jm /1 —1%2 —m? A.11)

where W(u, v, w) is the sampling function, also known as the point spread function
(PSF) and is defined by the configuration of the interferometer, I, (I, m) is the sky
brightness distribution function, A(I,m) is the primary beam function in cosine co-
ordinates (I,m), and (u,v, w) being the projected baseline coordinates measured in
wavelength, with u pointing parallel to the east-west and v to the north-south, and
w pointing in the centre of the image plane (i.e., the phase centre), an illustration
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diagram is shown in Figure 1.9. Therefore, the uv-plane or uv-coverage gives infor-
mation about the visibility measurements at a certain point. The uv-plane is always
incomplete for every interferometer, it can be filled by adding more antennas and
increasing the observational duration for more than 12 hours for example, in that
case, the rotation of the Earth will cause the baselines to rotate in time and help fill
in the absent information (i.e., a single baseline will sample a full track or an eclipse
in the uv-plane) (Boccardi et al., 2017). However, the centre area of the uv-plane
corresponding to distances less than the smallest baselines will always remain not
sampled to some extend. This cause some emissions not to be recorded by the in-
terferometer. From the visibility function, we are interested in the sky brightness
distribution function, the two functions are related through Fourier transform,

L(l,m)=Z Y V(uv,w)}, Vuovw)=F{I(,m))} (1.12)

meaning a sky brightness distribution can be reconstructed by calculating the in-
verse Fourier transform (Z ~1) of the interferometer’s visibility function, and also
corresponding the visibilities can be obtained by Fourier transforming (.%#) the sky
brightness distribution (Offringa and Smirnov, 2017), but an interferometer samples
incomplete Fourier transformed sky brightness distribution function I, (I, m), infor-
mation is missing, and the sky brightness distribution cannot be completely mea-
sured. Instead, it can be estimated or reconstructed by convolving the visibilities
with the interferometer’s PSF W(u, v, w) and applying deconvolution to get accu-
rate flux density measurements of the sky. Deconvolution models that are typically
used are based on the Hogbom CLEAN (Hogbom and Brouw, 1974) and its vari-
ants (Wakker and Schwarz, 1988; Cornwell, 2008; Rau and Cornwell, 2011; Smirnov,
2011).

Time Delay:
B-s5
Tg = -
Vo = Acos(w(t — 714)) v Vi = Acos(wt)
Mu\ﬁ?&:aﬁon

A2
- [cos(wTy) + cos(2wt — wTy)]

<> R _ A

e — —— COS(WT,
Time Average © 2 ( g)

FIGURE 1.8: An illustration of a two-element interferometer. The ra-
diation emitted by distant sources arrives at the two dishes separated
by a baseline distance B in the form of a plane wave in direction &.
The radiation signal measured by two antennas are the same, assum-
ing the same pointing direction, but antenna on the left experiences
a geometric time delay of 7. Both radiation signals from two anten-
nas are then multiplied and averaged by the correlator, and result in
a signal response R.. Image directly reproduced from Bouman et al.
(2016).
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plane of sky

4,v plane

FIGURE 1.9: (uvw) projected baseline coordinates illustration dia-

gram. The sky dome and its approximation as a flat "plane of the sky"

are shown. Image is directly reproduced from NJIT radio astronomy
course notes.

The visibility function (Equation 1.11) can also be represented in terms of the ra-
dio interferometer measurement equation (RIME) (Hamaker, Bregman, and Sault,
1996). The RIME describes robustly and compactly all the effects that may occur dur-
ing interferometric measurements, for more discussion about the RIME see Smirnov
(2011). The simpler case of the visibility function described in terms of the RIME

Vij = JijVij + €ij + 1ij, (1.13)
where \7i]- represents the observed visibilities, J;; is the corruption noise in baselines

between telescopes i and j, V;; are the true visibilities, €;; is the correlator noise and
17ij represents additional noise.

The MeerKAT Telescope

The Meer Karoo Array Telescope (MeerKAT) is a next-generation interferometer lo-
cated in the Karoo region of the Northern Cape province in South Africa, the geo-
graphical coordinates of the telescope are of longitude 21° 26’ east and latitude 30°
42’ south. The telescope is a precursor to the Square Kilometre Array (SKA) mid-
frequency array and consists of 64 offset Gregorian design antennas each of diame-
ter 13.5 metres. The offset Gregorian design ensures that there is no blockage of the
incoming radiation during observations. The advantages of the unblocked aperture
are (i) to provide high aperture efficiency for improved sensitivity, (ii) for reducing
the system temperature by limiting the pickup from ground radiation, and (iii) low-
ering the sensitivity of the Radio Frequency Interference (RFI) and primary beam
sidelobes (Mauch et al., 2019). All of these enables high dynamic range observations
which are critical to the stacking experiments explored in this thesis, a point that
is returned to later. Figure 1.10 shows that the majority of the antennas are located
around a diameter of approximately 1 kilometre from the centre core enabling high
surface brightness sensitivity, and the maximum baseline between the antennas is 8
kilometres.
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FIGURE 1.10: Antenna positions for the MeerKAT telescope. The

baseline lengths range from 20 m to 8 km, with a majority of anten-

nas are concentrated at the centre core region (i.e., the right panel is a

zoomed-in section of the antennas at the centre core region and how

they are distributed inside the 1 km core). The antennas are named
"m000" to "m063".

Each antenna consists of three main components, namely the antenna positioner,
receivers and digitisers. The antenna positioner is made up of a 13.5 metres main
reflector and 3.8 metres sub-reflector, and the entire framework is mounted on top
of the pedestal. A schematic diagram of a MeerKAT single dish structure is illus-
trated in Figure 1.11. The mount is an azimuth and elevation type, making the an-
tenna dish to be steerable at azimuth range -185° to +275° and elevation range 15°
to 88°. During observations, EM radiation is reflected from the main reflector to the
sub-reflector and then ends up on the receiver indexer mounting the receivers and
digitisers. The receivers are for measuring EM radiation and converts it into volt-
age. Three receivers currently installed measure EM radiation at different frequency
bands: L-band (900 - 1670 MHz), S-band (1750 - 3500 MHz) and UHF-band (580 -
1015 MHz). These receivers are rotated by the indexer for a desired observational
frequency. For each receiver, there is a digitiser for converting the measured EM
radiation into a voltage signal. Observations for this thesis were done using the S-
band, which is discussed in Section 3.1.2. Digitisers convert voltage signal from a
receiver into a digital signal which is transported to the processing building where
it undergoes various processing stages,with cross-correlation (multiplying and av-
eraging signals to form visibilities) being one of them. The visibilities are recorded
and transported through fibre optics to the Centre of High-Performance Computing
(CHPC) in Cape Town, where they are stored for imaging and analysis.

MeerKAT’s angular resolution is ~ 8 arcsec at L-band and ~ 4 arcsec at S-band
(which depends strongly on the chosen imaging weights). The instrument is the
most sensitive radio interferometer in the Southern Hemisphere for capturing deep
and high fidelity centimetre wavelength emission and detecting macro-Jansky radio
sources (Booth and Jonas, 2009). The telescope is also capable of sensitive observa-
tions of transient sources. The SEFD of the array is ~ 400 Jy at L-band combined
with a large field of view (FoV), results in a large survey speed. The extension of
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FIGURE 1.11: MeerKAT single-dish schematic diagram structure. The

dish is of 13.5 metres in diameter, where incoming light gets reflected

from the main reflector dish to a sub-reflector of 3.8 metres then to

the detectors suspended above the main reflector. Image is directly
reproduced from Jonas (2016).

MeerKAT by additional 20 dishes and maximum baseline of up to 16 km will in-
crease the array’s sensitivity by up to 50% and the angular resolution by a factor of
~ 2.

Time And Bandwidth Smearing

We now know a radio interferometer measures samples of the Fourier transform
of the sky brightness distribution. In order to reconstruct high-fidelity, wide-field
images of the sky brightness distribution, these visibilities must be recorded at suf-
ficiently high time and frequency resolution; otherwise, the images will suffer from
time and bandwidth smearing. Smearing is unavoidable and occurs inside the cor-
relator during the averaging when sampling the visibilities in frequency and time
intervals. The smearing mainly decreases the flux density amplitude of the sources
that are located far from the phase centre within the FoV. Furthermore, this effect
increases with baseline length (Atemkeng et al., 2016). The FoV of an interferometer
is defined as Or,y = %, where A is the observed wavelength, and D is the diame-
ter of a single dish antenna of an interferometer (assuming a heterogeneous array).
Smearing not only decreases the flux density but also distorts the PSF (particularly
far away from the phase centre) since different baselines sample different Fourier
modes.

Figure 1.12 shows the effect of smearing on a 1 Jy source, observed with the Very
Large Array (VLA) C configuration at 1.4 GHz frequency, by plotting the source’s
apparent flux density as a function of the distance from the phase centre. The figure
shows that to avoid smearing, the averaging should be kept at ~ 10 s and ~ 125
kHz. In the case of aggressive averaging, say at ~ 50 s and ~ 5 MHz the recovered
flux density will decrease rapidly towards the edge from the phase centre. For this
thesis, smearing is an important aspect to avoid the decrease in flux density ampli-
tude for our stacking results, and therefore precautions are taken when choosing the
averaging intervals.
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FIGURE 1.12: Effects of time and frequency averaging on the visibility
function, shown on a plot of flux density as a function the distance
from the phase centre for a 1 Jy source, observed with the VLA-C
at 1.4 GHz frequency. (Left panel) frequency interval is fixed at 125
kHz, and the time interval varies from 10 to 150 s. (Right panel) time
interval fixed at 1 s, frequency interval varies from 125 to 6250 kHz.
Figures are directly reproduced from Atemkeng et al. (2016).

