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“Somewhere, something incredible is waiting to be known.”

Carl Sagan



Abstract

We present the results of a search for high-redshift radio galaxy (HzZRG) candidates using
30 of the 115 cluster fields of the MeerKAT Galaxy Cluster Legacy Survey (MGCLS).
These fields were selected for their good dynamic range, astrometric accuracy, and full
optical and infrared coverage from the Dark Energy Camera Legacy Survey (DECaLS)
and the All-sky Wide Infrared Survey Explorer (AIWISE), respectively. Using multi-
wavelength data and in-band radio spectral index measurements, we find 777 HzRG
candidates, and an additional 1,040 faint sources lacking spectral data as potential candi-
dates. Together, these 1,817 candidates represent 0.91% of the full sample. We obtained
complete spectral coverage for all sources above 0.76 mJy and complete spectral index
measurements down to 30 wJy, probing the faintest GHz-frequency population ever tar-
geted in HzRG searches to date. Taking advantage of in-band spectral index measure-
ments produced in this study, we also investigate the limitations of the assumption of the
literature’s canonical synchrotron spectral index e = —0.7 for inter-frequency flux density
extrapolation. Using both the canonical spectral index and our in-band spectral index
measurements, we compared the flux densities for MGCLS point sources extrapolated to
three different frequencies in different signal-to-noise ratios (SNR), relating to existing
radio large-area sky surveys at 100 MHz, 400 MHz, and 1 GHz away from the MGCLS
centre frequency, respectively. Although the assumption &« = — 0.7 did not have any
effect at the 100 MHz separation, it introduced a 7% deviation at 400 MHz frequency
separation for high SNR sources and overestimated flux densities by a factor of 4 for the 1
GHz frequency separation. These results demonstrate that relying on the canonical spec-
tral index for flux density extrapolation is only reliable for frequency offsets below 400
MHz and not reliable for frequency offsets around 1 GHz, even at high SNR, reinforcing
the importance of using measured in-band spectral indices for reliable low-frequency flux

density extrapolations.

Keywords: high-redshift radio galaxies; galaxy surveys.
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Chapter 1

Introduction

Redshift is a key concept in cosmology and astronomy. It occurs when electromagnetic
radiation emitted or reflected by an object shifts towards the lower energy end of the
spectrum. This phenomenon is crucial for studying the properties of galaxies and gaining
insights into the broader structure of the Universe. Theories regarding cosmological
redshift emerged in the 19th century along with the development of wave mechanics and
the exploration of phenomena associated with the Doppler effect. In 1848, the French
physicist Fizeau was the first to describe the Doppler redshift, linking the shift in spectral
lines observed in stars to the Doppler effect. Subsequently, in 1868, the British astronomer
Huggins became the first to apply this method to measure the velocity of a star moving
away from Earth (Huggins, 1868). In 1901, Belopolsky verified optical redshift in the

laboratory using a system of rotating mirrors (Bélopolsky, 1901).

Later, Hubble discovered an approximate relationship between the redshift of the nebulae
and their distance. This relationship became known as Hubble’s Law (Hubble, 1929).
This law states that the velocity at which a galaxy is receding from the observer is directly
proportional to its distance from the observer. These observations supported Friedmann’s
work, in which he derived the Friedmann equations (Friedmann, 1924, cited by Nemiroff
and Patla, 2008). These equations describe the expansion of space in homogeneous and
isotropic models of the Universe within the framework of general relativity. They are
considered the first observational foundation for the expanding Universe paradigm and

are now among the most frequently cited evidence supporting the Big Bang theory.
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FI1GURE 1.1: Galaxy recession velocity versus distance, showing the velocity-distance relation-
ship of extragalactic nebulae. Black discs with a solid line represent the solar motion solution
for individual nebulae, while circles and a dashed line indicate the grouped solution. The cross
marks the mean velocity at the average distance of 22 nebulae with undetermined velocities,
illustrating the evidence for the expansion of the Universe, with the slope representing the Hub-
ble constant, indicating the rate of this expansion. Image source: Hubble (1929).

1.1 Hubble’s Law and the Expansion of the Universe

Hubble provided the foundational evidence for one of the most important scientific discov-
eries of the twentieth century: the expanding Universe (Hubble, 1929). He demonstrated
that galaxies are moving away from us in all directions, with those further away receding
at a faster rate. Figure 1.1 represents the original Hubble diagram of velocity versus
distance. The equation that describes the linear relationship in this graph is known as
Hubble’s Law:

v = Hy X d; (1.1)

where v is the recession velocity of the galaxy (km/s), d is the distance to the galaxy
(Mpc) and Hy is the Hubble constant (km/s/Mpc).

For galaxies receding due to the expansion of the Universe, the recession velocity can be
given as v = ¢ X z, where c is the speed of light and z is the redshift. In this case, the
velocity is a fraction of the speed of light, and this expression resembles the Doppler shift.
For relatively near objects, the relationship v = ¢ x z = Hy x d illustrates the connection
between Hj and the redshift: z = Hy x d/c. Here, redshift is a dimensionless quantity,

and the ratio Hp/c has units of distance.
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The Hubble Law provides direct evidence for the expansion of the Universe. This expan-
sion implies that the Universe was denser and hotter in the past, leading to the formation
of galaxies in the early epochs after the Big Bang. By observing galaxies at increasing
distances, corresponding to higher redshift, we can effectively look back in time and study

how galaxies evolved in these early stages of the Universe’s history.

1.2 Probing the High-Redshift Universe

The high-redshift Universe has been a focal point in cosmology and galaxy evolution
studies, providing insights into the earliest stages of galaxy formation and the large-scale
structure of the cosmos. At z = 2 — 4, we observe the peak of star formation activity
and the emergence of structural patterns similar to those found in the local Universe
(Shapley, 2011). Multi-wavelength deep-field surveys have been used to detect and study
galaxies throughout cosmic history, enabling measurements of star formation rates and
stellar masses (Salmon et al., 2015; Dickinson, 2016). Each of the different wavebands
used in surveys to study the high-redshift Universe offers unique benefits and faces specific

limitations.

1.2.1 Optical Surveys

Optical surveys have proven invaluable for probing the high-redshift Universe. The Hub-
ble Frontier Fields programme! combines space telescope capabilities with gravitational
lensing to detect galaxies at z ~ 6-8, allowing estimates of luminosity functions down to
faint magnitudes (Atek et al., 2014). Ground-based telescopes such as Subaru® (Kaifu,
1998) have also contributed significantly, with surveys targeting Lyman-« emitters and
Lyman break galaxies (Rhoads et al., 2001; Steidel et al., 2003; Iye, 2008). The FEuclid

3

mission” surveys large areas with high resolution in optical and near-infrared, potentially

detecting Lyman-a emitters and quasars at 6.5 < z < 9.7 (Mellier et al., 2024).

Despite these advantages, dust extinction significantly impacts the detection of distant
galaxies at optical wavelengths, leading to potential biases in our understanding of the
early Universe. Furthermore, as the redshift increases, the rest-frame ultraviolet (UV)

emission of galaxies shifts out of the optical range, making it difficult to observe the

'https://frontierfields.org/about/
’https://www.naoj.org/Projects/Subaru/
Shttps://www.esa.int/Science_Exploration/Space_Science/Euclid
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most distant objects (Kaviraj et al., 2008). Studies have shown that traditional colour
selection techniques can miss up to 50% of luminous star-forming galaxies at z ~ 2 due
to dust reddening (Daddi et al., 2004; Riguccini et al., 2011). These galaxies can have
star formation rates exceeding 100 solar masses per year, contributing significantly to the

cosmic infrared background (Cochrane, 2019).