1.3 Thesis objectives and outline

The key objective of this project is to perform a suite of visibility stacking experi-
ments on realistic synthetic data generated from the TRECS SKA simulations (Bonaldi
and Team, 2018). This allows us to test how this approach compares with the tradi-
tional image-plane stacking approach. Parameters to vary will be the CLEAN depth,
stacking depth and the maximum distance from the phase centre. We can anticipate
that confusion will limit stacking with MeerKAT, due to the pJy-level sensitivity and
~10 arcsec angular resolution of the telescope. Most of the galaxies are marginally or
completely undetected with a typical MeerKAT observation, but their median flux
can in principle be recovered with the stacking approach.

This thesis is organised as follows: Chapter 2 outlines the process and scientific ap-
plication of image-plane and visibility stacking. Chapter 3 describes the simulated
interferometric observations framework developed and the stacking experiments to
be performed. Chapter 4 presents the simulated and real MeerKAT data results, and
conclusions are drawn in Chapter 5.
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Chapter 2

Stacking

2.1 Introduction

For every wavelength observation in astronomy, there is always a need to extract
information that lies below the noise threshold and thus can be potentially extracted
using stacking. Stacking is a technique to combine image or visibility data from mul-
tiple sources that are below the noise level (i.e. individually undetectable) to increase
the signal-to-noise ratio (SNR) for that particular sample and make a statistical de-
tection. However, it requires the 2D (or 3D) positions of the catalogue of sources
to be known a priori from previous observations of a different frequency where the
sources are more easily detectable (see, e.g., Garn and Alexander, 2009).

The stacking technique has proven to be powerful for studying radio emission from
the faint radio source population (see, Section 2.4). It will be important to carry out
statistical studies of some of the MeerKAT image-plane Large Survey Projects. How-
ever, MeerKAT’s confusion limit of ~ 1 uJy/beam at L-band will pose a significant
challenge to the full utilisation of this technique and create biases that are yet to be
characterised and understood, which this thesis aims to begin. There are two meth-
ods of stacking, namely image and visibility stacking, each with their pros and cons
which will be discussed in Section 2.2 and 2.3.

2.2 Image stacking

Image stacking, as the name suggests, is defined as stacking sources on the image
plane. In the literature, there are many ways of performing image stacking, but two
primary examples are (i) stacking on a pixel-by-pixel basis (see, e.g., White et al,,
2006), or (ii) modelling histograms of flux density distributions (see, e.g., Mitchell-
Wynne et al., 2014). In this thesis, image stacking on a pixel-by-pixel basis will be
employed.

Image stacking on a pixel-by-pixel basis is performed by generating a full-image
map, which may be an interferometric map generated via self-calibration and de-
convolution. This map is then used to make small cut-out images centred on each
target source position included in the stacked sample. The target source position
where stacking is performed can be defined as stacking positions while the cut-out
images can be referred to as postage stamps. The postage stamps are combined all
together using either the traditional mean, weighted mean or the median. A mean

combination is defined as 5
X
X =—), 2.1
r== e
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where ¥ the mean flux density at each pixel location to produce a mean stacked im-
age, Lx is the sum of flux densities at each pixel location and 7 is the number of
stacked pixels per stacking position. If the noise is non-uniform across the image, a
noise image is necessary. The weighted mean can be used to account for differing lo-
cal noise by weighting the contribution of each source, and weighted mean stacking
is defined as

_ Z.:l (xz- X ZUZ')

Xy, = —=g——

= , 2.2
e 22)

where L7 (x; x w;) is the sum of flux densities at each pixel location and the weight
contribution of each stacking position, X ,w; is the sum of the contributing weights.
The weights are defined as w; = 1/ (71-2, where 0; is an estimate of the noise con-
tributed by a source at stacking position i. As discussed by White et al. (2006), me-
dian stacking is less sensitive to outliers compared to mean stacking methods. Figure
2.1 shows a comparison in results that occurs when using a traditional mean or me-
dian stacking, the mean stacked images are noticeably noisier than the median, with
nearby bright sources having more effect on the stacking results. The noise level on
the mean images is ~ 3 to 5 times than the median. These radio stacked images are
of 1.4 GHz for the faintest flux density bins, and all have a size of 41 x 41 pixelz, with
a corresponding flux density range of sources used to create the stacked image given
below each sub-image.

(a) 150 —201 wy. (b) 201 —268 wly. (c) 268 —359 wy. (d) 359 — 479 wWy. () 479 — 641 wly. (f) 641 — 857 Wy.

(a) 150 =201 wy. (b) 201 — 268 ply. (c) 268 —359 wy. (d) 359 —479 (Jy. () 479 — 641 wly. (f) 641 — 857 wly.

FIGURE 2.1: Comparison in results from mean (top panel) and me-
dian (bottom panel) stacking, all the images are of 1.4 GHz frequency
having size of 41 x 41 pixel? The corresponding flux density range of
sources used to create the stacked image given below each sub-image.
Figures are directly reproduced from Garn and Alexander (2008).

The image stacking method, when used to stack interferometric data, may result in
(i) CLEAN artefacts and (ii) correlated noise structure in the image plane, on the re-
sultant stacked image. This is due to interferometric observations not being a direct
imaging method like an optical camera, for example. For interferometric observa-
tions, the final image is obtained by self-calibration and deconvolution, which may
later pose problems to the stacking due to the correlated noise in the image-domain.
Figure 2.2 shows a simple image stacking on a pixel x pixel basis illustration. A
list of faint sources is obtained from a catalogue of different wavelength where their
emissions were detectable. For each stacking position, a postage stamp of size ~ 64
x 64 pixel? is extracted from the full image, then all postage stamps are combined on
a pixel x pixel basis and result in a stacked image of higher SNR than each postage
stamps.
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FIGURE 2.2: An image stacking example. Left panel: an image from

the Extended Chandra deep field-south (ECDFS) observation, each

green square indicates a position of an individual faint source. Top

right panel: postage stamps being stacked all together and that re-

sults in a stacked image shown on the bottom right panel of higher

SNR than individual postage stamps. Reproduced directly from Lin-
droos (2014).

2.3 Visibility stacking

Stacking on the visibility plane (uv-plane) is a better approach to avoid artefacts that
come with the image stacking method, and such method of stacking is called visi-
bility stacking also known as uv-stacking. Visibility stacking combines visibilities of
target sources before the image is created. It works by first creating a copy of the full
visibility data for each target source and then phase rotate (changing the phase cen-
tre) to each stacking position. It then combines the visibilities for each target source
using similar combinations as image stacking (i.e. mean, weighted mean or a median
combination) to produce a stacked visibility data of target sources, of lower noise
with the same uv-coverage as the original data set, and the stacked source located
at the phase centre. The new visibility stacked data set can either be imaged using
interferometric imaging techniques discussed in Section 1.2.2 or modelled directly
in the uv domain to estimate the average flux density and source sizes of the stacked
data. The advantages of working on the visibility plane are in particular (i) little
to no clean artefacts is experienced due to no imaging required, and (ii) much bet-
ter size (and therefore better brightness temperature) measurements of the average
population. However, it is more computationally expensive, so this project is look-
ing at where the scientific yield is worth the additional processing with MeerKAT.
In comparison, the pros and cons of working on the image plane are listed in Table
2.1.

In this thesis, visibility stacking is performed by employing an algorithm developed
by Lindroos et al. (2014). The algorithm has been developed to apply to any radio
interferometric data set, also to handle effects that come with mosaic and wide-field
VLBI observations. Its performance was tested on simulated data mimicking the
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FIGURE 2.3: VLA simulation of extended sources stacking results
from Lindroos et al. (2014). Top left panel: VLA simulation of ex-
tended sources stacking results from Lindroos et al. (2014). Top left
panel: The average of the real part of the flux density visibility as
a function of the baseline, the red curve indicates the average fitted
sizes and fluxes using visibilities from baselines greater than 5000 .
Also for short baselines (less than 5000 1) the average flux density
does not fit, due to the sources not being fully resolved. Top right
panel: The distribution of fitted sizes for visibility and image stacking
data, the visibility stacking is narrower compared to the image stack-
ing, which indicates a higher precision towards the true fitted size.
The dashed line indicates true size. Bottom panel: Image and visi-
bility stacked postage stamps, both postage stamps show variations
which results from nearby bright sources and variations are more vis-
ible on the image stacking (row one). The central pixels are masked
out (row two). Short baselines are removed, central pixels are masked
out, and visibility stacking is implemented, the same thing is done
for image stacking, by converting the image into visibilities through
Fourier Transform. The procedure still favours visibility over image
stacking, due to more variations still present in the image stacking
postage stamp (row three).
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Atacama Large Millimetre Array (ALMA) and the Very Large Array (VLA) obser-
vations for deep extragalactic surveys and compared to image stacking. From the
comparison, visibility stacking was found to yield more robust results than image
stacking, the comparison results between image and visibility stacking are shown in
Figure 2.3. This is due to having access to the visibility data after the stacking pro-
cess, were unwanted data and other effects that may affect the stacking negatively
can be removed. Therefore this supports visibility stacking being a powerful method
for stacking interferometric data. The algorithm uses the following equation to cal-
culate the stacked visibilities for target sources of known positions within a single
pointing,
P 1wime%”13-(§of§i)
Zzzil Wi '

Vstack = (2.3)
where W; is the weight of a target source at stacking position i, Ay(S;) is the pri-
mary beam attenuation in the direction of stacking position i, A is the observing
wavelength, B is the visibility baseline, S is the unit vector pointing to the phase
centre and $; is the unit vector pointing to the stacking position i. Using this equa-
tion does not duplicate the visibilities, meaning there is no increase in the size of
the data set. Another advantage is that the visibilities are computed independently,
making it easier for parallelism and faster execution for large data sets.

TABLE 2.1: Comparison between image and visibility stacking

Image stacking Visibility stacking

Sensitive to CLEAN artefacts | Little to No CLEAN artefacts

Less computation power re-

quired Computationally expensive

Does not allow the removal | Allows for the removal of unwanted data post
of unwanted data stacking

2.4 Science with stacking

The majority of radio sky surveys are dominated by the faint radio sky population.
This has in part driven by improvement in sensitivity of radio telescopes and mo-
tivated stacking experiments in the past, to better constrain our knowledge about
the radio populations below the noise threshold. Below are examples of stacking
experiments in literature for studies of the faint radio sky population.

241 Continuum stacking

Dunne et al. (2009) stacked the Very Long Array (VLA) and Giant Metre-wave Tele-
scope (GMRT) continuum images observed at 610 and 1400 MHz frequencies, using
infra-red positions from the United Kingdom Infrared Telescope (UKIRT) Deep Sky
Survey, to investigate the average star formation (SF) histories from various classes
of K-selected galaxies with very faint flux densities (~ pJy). Figure 2.4 shows one
of the methods used to extract the star formation history, which is the radio derived
star formation rate density (SFRD). They aimed to trace whether AGN or SF con-
tribute towards the radio source populations at low flux densities (< 100 pJy) and
find that their radio-derived SFRD agrees very well with the literature values at up
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to redshift z ~ 2, followed by a steeper decline at higher redshifts than other tracers.
They suggest the reason is perhaps that radio emission might be failing as an SF rate
tracer at higher redshifts, for example, due to unmodelled evolution of the radio-FIR
correlation. From the results, they conclude that AGN do not strongly contribute to
the averaged radio emission of stacked K-selected galaxies at flux densities 5 - 20 uJy.

Zwart et al. (2014) studied the SF history of high redshift galaxies in the K band,
star formation rates (SFRs) and specific SFRs (SSFRs), and also tested the SSFRs
determined from semi-analytic models. The approach used was via stacking 1.4
GHz VLA images using positions from the Vista Deep Extragalactic Observations
(VIDEO) survey. The selected sample was of Ky < 23.5, redshift 0 < z < 5, then
split into different types of galaxy populations (elliptical, irregular and starburst)
and stacked per population. The median stacked results were used to determine the
stacked flux density of each population instead of weighted-mean results because
the median is less sensitive to noise outliers. See Figure 2.6 for weighted-mean and
median stacked images, and their error maps. The obtained stacked flux density
was used to calculate the SFR, then the SSFR. They find that for the full sample their
Mass gradient (B) of SSFR are consistent with those from the literature but inconsis-
tent with results from the semi-analytic models. For the starburst sample, the results
agree with those from the literature (see Figure 2.5).
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FIGURE 2.4: Radio derived SFRD vs redshift z. The SFRD is de-
rived by converting stacked luminosity at frequency 1400 MHz to
the star formation rate (SFR) using the method from Bell (2003). The
shaded symbols show SFRD values that are corrected for incomplete-
ness and unshaded are not corrected, both red circles are data ob-
tained from literature and derived from 1400 MHz frequency using
methods from Bell (2003). The grey data points are from Hopkins
and Beacom (2006), and the radio derived SFRD shows consistency
with the data up to z ~ 2, but drops when going further. Reproduced
directly from Dunne et al. (2009).
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FIGURE 2.5: Mass gradient (B) of SSFR vs. red-shift (z) for full (left

panel) and star-bust (right panel), compared with literature. The

green points represent results from the semi-analytic model, red are

from literature and blue are from Zwart et al. (2014). Figures are di-
rectly reproduced from Zwart et al. (2014).

2.4.2 Spectral line stacking

Spectral line stacking (or 3D stacking) is not entirely different compared to stacking
on continuum data (2D stacking). For 3D image stacking, a 3D data cube is gen-
erated. An illustration of a 3D data cube is shown in Figure 2.7, the data cube is
from the ATLAS®P HI survey (Serra et al., 2012), and it shows a bright galaxy in the
central region. The cube is in coordinates of RA, DEC and velocity v. Stacking is per-
formed on a cube, for each of the N undetected target sources of known positions
(from other wavelengths). Firstly, each source is centred at zero velocity by shifting
its spectrum to rest frequency, then stacking is performed, and the result is a stacked
data cube.

Bera et al. (2019) measured the average HI mass of 447 blue star-forming galaxies
of absolute magnitude in B filter (Mp) < -17 and redshift 0.2 < z < 0.4, by stacking
their shifted spectra, observed with the upgraded Giant Metrewave Radio Telescope
(uGMRT) using positions from EGS, DEEP2 and DEEP3 surveys. The spectrum in
Figure 2.8 shows a HI detection with integration Luminosity of Ly = (2.10 &£ 0.30) X
10* Jy Mpc? km ™! and this luminosity was used to calculate the average HI mass
using the formula for an optically thin HI emission:

My = 2.343 x 10° / Lydo, (2.4)

where My is the HI mass, Ly is the HI luminosity with respect to velocity resolu-
tion v. Applying this formula the average HI mass was found to be < Mpr > = (4.93
+ 0.70) x 10° M, which is found to agree with the values for star-forming galaxies
in the local Universe.
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FIGURE 2.6: 1.4 GHz stacked images and their standard-error maps.
Each image is a postage stamp of size 41 x 41-pixel, with a scale of
1.5 arcsec/pixel. Top left panel: is the weight mean stacked image
and its error map (top right panel) showing that there is more noise
at the central pixel, and might affect the stacking results. Bottom left
panel: the median stacked image and its error map (bottom right
panel) where the noise structure is consistent with Gaussian noise.
Figures are directly reproduced from Zwart et al. (2014).
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FIGURE 2.7: An illustration of a 3D data cube. Figure are directly
reproduced from Serra et al. (2015).
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FIGURE 2.8: HI line (21 cm) emission stacked spectrum of 445 blue

star-forming galaxies observed with the uGMRT at velocity resolu-

tions 60 kms ! (left panel) and 180 kms~! (right panel). Figures are
directly reproduced from Bera et al. (2019).
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2.5 Enhanced calibration with visibility stacking

Any interferometric dataset requires what is known as calibration. Calibration is an
interferometric method for estimating and correcting for instrumental, ionospheric,
and tropospheric errors, amongst others, in the observed visibilities. A typical in-
terferometric observation will have a calibrator field, which is a field of simple, well
modelled source structure and perhaps also well constrained integrated flux density.
The calibrator field observations can be used to interpolate complex gain corrections
onto the target field, in what is known as cross-calibration (e.g. Grobler et al., 2014a).
This standard way of calibration can be refined further through a process known as
self-calibration (Grobler et al., 2014b). In self-calibration, the observed sources with
sufficient SNR are used as a model to calibrating the complex gains towards the tar-
get field. In VLBI observations, this process is often not applicable due to the low
sky density and generally lower flux density of high-brightness temperature emis-
sion (= 10° K). More generally, this process is often not applicable to faint sources
observed within a wide field of view, and that is where visibility stacking may be
particuarly useful to enhance calibration on a statistical basis. Visibility stacking is
performed on the faint sources of known positions, and the stacked visibility data is
applied to the original visibilities where self-calibration then takes place. An exam-
ple of this approach in the literature is that by Radcliffe et al. (2016).

Radcliffe et al. (2016) performed stacking on visibilities of multiple faint target sources
across the observed field, the stacking resulted in a single point source of higher SNR
visibility data, and also applicable for self-calibration. The resultant stacked data set
is applied to the original data set, and self-calibration is performed, this method is
known as Multi-Source Self-Calibration (MSSC). The method has been tested on 1.6
GHz wide field very long baseline interferometry (WF-VLBI) data set, observed with
the European VLBI network array, and it has been shown to increase SNR compared
to standard methods (see, Figure 2.9).