1.2.2 Infrared Observations

Infrared surveys, like the Wide-field Infrared Survey Explorer (WISE)* (Wright et al.,
2010) and the Spitzer Space Telescope® (Werner et al., 2004), have helped overcome
some of the limitations of optical observations by detecting thermal emission from dust-
enshrouded star-forming galaxies (Stern et al., 2012). The longer wavelengths of infrared
light allow these instruments to peer through dust, revealing heavily obscured objects

that optical surveys miss.

Recent James Webb Space Telescope (JWST)® (Gardner et al., 2023) observations have
revealed numerous high-redshift galaxies, pushing our understanding of the early Uni-
verse. Photometric analysis of the SMACS0723 field has uncovered galaxy candidates
up to z ~ 16, demonstrating extremely blue UV slopes and rapid stellar mass build-up
(Atek et al., 2023). Analysis of 341 galaxies at 5 < z < 14 shows a size-stellar mass
relation similar to z ~ 3 galaxies but scaled down in size, with some sources exhibiting
high star formation surface densities (Morishita et al., 2024). These findings demonstrate
JWST’s capability to uncover robust photometric candidates at high-redshift, providing
crucial insights into the formation epoch of the first galaxies. However, infrared selection
methods are still limited and can miss a significant fraction of galaxies, particularly at
high-redshift, as they are limited by confusion noise, dust obscuration although less af-
fected than optical surveys, and foreground obscuration (Blecha et al., 2018; Talia et al.,
2021; Shen et al., 2022).

‘https://www.jpl.nasa.gov/missions/wide-field-infrared-survey-explorer-wise/
Shttps://science.nasa.gov/mission/spitzer/
Shttps://science.nasa.gov/mission/webb/
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1.2.3 X-ray Observations

X-ray observations from telescopes such as the Chandra X-Ray Observatory” (Weisskopf
et al., 2000) and X-Ray Multi-Mirror Mission (XMM-Newton)® (Jansen et al., 2001) are
excellent at detecting galaxies with active galactic nuclei (AGN) and massive galaxy clus-
ters at high-redshift (Brandt and Hasinger, 2005; Brandt and Vito, 2017). These surveys
effectively detect AGN, investigate their physical processes, and reveal their demographics
across cosmic time (Brandt and Vito, 2017; She et al., 2017; Viitanen et al., 2019). X-ray
detected galaxy clusters currently define the extended structure frontier at z ~1.4-1.6.
XMMU J0044.0-2033 at z = 1.579 is the most distant and luminous cluster selected by
X-rays known (Santos et al., 2011). In contrast, X-ray selected AGN extend to consider-
ably higher redshifts, with deep Chandra surveys uncovering ~ 100 AGN in the z = 3-6
range and broader catalogues, including eROSITA, pushing to z > 6 (Natarajan et al.,
2024). Most remarkably, the quasar hosted by UHZ1 at z ~ 10.1, detected jointly by
Chandra and JWST, currently holds the record as the highest-redshift X-ray detected
source known (Natarajan et al., 2024). X-rays penetrate dust, making them invaluable
for probing the energetic cores of distant galaxies. However, X-ray surveys are generally
limited to detecting the most extreme and luminous galaxies (Vito et al., 2018; Wang
et al., 2023), and they struggle to trace the broader population of galaxies that are less

active or in earlier evolutionary stages (LaMassa et al., 2009).

1.2.4 Radio Observations

In contrast to optical, infrared, and X-ray wavebands, radio observations are unaffected
by dust extinction, making radio astronomy particularly well-suited for studying the high-
redshift Universe. Radio waves pass through dusty regions unimpeded, allowing observa-
tions of galaxies even when they are heavily obscured by dust, making the radio regime
the most efficient band to probe the high-redshift Universe (Ishwara-Chandra et al., 2010;
Wang et al., 2013; Behiri et al., 2024). In the radio regime, the high-redshift Universe can
be explored by studying high-redshift radio galaxies (HzRGs). However, creating com-
plete samples of HzRGs is challenging due to their rarity and the difficulty in identifying
them (De Breuck et al., 2001). The common use of an ultrasteep-spectrum (USS) crite-
rion to identify the HzRGs biases samples toward only the most extreme, steep-spectrum

objects, excluding those with flatter spectra, leading to an incomplete representation of