2.6 Key challenges in employing stacking with the next-generation
telescopes

Although stacking is a powerful technique for studying sources below the noise
threshold level, there are still challenges that come with employing stacking on the
next-generation telescopes like the MeerKAT, ASKAP and other SKA pathfinders,
which include:

i. archiving the visibility data - long observations and large bandwidths lead to
storage, and computational processing challenges for big interferometric ar-
rays. In that case, most of the raw and calibrated visibility data will not be
archived, at least not for long term storage. There are some suggestions that
(a) visibility stacking could be done in real-time and the calibrated visibility
data will not have to be archived for a long-term period, but for a short term
period needed for the processing of (large) surveys; and (b) ensure that the
visibility data to be averaged before archiving, since it will result in greater
flexibility during the processing (Knudsen et al., 2014). Another alternative to
reducing the data sizes is by observing for a short time and narrow frequency
intervals, but this approach will result in smearing effects discussed in Section
1.2.2;
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FIGURE 2.9: Image-plane comparison of standard calibration (left

panel) and MSSC (right panel) results, the colour scales are the fixed

for better comparison, The comparison illustrates the effect of MSSC

on source structure, flux and noise levels. (left panel) has a flux den-

sity of 1.35 mJy while (right panel) has 1.73 m]y with improved SNR

and noise levels. Figures are directly reproduced from Radcliffe et al.
(2016).

ii. bright sources - the sensitivity of these telescopes will result in bright sources

iii.

to be easily detected, and impacting the required dynamic range, therefore
the stacking negatively if there are any calibration errors present. The bright
sources can be subtracted by modelling their flux density distributions to at-
tempt to ensure that the stacked results are robust. However, in most cases,
residuals from bright sources will always be present, depending on the depth
of the CLEANIng or the quality of the visibility data (see Figure 2.3). In GHz
frequencies many sources have very complex morphologies, making it difficult
to model their flux distributions (Knudsen et al., 2014);

source confusion - (Condon and Ransom, 2016). telescopes of very high sen-
sitivity will result in source confusion, where sources are so crowded that one
beam may contain multiple or overlapping sources, and making stacking re-
sults degenerate and ambiguous. The source confusion results in the double-
counting of sources during stacking or target source is contaminated by the
flux density from nearby sources, therefore giving incorrect stacking results.

Flux Density (p)y)
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Methodology

3.1 Simulated observations

Stacking analyses in this thesis are performed on realistic synthetic data mimick-
ing MeerKAT observations. The data are generated using a suite of scripts based on
SIMUCLASS!, siMMs?, MEQTREES ‘> and WSCLEAN (Offringa et al., 2014). The code
together with the documentation can be found here https://github.com/thatoeugine/
AutoStacker.git, and a summary of the documentation can be found in Appendix A.
The code takes as input a catalogue of sources which is used to generate a sky model
image. The observation parameters (e.g., start time, duration, bandwidth, time &
frequency) are used to generate an empty Measurement Set (MS), which has ther-
mal noise added using measured MeerKAT SEFDs. The sky model image is then
Fourier transformed to generate corresponding visibilities (see Figure 3.5, for a basic
flow illustration of how the data is generated). The definitions of terms that will be
used in this chapter are listed in Table 3.1.

TABLE 3.1: Basic definitions of synthetic data

A sample catalogue of SFGs from the Tiered Radio
Sky Model catalogue Extragalactic Continuum Simulation (T-RECS) cat-
alogue by Bonaldi et al. (2018).

A model image consisting of sources from the sky
model catalogue.

Median image stacked product of the sky model im-
age (i.e., uv-sampling not applied).

Stacking positions Positions of the target sources.

MS column that contains original visibility data

Sky Model image

Ground truth stacked image

DATA from when the MS was created or filled.

MODEL DATA MS column t‘hat holds Pouner‘ transformed visibili-
ties of a particular sky model image

CORRECTED DATA MS column holding calibrated visibility data

3.1.1 Sky Model generation

The sky model image and its source catalogue (which will be referred to as the
sky model catalogue) are generated using a SIMUCLASS task DOSKYMODEL, where
SIMUCLASS is a pipeline for simulating radio interferometric data, from a model

Ihttps://bitbucket.org/itrharrison/simuclass
2https://github.com/SpheMakh/simms
3http://meqtrees.net/
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image to deconvolved images, built-in support of the SuperCLASS experiment: http:
//www.e-merlin.ac.uk/legacy/projects/superclass.html.

The sky model consists of sources from the Tiered Radio Extragalactic Continuum
Simulation (T-RECS), a realistic simulation of the radio continuum number counts
by Bonaldi et al. (2018). The simulation consists of catalogues of two main radio
continuum source populations namely, SFGs and AGN, with luminosity, flux den-
sity, coordinates, size and shape information. The structure of the SFG catalogues
are shown in Table 3.2, indicating information for each column of the catalogue. The
catalogues are separated into three categories: (i) the deep field with FoV = 1 deg?,
(ii) the medium field with FoV = 25 deg?, and (iii) the wide-field catalogue with FoV
=400 deg?. The T-RECS simulations have proven to be realistic, to the level required
for this project, with their luminosity functions and differential source counts agree-
ing very well with literature data at 1.4 and 3 GHz frequencies, examples of which
are shown in Figures 3.1 and 3.2.

TABLE 3.2: Structure of the T-RECS SFG catalogues. Table is repro-
duced directly from Bonaldi et al. (2018).

Column | Tag Name | Units Description
1 10gSFR logio (%) SFR
) Total intensity flux density of the
219 lireq mJy source at frequency freq
) Linear polarized flux density of the
20:37 Pireq mJy source at frequency freq
38 Mh log(Me) Dark halo mass
39 x_coord deg First anguI.ar C(?ordlnate for the flat-
sky approximation
40 y_coord deg Second angular ‘coordmate for the flat-
sky approximation
. Latitude spherical coordinate for a
H latitude deg chosen centre of the field
. Longitude spherical coordinate for a
42 longitude deg chosen centre of the field
43 redshift none redshift
44 size arcsec Projected apparent size of the disc
45 el dimensionless | First ellipticity component
46 e2 dimensionless | Second ellipticity component
Number identifying the  sub-
. . population: 1, 2, 3 for late-type,
d PopFlag dimensionless spheroidal and lensed spheroidal
galaxies, respectively.

Figure 3.1 presents the comparison between T-RECS and literature’s (as indicated on
the legend in colour) differential source counts at 1.4 and 3 GHz. The total counts
agree very well with the real data from the literature for both AGN and SFGs. The
figure mostly reproduces the differential source counts at 1.4 and 3 GHz, where we
will be stacking. The stacking range (mostly 1 — 1000 uJy) is dominated by SFGs,
which is the only population we will be concentrating on, not AGN. Figure 3.2 com-
pares the radio luminosity functions of T-RECS to literature (indicated on the legend)
at 3 GHz for SFGs, the comparison shows a good agreement. This shows a range of


http://www.e-merlin.ac.uk/legacy/projects/superclass.html
http://www.e-merlin.ac.uk/legacy/projects/superclass.html

s*n(s) (y**sr™)

107

10™

3.1. Simulated observations 29

luminosities that T-RECS covers.

In this thesis, the deep field catalogue is used to generate the sky model by randomly
selecting ~ 2 million SFGs within a FoV of 0.75 x 0.75 deg? with a low flux density
cut of 0.1 uJy, exponential galaxy profiles, disc sizes of range 0.003 < size < 41.361
arcseconds. The pointing centre is selected as Right Ascension (RA) 00h0Om00s and
Declination (DEC) -30d00m00s in epoch J2000, the latter providing near-zenith ob-
servation for MeerKAT when sources cross the prime meridian. After a range of
experimentations, the sky model image is generated at S-band frequency (3 GHz)
with bandwidth 256 MHz split into 16 channels each of width 0.209 MHz. These
choices are motivated by the the desire for accurate, realistic interferometric tests,
while remaining pragmatic of processing time. The resultant image is of size ~ 27
000 x 27 000 pixel? with a scale of 0.1 arcsec per pixel. A brief description of the sky
model generation is shown in Table 3.3.

TABLE 3.3: Sky Model information.

RA: 00h00mO00s
Pointing Centre DEC: -30d00m00s
Epoch: J2000
FoV size 0.75 x 0.75 degrees”
Low flux cut 0.1 uJy
Galaxy profile Exponential
Disc sizes 0.003 < size < 41.361 arcsec
Number of sources ~ 2 million
Observed frequency | 3 GHz
Total bandwidth 3.34 MHz
Channel width 0.209 MHz
Number of Channels | 16

* 4 Bondi+2008
A A Vernstrom+2016

All AGNs model A A \Vernstrom+2016

— — — Al SFGs model
I -4

v v |bar+2009 + + T-RECS AGNs+SFGs 10

All AGNs model
+ + T-RECS AGNs+SFGs L

I | I I I I I | I | I | I |

|

10° 10* 10 10° 10°

S (Uy) S (Jy)

FIGURE 3.1: Comparison of T-RECS and literature’s differential

source counts as a function of total intensity for both SFGs and AGNs

at frequencies 1.4 GHz (left)and 3 GHz (right). Figures are directly
reproduced from Bonaldi et al. (2018).
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FIGURE 3.2: Comparison of T-RECS and literature’s Radio Luminos-
ity Functions (RLFs) for SFGs at 3 GHz frequency. Reproduced di-
rectly from Bonaldi et al. (2018).
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3.1.2 Simulated MeerKAT observations

The observations are conducted using 64 antennas for an observation length of 1
hour, recording visibilities at an integration time of 8 seconds and adding thermal
noise based on a per antenna SEFD of 450 Jy for an S-band feed. See Table 3.4 for
a brief description of the MeerKAT’s simulated observations. While this does not
correspond to a typical observation mode, the choice of parameters is driven in part
by the speed of processing due to the lower sky density, FoV, and primary objective
in this thesis of performing a basic comparison of image-vs-visibility-plane stacking
for MeerKAT observations. The MeerKAT S-band SEFD is assumed to be ~ 450 Jy,
which is similar to the L-band SEFD as indicated by early S-band receiver tests on-
site. While this number is not exact and will also be frequency-dependent across
the band in practice, it suffices within the scope and objectives of this MSc thesis.
The simulated observations are generated using SIMMS, a software package written
predominately in PYTHON that uses a CASA simulation tool to generate empty MS.
MEQTREES, a software package for implementing the RIME to write visibilities into
an MS. The uv-coverage of the MeerKAT observation is shown in Figure 3.3, showing
high sensitivity for the detection of small and large structure sources.