"https://chandra.harvard.edu/
8https://www.cosmos.esa.int/web/xmm-newton
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the overall HzZRG population (Jarvis et al., 2004; Broderick et al., 2007; Singh et al.,
2014; Capetti and Balmaverde, 2024). Precise redshift measurements frequently rely on
optical /near-infrared spectroscopy, but heavy internal dust obscures key emission lines
and leads to spectroscopic incompleteness, making it difficult to confirm the redshift of
these galaxies (Simpson et al., 2004; Casey et al., 2017). At z > 3, the increasing energy
density of the cosmic microwave background (CMB) intensifies inverse Compton losses
in extended lobes, quenching their synchrotron emission and causing even powerful radio
sources to fall below survey detection thresholds, potentially biasing surveys against high-
z radio-loud AGN (Ghisellini et al., 2014; Wu et al., 2017; Hodges-Kluck et al., 2021).
Addressing these limitations requires the integration of wideband radio surveys spanning
from a few hundred MHz to several GHz, combined with multi-wavelength follow-up to

overcome the selection bias and dust obscuration and CMB quenching effects.

HzRG searches have been carried out over both contiguous and non-contiguous survey
footprints. For example, De Breuck et al. (2000) compiled 669 HzZRG candidates across
a contiguous area of ~ 30,000 deg? outside the Galactic plane. Both De Breuck et al.
(2004) and Broderick et al. (2007) used the same dataset pairing the 843 MHz Sydney
University Molonglo Sky Survey (SUMSS) matched to the 1.4,GHz NRAO VLA Sky
Survey (NVSS), and each identified 76 candidates across a ~ 360 deg?® footprint. By
contrast, Schmidt et al. (2006) adopted an optically non-detected selection in the Sloan
Digital Sky Survey (SDSS) to pick out 96 HzZRG candidates over a non-contiguous total
area of only ~ 2.4 deg®. More recently, Saxena et al. (2018b) used the full Tata Institute of
Fundamental Research Giant Metrewave Radio Telescope Sky Survey (TGSS) footprint,
across a contiguous total sky area of 36,900 deg® (Intema et al., 2017), for the discovery
of TGSS J15304+1049 at z = 5.72.

New and upcoming facilities will substantially improve counterpart identification, redshift
confirmation, and sample completeness. JWST’s near-infrared imaging and spectroscopy
make it possible to obtain robust identifications and spectroscopic redshifts for faint, dust-
obscured radio sources (Kokorev et al., 2023). The Vera Rubin Observatory will provide
deep, wide-field optical photometry that is ideal for counterpart matching, photomet-
ric redshifts and target selection (Ivezi¢ et al., 2019). MeerKAT’s combination of high
sensitivity, fine angular resolution and wide fractional bandwidth enables pJy-level detec-
tions, in-band spectral-index measurements and detailed polarimetric and morphological
characterisation, which together improve candidate selection and classification (Knowles
et al., 2022). Finally, the Square Kilometre Array” (SKA) will deliver the survey speed

Yhttps://www.skao.int/en/explore/science-goals
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and sensitivity needed to detect radio-loud quasars well into the reionisation era and to
enable 21-cm forest experiments and large, statistically powerful population studies (Niu
et al., 2025). Together, these instruments will markedly increase redshift accuracy and

our ability to trace radio-galaxy evolution across cosmic time.