TABLE 3.4: Observations data information for MeerKAT’s simula-

tions.

RA: 00h00mO00s
Pointing Centre DEC: -30d00m00s

Epoch: J2000
Centre frequency 3 GHz
Total bandwidth 3.34 MHz
Channel width 0.209 MHz
Number of Channels | 16
Averaging time 8s
Number of Antennas | 64
Observation time 1h
SEFD per antenna 450 Jy

Using the WSCLEAN task PREDICT, the sky model image is converted into visibil-
ities that are then inserted into the MODEL DATA column of the MS. The CASA
task UVSUB is used to add the predicted visibilities from the MODEL DATA into
the DATA and CORRECTED DATA columns. The resultant MS is of a MeerKAT
simulation at S-band. The visibility prediction by WSCLEAN is tested by comparing
a deconvolved image from the predicted visibilities (a simulated MeerKAT image
of the sky model) with the sky model image smoothed with MeerKAT’s PSE, and
the comparison images are shown in Figure 3.4, showing good agreement and well
suited to the objectives and scope of this thesis.

3.2 Stacking

3.2.1 Image stacking

With the sky model simulation and MeerKAT simulation in place, we now move
toward the stacking component. The image stacking procedure is performed on
the sky model image by extracting 101 x 101-pixel? postage stamps centred on each
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FIGURE 3.3: MeerKAT’s S-band simulation uv-coverage (i.e. sam-

pling function of the Fourier plane). The units are in kilo-wavelength

for S-band observations, with shortest baseline being 20 m and the
longest is 8 km.

sky-model catalogue position, the postage stamps are then combined on a pixel-
by-pixel basis using the median stacking method. We refer the reader to Section
2.2, for pixel-by-pixel stacking procedure in detail and Figure 3.5 for a simple flow
diagram illustration of the stacking method used. The resultant image is a median
stacked image referred to as the Ground-Truth image because the image represents
the true flux densities from the input stacked sources (i.e. the image does not have
clean artefacts and missing Fourier components). Uncertainties on the Ground-Truth
(GT) image are calculated using the Mean Absolute Deviation (MAD) approach (e.g.,

Zwart et al. (2014)),
Ox
_ 0% 1
U<x> = 14826 GD

where 05 = Ln, o is the standard deviation and 7 is the sample size (i.e., the number
stacked objects). This MAD expression is used to calculate the pixel uncertainties of
stacked images on a per pixel basis.

3.2.2 Visibility stacking

We compare image stacking results to visibility stacking by performing a range
of visibility stacking experiments varying parameters such as the stacking depth,
CLEAN depth and the maximum distance from the phase centre. This allows test-
ing where the visibility stacking approach is more effective and feasible than the
traditional image stacking approach as well as measuring its limitations. The visi-
bility stacking approach is performed on the MeerKAT simulated data discussed in
Section 3.1.2. The visibility stacking is performed with an algorithm developed by
Lindroos et al. (2014), where for the input target positions the visibilities are com-
bined by phase-rotating the visibilities to each input stack position using the mean.
This results in single visibility stacked data set (MS) that can also be imaged for com-
parison with the image stacking results. However, in this thesis, the comparison is
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made by extracting raw visibility data of the resultant stacked data and using a sim-
ilar comparison approach as in Lindroos et al. (2014), by plotting the real component
visibilities as a function of uv-distance. See Section 2.3, for a more detailed descrip-
tion of the visibility stacking procedure. The systematic comparisons for each varied
parameter are discussed below.

Stacking depth

For the stacking depth experiments, we want to determine a suitable number of
target sources to stack per resolution element, to avoid source confusion dominating
results as discussed in Section 2.6. The stacking is performed on a MeerKAT single-
pointing dataset for a different number of resolution elements per source of 100, 50,
30, 15 and 5 with the same fixed area. Stacking depth is based on the~ 2 million
simulated SFGs over 25 deg? (see Section 3.1.1) divided by the number of resolution
elements per source. The resultant ratio is rounded to the nearest whole number, an
example of this is shown in Figure 3.6.

10*
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10!

Log1o(Number of sources/deg?)

100

107! 10° 10! 102 10°
Log1o(Number of resolution elements per source)

FIGURE 3.6: Stacking depth, a plot of a number of sources per square

degree as function of the number of MeerKAT resolution elements per

source. The number of sources per square degree drops with respect
to an increase in the number of resolution elements per source.

CLEAN depth

The CLEAN depth parameter explores how deep we need to subtract out bright
sources that may contribute as noise towards nearby faint target sources to get a
robust stacking detection. For this procedure, a suitable stacking depth and area are
fixed. Unwanted bright sources are then modelled and removed from the visibility
data as follows. A model data set of all sources in the original data set is produced
by imaging using a CASA task CLEAN. The bright sources are cleaned down to a
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flux density threshold of 10, 1, 0.1 and 0.01 mJy/beam, and also varying the BRIGGS
weighting parameter by -1, -0.5, 0, and 0.5 for each clean flux density threshold. The
resultant model uv-data of bright sources is subtracted from the original uv-data to
produce a residual uv-data set, where stacking is performed using input stack posi-
tions. More details are described in Section 4.

Maximum phase centre offsets

For the maximum distance from the phase centre, seek to better understand how far
from the phase centre we can stack, to minimise a decrease in flux density due to
time and bandwidth smearing and the primary beam. For this parameter, stacking
is performed on target sources within a maximum distance of 25%, 50%, 75% and
100% from the phase centre, also with a suitable stacking depth and CLEAN depth
tixed, as detailed in Chapter 4.
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Chapter 4

Discussion of results

In this chapter, we present a suite of uv-stacking results using the method discussed
in chapter 3, as well as on real MeerKAT data. As already be clear from previous
chapters and based on previous work, the parameter space one can explore in com-
paring image and visibility-plane stacking is large. Within the scope of this MSc
thesis, the objective is to provide a selected set of indicative and illustrative stacking
experiments that may inform future research activity in this area.

In the literature, previous stacking experiments for studies of faint radio sources
(e.g., Lindroos et al., 2014) did not include the following parameters when perform-
ing uv-stacking: the stacking depth, CLEAN depth and the maximum distance from
the phase centre. Each of these parameters was discussed earlier in Section 3.2.2.
They are important to explore visibility stacking results in a MeerKAT context, and
all the complexity its particular set of specifications bring. Previous stacking ex-
periments were mainly focused on removing bright sources, and wide-field effects,
which involves stacking sources spread far from the phase centre. Therefore, this
thesis tries to close that gap on the MeerKAT application.

4.1 Interferometric Simulation Results

4.1.1 Stacking depth

A key parameter in stacking is the number of beams per source. The uv-stacking of
MeerKAT data for all the ~ 2 million simulated SFGs over the designated solid angle
would fail since the telescope can only hold 1 million sources for its 1 million beams,
therefore we would be double-counting the sources during the stacking procedure
over the 25 deg? FoV. This requires an array of higher resolution, e.g. the VLA-A
configuration, but in our case, the appropriate stacking depth is explored. Figure
4.1, on the left panel, shows the GT image, which is our target flux density (~ 3.4
+ 0.012 n]y) to be recovered, the image is smoothed with MeerKAT’s PSF for better
comparison with expected stacking results, and on the right panel is the flux density
distribution of the ~ 2 million simulated SFGs. This shows that the majority of the
SFGs have flux density less than 0.1 p]y.

We conduct two different simulations, one where no bright sources are included
and the other where the brightest 100 sources are included, to compare real and ide-
alized bright source subtraction. The two simulations are conducted for four of the
different stacking depths discussed in Section 3.2.2. The stacking is limited to target
sources below the image noise level of 5.54 uJy (robust = -0.3), in order to increase
the chances of recovering the GT flux density, the target sources are selected at ran-
dom, and they are of flux density less than 0.1 uJy.
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FIGURE 4.1: (a): Ground-Truth image of the ~ 2 million simulated
SFGs, the image is smoothed with MeerKAT’s PSF for better com-
parison. The image has a peak flux density of about ~ 3.4 nJy and
uncertainty of + 0.012 nJy, using the MAD. (b): Distribution of flux
density for the simulated sources. The target flux density is on the left
side of the red solid line (i.e., sources of flux density less than 0.1 uJy)
and the flux densities on the right-hand side are considered as noise.

In Figure 4.2, we show uv-stacked results for simulations with no bright sources
(i.e., < 0.1 ply, first column) and where bright sources are included (second col-
umn), for two different stacking depths. The first row represents a stacking depth of
~ 2.1x10* target sources and the second row ~ 4.3x10° target sources. The bright
sources are cleaned down to a flux density threshold of 0.01 m]Jy/beam. For simula-
tions with no bright sources, there is a clear detection at the phase centre, with the
peak flux density increasing with respect to the stacking depth and this is due to the
overlapping (within one MeerKAT PSF) leading to double counting during stacking.
Where bright sources are included, there is no detection, but just noise due to inaccu-
rate subtraction of the bright sources. This demonstrates the fact that bright sources
impact stacking results negatively, resulting in no detection at the phase centre of
the image stacked results and therefore for MeerKAT data newly improved CLEAN
methods are required for a more accurate subtraction of bright sources if deep stack-
ing experiments are required with MeerKAT.

Further stacking experiments are conducted by only focusing on simulations with no
bright sources, i.e., we assume perfect bright sources removal before stacking. From
that, a suitable stacking depth is chosen by estimating the integrated flux of the four
different stacking depth uv-stacked results. We use a CASA task IMFIT to estimate
the integrated flux. This task estimates source parameters by fitting one or multiple
Gaussian components, and it requires imaging of the uv-data, of course. The same
approach is taken in the real data example in this chapter. The estimated integrated
flux via IMFIT are shown in Table 4.1. The estimated integrated flux is divided by
the GT flux density; the ratio that is closest to 1 is in principle the most suitable
stacking depth. Therefore from Figure 4.3 the 15 number of resolution elements per
source corresponding to ~ 1.45x10° target sources seems to be the closest to 1 but
closer, qualitative inspection suggests caution in assuming an accurate stack for this
example. The problem might be due to inaccuracy of model fitting on a model since
the imaged data is a model representation of the uv-data. Therefore, in this case,
the second nearest to 1, which is the 100 resolution elements per source is chosen
instead. The size of the data points indicates the stacking depth, meaning small data

-2
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FIGURE 4.2: uv-stacked results for different stacking depth simula-
tion where there are no bright sources (first column) and where bright
sources are included (second column). The first row represents stack-
ing depth of ~ 2.1x10* sources and the second ~ 4.3x10° sources;
with 100 and 5 number of resolution elements per source respectively.

point, small stacking depth and large data, large stacking depth.

TABLE 4.1: Estimated flux density for different stacking depths.

Stacking depth
(Number of resolution | Integrated flux density (n]y)
elements per source)

100 6.19 + 0.26
50 9.08 = 0.24
30 6.64 = 0.24
15 3.36 £ 0.26
5 12.5 £ 0.54

In Figure 4.4 we show a distribution of (a) flux density, and (b) source size, for the
suitable stacking depth of ~ 2.1x10* target sources (i.e.,, 100 number of resolution
elements per source). The distributions show that the stacking depth has sources of
flux density of 1 — 100 nJy, which supports that the correct selection was made, and
source sizes of 0.0032 — 1 arcsecs.

4.1.2 CLEAN depth

After finding a suitable stacking depth, we performed stacking within a fixed S-
band FoV of 0.42x0.42 degrees?. This section explores varying the clean threshold
of bright, foreground sources from 0.01 — 10 m]y. Real deconvolution is performed
(i.e., we actually cleaned the image map), however, this assumes perfect calibration.
From the stacking analysis, we extracted the real component visibility amplitude
and compared them to those of the GT. The real values of the flux density ampli-
tudes are averaged in uv bins, see Figure 4.5. We find that results are not affected by
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the clean threshold as expected, i.e., the four curves are virtually coincident, how-
ever, the visibility stacked values show a clear upward bias compared to the GT.

The clean depth stacking experiment is explored in more detail by varying the BRIGGS
weighting robust parameters for a fixed clean threshold of 0.01 m]y. In Figure 4.6,

we show the stacking analysis where we extract the real visibility components for

robust parameters of -1.0, -0.5, 0 and 0.5 as indicated by the legend and compare

them to those of the GT. From that, we can see that even when changing the robust

parameter stacking results are still not affected, mainly because the target sources

are still below the clean threshold and perfect calibration is assumed. This will not

be the case in practice but its exploration is beyond the scope of this thesis.

4.1.3 Maximum phase centre offset

Finally, the CLEAN depth of (0.01m]Jy/beam and -0.5 robustness) and stacking depth
(2.1x10* target sources) are fixed on this set of experiments, and only the maximum
allowed distance of sources from the phase centre is varied by 25%, 50%, 75% and
100%. Sources outside that distance are excluded from the simulations. From the
stacked results, we extract the real component visibility amplitude and compare
them to those of the GT, averaged in uv bins, see Figure 4.7. The 100% and 75 %
distance from the phase centre stacks show no change in the recovered flux just like
in the previous stacking experiments; this is due to the stacking depth being very
similar. However, the 50% and 25 % distance stacks show a slight decrease in the re-
covered flux density, with 25 % distance from the phase centre stack being the closest
the GT, with 2 orders of magnitude.
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FIGURE 4.4: The distribution of flux density and source size for 100
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source. The flux density for 100 number of resolution elements per

source ranges from 1 — 100 nJy and the source size from 0.0032 — 1
arcsecs
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4.2 Application to Real MeerKAT Data

In this section, we demonstrate the application of uv-stacking on real MeerKAT data.
The objective is to demonstrate a feasible use case for visibility stacking with this in-
terferometer. Within the simulated, high-source density applications described in
Section 4.1, it is clear that as soon as visibility stacking is applied to data with a high
density of sources, the results show contamination by the short baselines, which
very rapidly hit the confusion limit and/or adversely affected by imperfect decon-
volution. This demonstrates a clear limitation to visibility stacking in a MeerKAT
context when compared to previous applications with very sparse source densities,
such as ALMA observations at millimetre wavelengths and sub-arcsecond angular
resolution where source densities are orders of magnitude lower. Therefore, in se-
lecting an application to highlight in this thesis, careful thought had to be applied to
that which would be appropriate. There were two requirements: the stacking appli-
cation had to reveal emission below the detection threshold, while at the same time
not so deep as to encounter the source-density challenges previously demonstrated.

The decision was therefore made to perform continuum stacking on an ensemble of
galaxies in the Abell 3408 galaxy cluster. These galaxies were selected by their neu-
tral hydrogen (HI) content, as detected by MeerKAT. All HI-detected objects were
included in the sample, a map of which is shown in Figure 4.8. The scientific ob-
jective is to measure the average star formation rate of these HI-selected galaxies,
as probed by their aggregate radio continuum luminosity, under the assumption
that clear AGN sources are excluded. To assist in this, different subsamples will be
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stacked, including one where all sources in the HI-selected sample with clearly de-
tected radio continuum emission are removed from the sample, which may mitigate
AGN contamination to some extent.

The science goals of this stacking process, specifically the visibility stacking are
numerous and covered in a publication describing the MeerKAT HI observations
of Abell 3408 (Blecher et al., in prep.). Briefly, it has long been known that rich
galaxy environments like clusters can result in galaxy transformation, either through
merger activity or ram-pressure stripping as the sources move through Intra-Cluster
Medium (ICM, e.g. Gunn and Gott 1972). This can result in compressed, distorted,
or even completely stripped HI within galaxies in these environments. At the same
time, this process can also lead to enhancement in or quenching of star formation.
Since many of the lower mass objects are barely resolved by MeerKAT at z ~ 0.05,
visibility stacking can tackle several of these questions at once. Firstly, the stacked
radio continuum will enable an aggregate star formation rate estimate of low-SFR
galaxies. Secondly, as has been shown in the literature, the visibility-domain stack-
ing enables a far more robust measure of the marginally-resolved size of lower-mass
objects, which will be of particular relevance of future statistical measurements of
the mass-diameter relation below the detection threshold.

The combination of these effects means that a statistical comparison can be made
of the star formation rate, HI mass, and galaxy size - all of which are expected to be
influenced in a rich cluster environment. This can then supplement the same anal-
ysis done on individual detections and described in Blecher et al. (in prep.). The
subject of this thesis is primarily on demonstrating the methods, so the range of pos-
sible scientific analyses will be deliberately limited in scope and deferred for future
work.

The HI-selected Sample

The map shown in Figure 4.8 has a total of 64 galaxies, with HI masses that range be-
tween log (Mu1/My) =~ 8.5 — 10.5 (Blecher et al., in prep.). These have a maximum
angular separation of ~ 47.72 arcmin from the observation phase centre, which is
co-located with the Abell 3408 cluster centre.

In Figure 4.9, the location of each input galaxy is shown, coloured by its primary
beam correction. We assume a circularly symmetric primary beam with full width
half maximum (FWHM) of

v
0, =575 (o). 41
b =157 <1.365GHz> @1
Since sources are in close redshift proximity to each other we assume the same fre-
quency of 1.365 GHz for the purposes of estimating the primary beam correction.
The primary beam correction is adopted from Equation (3) in Mauch et al. (2020)
and approximate corrections can be seen in Figure 4.9.