1.3 Radio Galaxies

Radio galaxies are extragalactic objects characterised by strong radio emissions up to 10*!
erg/s, and are commonly associated with AGN. They can be divided into thermal and
non-thermal types based on emission characteristics and accretion properties (Antonucci,
2011). Thermal radio galaxies, which are more frequent at higher radio luminosities,
feature hidden quasar nuclei obscured by dusty toroidal structures (Ogle et al., 2006).
Non-thermal radio galaxies are often found at lower radio luminosities (Antonucci, 2011),
primarily emitting through synchrotron jets (Moffet, 1966). According to the optical
spectra, radio galaxies can also be divided into broad-line and narrow-line radio galaxies.
Typically, radio galaxies are predominantly associated with elliptical galaxies, particularly
those with absolute photographic magnitudes brighter than —20 in blue band (B-band)
(Rogstad and Ekers, 1969). Radio galaxies undergo cycles of activity and quiescence,
with phases of dying, remnant, and restarted activity integral to their life cycle (Jurlin
et al., 2020; Morganti, 2024).

Radio astronomy became a crucial tool in observational cosmology after the discovery that
Cygnus A is associated with a faint and distant galaxy (Baade and Minkowski, 1979). By
1960, redshifts of z = 0.45 were measured for galaxies linked to radio sources (Minkowski,
1960). Two breakthroughs occurred towards the end of 1962: first, quasistellar radio
sources or “quasars” were discovered (Schmidt, 1963), with much larger redshifts than
radio galaxies (Kellermann, 2014). Second, it was shown that the space density of radio

sources varies with the cosmic epoch (Davidson, 1962).

The radio frequency spectra and polarisation properties of radio galaxies and quasars in-
dicate synchrotron radiation, which originates from relativistic electrons with a power-law
distribution of energies. These electrons have a Lorentz factor of about 1000 and exist in a
magnetic field with a strength of approximately 107> Gauss (Duffy and Blundell, 2012).
Radio emission from extragalactic sources can be categorised into extended and com-
pact structures. Extended structures are typically transparent and exhibit asymmetric

brightness distributions in luminous, core-dominated sources, possibly due to relativistic
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Doppler enhancement (Perley et al., 1982). Compact structures, on the other hand, are
opaque due to a high relativistic electron density. These compact sources often display flat
radio spectra, which can be explained by multiple discrete components with correlated
magnetic fields and electron distributions (Marscher, 1977). There is no straightforward
correlation between the size of the radio-emitting region and the size of the associated
optical galaxy or quasar, although statistical differences are observed (Singal and Singh,
2013). Typically, compact sources are linked to quasars or AGN; however, less intense
compact sources can also be found in seemingly normal elliptical galaxies (Ekers, 1978).
Extended sources are usually associated with galaxies, but many are quasars with no
visible optical counterpart. Most extended sources, especially quasars, reveal a compact
central radio component when observed with high sensitivity and resolution; these central

components are particularly notable in quasars (Owen and Puschell, 1984).

The population of radio galaxies can be divided into two primary categories: star-forming
galaxies and radio-loud AGNs (Bonzini et al., 2012). In star-forming galaxies, radio
emission is primarily driven by synchrotron radiation from supernova shocks and free-
free emission from ionised hydrogen regions, establishing a direct link between radio
luminosity and star formation rate (Condon, 1992). Radio-loud AGNs generate radio
emissions solely from non-stellar processes driven by particles accelerated by the core
of the AGN and are much more powerful and primarily located in elliptical galaxies,
compared to star-forming galaxies (Condon, 1992; Sadler et al., 2002; Best et al., 2005).

Radio galaxies and quasars exhibit various radio morphologies, ranging from compact
sources to extended structures spanning megaparsecs (Dabhade et al., 2023). Extended
sources are traditionally classified as Fanaroff-Riley (FR) type I and II, while compact
sources often display core-jet or equal double morphologies (Readhead and Pearson, 1982;
Miraghaei and Best, 2017). High-resolution imaging uncovers various nuclear features,
such as core-jet configurations and symmetric double-lobed structures (Readhead and
Pearson, 1982). Jets in radio galaxies and quasars can span from sub-parsec to hundreds
of kiloparsecs, interacting with the interstellar medium and potentially impacting star
formation and galaxy evolution (Saikia, 2022). Statistical models indicate that quasars
are typically observed within 50° of the source axis, while radio galaxies are viewed
at larger angles, aligning with unified models of AGN (Lister et al., 1994). These varied
structures and orientations enhance our understanding of the evolution and the connection

between radio galaxies and quasars.

In many instances, the morphology of radio galaxies and quasars is too intricate to dis-

tinguish between the various observed features, and not all features are present in every
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object. However, the most commonly observed properties include:

e Cores: compact, unresolved components commonly found in radio galaxies, partic-
ularly in quasars. Preston et al. (1983) identified milli-arcsecond scale cores in 80%
of quasars and 10% of galaxies at 2.3 GHz. These cores frequently exhibit flat or
inverted spectra, likely caused by synchrotron self-absorption (Broderick and Con-
don, 1975; Morganti et al., 1997). The ratio of core to extended flux, known as core
dominance, varies between different types of sources and serves as an indicator of

orientation in unified models of AGN (Morganti et al., 1997).

e Jets: powerful, highly collimated outflows extending from parsec to kiloparsec
scales. Very Long Baseline Interferometry (VLBI) observations reveal complex
structures and superluminal motions in jets on parsec scales (Zensus, 1997). The
well-studied jet of M87 displays a filamentary structure and proper motions ranging
from 0.1c to 0.7c at both parsec and kiloparsec scales (Biretta and Meisenheimer,
1993). Optical and radio polarimetry of the MS87 jet at 0.2” resolution reveals
highly ordered magnetic fields, with polarisation reaching up to 50% in certain re-
gions (Perlman et al., 1999). The magnetic field is typically aligned with the jet
axis but becomes perpendicular in shock-like knots. Multi-wavelength polarisation
VLBI studies of AGN jets suggest the presence of helical magnetic fields, possibly
generated by the combined rotation of the central black hole, accretion disk, and
jet outflow (Gabuzda, 2015).

e Lobes: are large-scale structures linked to AGN, often forming pairs on opposite
sides of the central source. The opening angle between these lobes can range from
1807 in classical double sources to much narrower angles in narrow-angle-tail radio
galaxies (Arshakian et al., 2000). Bent lobes are more common in dense environ-
ments, with 78% of double-lobed radio galaxies exhibiting bent morphologies within
1 Mpc of cluster centres, compared to just 29% in the field (Silverstein et al., 2017).
This bending is thought to result from ram pressure as the AGN moves through
the intracluster medium (ICM) (Sakelliou and Merrifield, 2000; Silverstein, 2015).
Wide-angle-tail sources, a specific type of bent radio source, are typically found in
the brightest cluster galaxies of merging clusters and can act as indicators of cluster
mergers (O’Dea and Baum, 2023). The extent of bending in radio lobes provides
insights into ICM density and the velocity of the host galaxy (Silverstein, 2015).

e Hotspots: regions of intense emission located at the edges of radio lobes, formed by

the interaction of jets with the intergalactic medium. These hotspots often exhibit
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multiple knots and areas of diffuse emission, suggesting complex particle acceler-
ation mechanisms (Prieto et al., 2002). The origin of secondary hotspots remains
unclear, but they may represent expanding, fading structures (Pyrzas et al., 2015).
X-ray emission in hotspots and knots is produced through diverse mechanisms, with
some cases requiring inverse Compton scattering models to account for the obser-
vations. Hotspots typically exhibit smaller Doppler factors and larger co-moving
magnetic fields compared to knots, reinforcing the idea that hotspots mark the jet
termination points, while knots are features within the collimated jets. The differ-
ences between hotspots and knots likely arise from variations in Doppler boosting

and magnetic field strengths (Zhang et al., 2010).