We have noticed when imaging the 64 galaxies individually at their stacking po-
sitions that there is still some remaining residual continuum emission which may
contaminate our stacking results. Examples of these postage stamps at stacking po-
sitions are shown in Figure 4.10, the stamps are of size 64x64 pixels, 0 mJy/beam
clean flux density threshold, BRIGGS weighting with a robust parameter of -0.3. To
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perform a more thorough stacking analysis, we split the stacking positions into five
different sub-sample catalogues:

1. Full catalogue (dirty): this includes all 64 stacking positions, but stacking is
applied on a dirty image (for image-stacking) or on a visibility data set where
there is no subtraction of nearby foreground bright sources (in the case of uv-
stacking).

2. Full catalogue (cleaned): this includes all 64 stacking positions, but stacking is
applied on a cleaned image or visibility data set were nearby foreground bright
sources have been subtracted out down to a clean flux density threshold of 10
u]y/beam.

3. Non-contaminated fields: For this sub-sample, positions where any detection
off-centre (i.e., off from the phase centre) on ~ 1 arcmin? postage stamps at
stacking positions (e.g., stacking position 11, 12, 27, 41 and 58) are excluded
from the stack.

4. Non-Detection fields: positions where there is a detection at the target posi-
tion (e.g., stacking position 8, 20, 25, 28 and 52). These positions are excluded
from the stack.

5. Non-detect, non-contaminated: consists of stacking positions where there is
no off-centre nor centre detections in the postage stamp.

These sub-samples are selected to measure the impact of direct detections and field
contaminants in the final stacked results.

Image-plane stacking results

Figure 4.11 shows the mean stacking results of an ensemble of HI-selected galaxies in
the Abell 3408 galaxy cluster, for the full catalogue (dirty and cleaned) sub-samples.
The same image stacking procedure, as discussed in Section 3.2.1, is applied. The
colour scale of both the dirty and cleaned sub-samples stacked images have similar
peak flux density of ~ 14 uJy, this indicates that for image stacking, subtracting
out bright sources does not change the stacking results. For both image stacking
results, their corresponding residual images (right-hand side) made by subtracting
a 2D Gaussian fit to the central stacked detection are included. The results for the
other sub-samples are shown in Table 4.2.

Visibility-plane stacking results

As discussed previously in Section 2.3 uv-stacking results can be imaged and directly
compared with image-stacking results, as well as through Fourier-domain compo-
nent fitting (e.g. CASA’s uvmodelfit task), however, what is important is that the
stacking itself is performed in the visibility plane, for this thesis. Figures 4.12 and
4.13 show wuv-stacking results on an ensemble of galaxies in the Abell 3408 galaxy
cluster. Figure 4.12 shows uv-stacking results where no remaining continuum emis-
sion was cleaned out (top panel) and where the remaining emission is cleaned out
down to a flux density threshold of 10 uJy/beam (bottom panel). We refer these re-
sults as Full catalogue (dirty) and Full catalogue (cleaned) respectively. From both
the uv-stacked images, we can tell there is some continuum emission contamination
evident on the upper left of both images. This shows that even with UVSUB and
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panel: is the full catalogue (cleaned) stacked image and its resid-
ual map (bottom right panel). The dirty and cleaned maps (left col-
umn) are virtually indistinguishable. The residual images are made
by subtracting a 2D Gaussian fit to the central detection from their
corresponding stacked images; both residual maps show background
Gaussian noise to a reasonable approximation. The results are of an
ensemble of galaxies in the Abell 3408 galaxy cluster.
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UVCONTSUB CASA continuum subtraction tasks, residual continuum may still be
present that could bias results. Therefore, accurate deconvolution is important to
limit this, which these images demonstrate.
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FIGURE 4.12: uv-stacking results on the ensemble of galaxies in the

Abell 3408 galaxy cluster for a full catalogue (dirty) (top panel) and

the full catalogue (cleaned) (top panel). From the right-hand side of

each panel are corresponding residual images, made by subtracting a
2D Gaussian fit to the central stacked detection.

Figure 4.13 shows uv-stacking results for the three different sample catalogues: non-
contaminated fields (top panel), non-detection fields (middle panel), and non-detect,
non-contaminated (bottom panel). The uv-stacking procedure applied is similar to
those discussed in Section 3.2.2, with remaining continuum emission subtracted out
down to a clean flux density threshold of 10 uJy/beam, BRIGGS weighting with a
robust parameter of -0.3. On the right-hand side of each panel are corresponding
residual images made by subtracting a 2D Gaussian fit to the central stacked detec-
tion. The non-contaminated fields and non-detect, non-contaminated show similar
peak flux density, while the non-detection fields having a lower peak flux density
(shown on the colour scale) and also some off-centre detection on the upper left of
the image.
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hand side are corresponding residual images made by subtracting a

2D Gaussian fit to the central detection.
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Comparison of derived properties

Table 4.2 lists CASA task IMFIT results from image- and uv-stacked images. Shown
are the fitted integrated flux density and geometric size for each stack, and the un-
certainties are the fit error quoted by the imfit task. Figure 4.14 are uv-stacking
results for the non-detected, non-contaminated sub-sample, fitting is done in the
image-plane, but this is for illustration showing the stacked peak flux density. The
typical average size of these galaxies is ~ 6 arcsec which corresponds to a spatial
scale 4.8 kpc at redshift z = 0.04. Figure 4.15 shows a plot of those results divided
into image-stacking (black dots) and uv-stacking (red triangles). The image-stacking
results have lower flux density compared to uv-stacking, this shows the robustness
of the visibility stacking technique over the image-stacking method. Furthermore,
on the right panel of Figure 4.15 is a plot of the measured brightness temperature
Ty, for the image- and uv-stacking results, the T}, is determined by applying the es-
timated integrated flux densities and geometric sizes into equation (4) and (5) in
Condon et al., 1991, the figure shows that uv-stacking yields more accurate Tj, values
compared to image-stacking.
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FIGURE 4.14: Stacked visibilities as a function uv-distance for a non-

detect, non-contaminated sub-sample. The flux density is averaged

uv-distance bins, taking the real part of the visibility amplitude. Un-
certainties are defined as the standard deviation within each bin.

For uv-stacking, we can tell that the full catalogue (dirty and cleaned), non-contaminated
tields and detection fields samples have produced superior stacking results. How-
ever, the results have contamination due to the remaining continuum emission. In
this case, we are considering the non-detected, non-contaminated sub-sample as our
best results, and also the stack has produced a relatively higher flux return compared

the other samples.
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brightness temperature (right panel) obtained from image- and uv-
stacking, as shown on the legend the red triangles indicate data points
from uv-stacking and the black dots data points are of image-stacking.
The results are of an ensemble of galaxies in the Abell 3408 galaxy
cluster, sub-samples used are listed on the x-axis of the plot. For each
sub-sample, the integrated flux and geometric size is measured. The
uncertainties for integrated flux are the fit error quoted by the imfit
task.
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TABLE 4.2: Comparison of stacking results on an ensemble of galax-
ies in the Abell 3408 galaxy cluster. Note that while the quoted inte-
grated flux densities of > 100 uJy beam ™! might appear to be above
the noise threshold, these are spatially-resolved stacked detections,
and the peak flux densities are indeed below the detection threshold.
Image-stacking uv-stacking
Sub-sample Integrated flux density ~Geometric size Integrated flux density ~Geometric size
(1y) (arcsec) (uly) (arcsec)
Full cat (dirty) 99.4 £7.57 598 £1.55 147 £ 13 5.64 = 1.61
Full cat (cleaned) 99.5 £7.57 5.98 £ 1.55 148 = 14 5.65 = 1.60
Non-contaminated fields 90.8 +7.62 597 £ 1.62 150 £ 13 549 £1.61
Non-Detections 100.5 £ 7.58 598 +1.54 126 £ 12 554 +1.61
Non-detected, non-contaminated 93.8 +£7.52 5.96 + 1.58 137 £ 13 5.67 +1.63
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4.2.1 Discussion

The stacking results presented show that uv-stacking appears to perform better com-
pared to image-stacking. Image-stacking most likely suffer from CLEAN artefacts
or correlated noise structure that are present in an image map before the stacking
procedure, although image-stacking requires less computing time. We have found
that when peruv-stacking on the full catalogue, there is some background emission
that affects stacking results adversely, as seen more strongly for deep fields simu-
lated in this thesis. This indicates that uv-stacking should be used with caution to
obtain results with high flux and brightness temperature return. In our case, we
solved this problem by splitting the full catalogue of 64 target sources into five sub-
sample catalogues. From that, we can get better flux density and brightness temper-
ature results, as shown in Table 4.2 and Figure 4.15.

As for the geometric size in Table 4.2 we were expecting the same to be more robust
for uv-stacking compared to image-stacking, but the difference in results between
the two is less than 1%, a result that will be interesting to explore with larger and
more low-redshift samples. This thesis aims to demonstrate the difference between
the two stacking methods, the systematic behind the geometric size results is beyond
the scope of this thesis.