A recent observation of the nearby elliptical radio galaxy IC 4296 using MeerKAT’s
1.28 GHz continuum image (Figure 1.2) has revealed new and intriguing morphological
features in its large, low-luminosity radio source, which spans 510 kpc (Condon et al.,
2021). The image, with its enhanced brightness sensitivity, dynamic range, and angular
resolution, uncovered features referred to as threads, ribbons, and rings. The threads
are faint, narrow emissions that form when helical Kelvin-Helmholtz instabilities disrupt
the galaxy’s main radio jets. The ribbons are smoother regions between the jets and
lobes, likely remnants of earlier jet activity that have settled into pressure equilibrium.
Additionally, vortex rings and backflows in the outer lobes indicate that the straight outer
jets and ribbons are inclined by roughly 60° from our line of sight, a finding supported

by photometric, geometric, and gas-dynamical measurements near the galaxy’s nucleus.

1.4 High-Redshift Radio Galaxies

HzRGs are powerful radio sources hosted by massive forming galaxies, often found in
overdense regions and surrounded by protoclusters (Miley and De Breuck, 2008), and
are of particular interest due to their potential to provide insights into the formation and
evolution of galaxies (van Breugel et al., 1999). They are also often found to be associated
with clusters of galaxies at z ~ 2 — 5 (Stevens et al., 2003; Belsole et al., 2004; Galametz
et al., 2012). It has been suggested that HzRGs are likely to be massive, with recent
studies showing that HzRGs at z ~ 4 have average stellar masses of ~ 4.2 x 10 Mg
(Yamamoto et al., 2025), and formed early in the Universe’s history and are thought to

be the progenitors of massive ellipticals (Rottgering et al., 1999). HzRGs are dominated
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FIGURE 1.2: IC 4296 radio galaxy. MeerKAT radio data are shown in red/orange, while the
SuperCOSMOS Sky Survey provides the visible light image, displaying the central giant elliptical
galaxy, unrelated galaxies, and Milky Way stars. Credit: SARAQO. Adapted from Condon et al.
(2021).

by an old stellar population and are seen to have high star formation rates (Miley et al.,
2006; Rocca-Volmerange et al., 2013).

Over the years, the highest redshift recorded for a known radio galaxy has steadily risen.
Spinrad (1982) was the first to identify a radio galaxy beyond z ~ 1. Stern et al. (1999)
identified 15 radio galaxies with z mostly above 1.5. De Breuck et al. (2000) described
the construction of 669 USS radio sources (defined by a < —1.3)!°, finding only 15%
detectable in optical surveys. Spectroscopic follow-up of 62 objects in this sample revealed
redshifts ranging from z = 0.25 to z = 5.19, including ten sources at z > 3. Cai et al.
(2002) later used Very Long Baseline Interferometry (VLBI) observations to study three

HzRGs at z > 2, revealing asymmetric structures.

10T the relation S, o< v®, where S, is the flux density at frequency v and « is the spectral index.
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More recently, Orenstein et al. (2019) expanded the catalogue of infrared-faint radio
sources with known redshift to 131, with a median redshift of z = 2.68. Saxena et al.
(2019) studied 13 faint radio galaxies with 0.52 < z < 5.72, finding lower Lyman-«
luminosities, narrower line widths, and lower stellar masses compared to brighter HzZRGs,
implying that faint HzZRGs might represent a transitional population between star-forming
galaxies and narrow-line AGNs. Broderick et al. (2022) refined HzRG selection techniques
using low-frequency radio spectra and near-infrared data, identifying 51 new candidates,
including one at z = 5.55 and another potentially at z ~ 8. The highest redshift radio
galaxy known to date is at z = 5.72 (Saxena et al., 2018b).

The definition of “high-redshift” may differ slightly based on the scientific objectives and
the observational context, but z > 2 is commonly considered the standard threshold for
HzRG studies (McCarthy et al., 1990; Miley and De Breuck, 2008; Herzog et al., 2014;
Saxena et al., 2018b). In this study, we also adopt z > 2 as the definition of high-redshift,
since it corresponds to the first billion years after the Big Bang (Stark, 2016), extends
beyond the peak of the star formation rate density (Bunker et al., 2006), and overlaps
with the epoch of reionization (z > 6) (Fan, 2012).