Placing these results on real data in a broader scientific context, it is important to note
that Abell 3408 was also selected as one of an example of many z ~ —0.05 groups
or clusters that MeerKAT seems particularly well suited at mapping. This has been
seen in several early science examples with MeerKAT, from the Blecher et al. (in
prep.) Abell 3408 work discussed and used in this chapter; as well as new, serendip-
itous discoveries of galaxy groups at a similar redshift (Lawrie et al., in prep.; Ran-
chod et al., in prep.). The systems all include several tens of HI galaxies and radio
continuum sensitivities of order ~ 10 uJy beam~!. Continuum stacking on these HI-
selected objects will therefore enable an order of magnitude deeper probe of the SFR,
taking the detection threshold down from > 0.1 My yr—!, to > 0.01 My, yr—!. This
is an important parameter space to probe, given the corresponding HI mass detec-
tion threshold is of order Mj;; (i.e. 2 10° Mg), lowering the detection threshold is
particularly important in measuring any putative star formation quenching in these
rich cluster and group environments. Therefore, it is important to lower the SFR
detection threshold to at least an order of magnitude below that of a Milky-Way-like
galaxy on the SFR main sequence. Radial profiles of SFR are also important diagnos-
tics of galaxy transformation in these environments, so the robustness of estimating
aggregate sizes with visibility stacking may also play an important role in this scien-
tific use case.

For all the computational expense and pitfalls associated with visibility stacking,
this section shows a clear science application where it works with real MeerKAT,
with benefits including improved integrated flux estimation and more robust size
measurements, as well as derived quantities such as constraints to measure the ag-
gregate star formation rates and brightness temperature constraints. All of this was
with reasonable processing time and so we anticipate certain specialist science ap-
plications in the future.
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Chapter 5

Conclusions and future directions

In this thesis, we explore the prospects of applying the visibility stacking technique
to both simulated and real MeerKAT data. We find that there are a wide range of
challenges to its successful implementation, owing to a broad range of attributes of
MeerKAT and calibration. These include:

1. Source Confusion: Owing to MeerKAT’s high sensitivity but moderate angu-
lar resolution, observations hit the confusion limit within ~10 hours, greatly
limiting stacking applications at these depths.

2. Bright source contamination: MeerKAT’s high sensitivity and wide field-of-
view also result in many bright sources (2 100m]y being observed within a
single pointing, again limiting stacking experiments at low flux density lev-
els, exacerbated by calibration and deconvolution errors, especially if these are
noticeably direction-dependent.

3. Computational expense: visibility stacking with interferometers with many
elements dramatically increases the processing time required for a given stack-
ing experiment when compared with the image-plane stacking equivalent.

Despite the above challenges, we still demonstrate the successful use of visibility
stacking on real MeerKAT dataset. This suggests that the techniques may be use-
fully applied in certain, high-scientific yield contexts. The requirements are that the
observations are relatively shallow, and there is little impact from bright, extended,
off-axis sources. This may therefore be applicable in high-value cases where a ro-
bust estimate of the aggregate size of the underlying population is important, or if
multiple-component modelling of the aggregate population is desired.

However, on the whole, it is clear that visibility stacking is not as well suited in a
MeerKAT sense for large populations of sources, as compared to ALMA or high-
frequency VLA, for example. Nonetheless, we list below a set of systematic tests one
could perform in the future to further explore the virtues of visibility stacking in a
MeerKAT context.

1. Low-redshift HI stacking, specifically probing the angular size of marginally
resolved, low-mass HI galaxies.

2. Annulus stacking of large nearby galaxies, where the column densities are be-
low the detection threshold, however, velocity field models can predict the 3D
coordinates of where diffuse HI may be.

3. The potential for certain fields to use facet calibration, and visibility stacking
groups of unresolved sources in individual fields in order to boost SNR and
enable self-calibration for that particular facet.
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Despite the great sensitivity of the MeerKAT telescope, astronomers always have the
desire to search deeper, so a broad range of statistical and stacking approaches will
continue to be immensely valuable for a range of applications in the near and long
term.
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Appendix A

Software documentation summary

The following appendix serves as summary documentation for the use of the AU-
TOSTACKER module.

A.1 Prerequisites

AUTOSTACKER is publicly available and maintained on https://github.com/thatoeugine/
AutoStacker.git. For bug reports, open an issue on github/submit a pull request.

The module currently runs on the ILIFU! cluster and it is divided into simulation

and stacking tools, which consists of software publicly available and maintained
elsewhere:

Simulation tools
1. SIMUCLASS ?
2. SIMMS®
3. MEQTREES*
4. WSCLEAN (Offringa et al., 2014)

Stacking tools

1. STACKER (Lindroos et al., 2014)

2. CASA®

A.2 Components

The module is divided into five main components namely:

1. simuclass: module for simulating radio interferometer observations, from sky
model to deconvolved images, built in support of the SuperCLASS experi-
ment: http://wuw.e-merlin.ac.uk/legacy/projects/superclass.html,

2. stackauto: a suite of code for simulating MeerKAT’s observation and stacking
MeerKAT data both image- and uv-plane,

Ihttp://docs.ilifu.ac.za/#/
2https://bitbucket.org/itrharrison/simuclass
Shttps://github.com/SpheMakh/simms
4http://meqtrees.net/
Shttps://casa.nrao.edu/
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3. fulltrecs.ini: configuration file for generating and stacking a large T-RECS sky
model for a field of view of choice,

4. stackingdepth.ini: configuration file generating and stacking a small T-RECS
sky model based on the stacking depth,

5. Mastercode.py: a master code that controls the entire module and doe not re-
quire any changes or edits.

A.3 Usage

We will first discuss the simple case of running AUTOSTACKER with the pre-written
configuration files. To run in the AUTOSTACKER repository we pass the master code
script and a configuration file to Python for e.g.,

python Mastercode.py stackingdepth.in

Depending on the command in the configuration file, the module will output differ-
ent files, for a case of a full run of the configuration the files listed in Table A.1 will
be the output:

TABLE A.1: A list and explanation of output files produced by the
AUTOSTACKER module.

Name of output file Comment

simulated measurement set with noise added and
uv-stacked measurement set

A sample catalogue of SFGs from the Tiered Ra-
Sky Model catalogue (.txt) dio Extragalactic Continuum Simulation (T-RECS)
catalogue by Bonaldi et al. (2018).

A model image consisting of sources from the sky

Measurement set (.ms)

Sky Model image (.fits) model catalogue.

Stack positions (.csv) Positions of the target sources.

Ground truth stacked image | Median image stacked product of the sky model
(fits) image (i.e., uv-sampling not applied).

uv-stacked image (.fits) uv-stacked image.

A.3.1 Full T-RECS simulation plus stacking

For a case of running a full simulation plus stacking the doskymodel, dosimulate and
dosimulate commands under the pipeline parameters of the configuration file should
be switched ON, and also this can only be run using the full_trecs.ini configuration
file. An example of such is shown here:

[pipeline]

doskymodel = True
dosimulate = True
dostacking = True

dosimdata = False
doimagedata = False

And also the full_stack command under the stacking parameters should also be switched
ON, fore.g.,
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[stacking_params]

full_stack = True
stacking_depth = False
res_element_per_source = 100
im_noise_Jy = 5.54e-6
stacking_depth_skymodel_name = stack_auto/trecs-simu_truthcat.txt
FOV_size_cut = False
FOV_size_sqdeg = 0.84
FOV_size_cut_value = 0.5
No._of_srcs_of_choice = False
No._of_srcs = 10
flux_density_Jy = le-6
src_size_arcsec = 0
stack_clean = True

A.3.2 Stacking depth simulation plus stacking

For a case of running a stacking depth simulation plus stacking the doskymodel,
dosimulate and dosimulate commands under the pipeline parameters of the config-
uration file should be switched ON, and also this can only be run using the stack-
ingdepth.ini configuration file. An example of such is shown here:

[pipeline]

doskymodel = True
dosimulate = True
dostacking = True

dosimdata = False
doimagedata = False

And also either the stacking_depth or No._of_srcs_of_choice command under the stack-
ing parameters should also be switched ON. For a case of stacking within a certain
field of view, the FOV_size_cut should be ON and the size cut value and size of the
observed field of view should be specified, for e.g.,

[stacking_params]
stacking_depth = False
res_element_per_source = 100
im_noise_Jy = 3e-6
stacking_depth_skymodel_name = stack_auto/trecs-simu_truthcat.txt
FOV_size_cut = False
FOV_size_sqdeg = 0.84
FOV_size_cut_value = 0.5
No._of_srcs_of_choice = True
No._of_srcs = 10
flux_density_Jy = le-6
src_size_arcsec = 0
stack_clean = True

A.3.3 Stacking-only usage

For both cases of either a full simulation or stacking depth, stacking can be run by
switching only the dostacking command ON under the pipeline parameters in the
configuration files, for e.g.,
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[pipeline]

doskymodel = False

dosimulate = False

dostacking = True

dosimdata = False

doimagedata = False

An example of a fully documented .ini config file can be found here and the paramter
files documentation can be found here https://github.com/thatoeugine/uv-stacking_

MeerKAT_sim_data/wiki/params. json-Config-

the default parameters need to be changed.

file-documentation, in a case where
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