1.4.1 The Redshift-Spectral Index Relation

The relation between z and « describes the observed trend, which is that radio galaxies
with steeper spectral indices tend to be located at higher redshift. This relation has been
known for many years and has been widely used to identify HzRGs candidates (Gopal-
Krishna, 1988; Krolik and Chen, 1991; Bechtold et al., 1984; Carilli and Yun, 2000; De
Breuck et al., 2001). Although the a — z correlation is useful, what causes the relation is
still under debate. Inverse Compton losses, driven by the increased energy density of the
CMB, were initially proposed as an explanation (Krolik and Chen, 1991). A study by
Ker et al. (2012) highlighted that environmental differences, such as a denser intergalac-
tic medium at a higher redshift, could also contribute to this steepening. They further
noted the impact of sample selection effects and measurement frequencies, emphasising
that while steep-spectrum selection can increase the proportion of high-redshift sources in
samples, they may exclude a substantial number of such objects. Recent work by Mora-
bito and Harwood (2018) confirmed that inverse Compton losses combined with selection
effects could largely reproduce the observed correlation, reinforcing the complexity of the

relationship between the spectral index and redshift.
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FI1GURE 1.3: The empirical correlation between spectral index and redshift. The more distant
radio galaxies have steeper spectra. The horizontal dotted line indicates the v < —1.3 cut-off.
Image source: De Breuck et al. (2001).

There is no uniform definition for a USS source in the literature, and different studies have
used different frequencies and different spectral index thresholds, e.g. afS2GHz < —0.981
(Blundell et al., 1998), a323M* < —1.2 (Cohen et al., 2004), afas iz < —1.3 (De Breuck
et al., 2004), ol §H2 < —1.0 (Cruz et al., 2006), alzp$H2 < —1.0 (Ishwara-Chandra et al.,
2010). USS radio sources are often associated with distant galaxies and extreme cosmic
phenomena (Argo et al., 2013). Figure 1.3 shows a study by De Breuck et al. (2001) who
presented an empirical correlation between radio spectral steepness and redshift, using a

sample of 669 USS sources.

Although the USS criterion does not exclusively select high-redshift galaxies, since some
low-redshift sources can also exhibit steep spectra, it has nonetheless been effective in
identifying the largest number of HzZRG candidates (De Breuck et al., 2001; Saxena et al.,
2019). When the USS criterion is combined with multi-wavelength cross-matching, it can
lead to the identification of reliable HzZRG candidates (De Breuck et al., 2000; Pedani,
2003; Saxena et al., 2018b).
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1.5 Thesis Motivation and Outline

Understanding the formation and evolution of massive galaxies in the early Universe is
essential for refining models of large-scale structure and galaxy evolution (De Breuck
et al., 2002). HzRGs offer a unique perspective on these processes, as they are among
the most massive galaxies in the Universe, often associated with supermassive black holes
and intense star formation activity (Rocca-Volmerange et al., 2004). These characteristics

make HzRGs valuable tracers of the dense environments in the early Universe.

Despite their importance, identifying HzRGs remains a significant challenge due to their
rarity and the difficulties in detection. As of 2018, fewer than 200 HzRGs were known
(Morabito and Harwood, 2018). Recent advances in radio astronomy, particularly through
surveys such as the MeerKAT Galaxy Cluster Legacy Survey (MGCLS; Knowles et al.,
2022), have demonstrated the potential to expand this sample. For instance, Knowles
et al. (2021) identified 274 HzRG candidates in the Abell 2751 field from the MGCLS,
detecting sources with flux densities as low as 57 uJy at 1.28 GHz. This represents an

order of magnitude improvement over previous studies at similar frequencies.

Building on this foundation, this thesis aims to extend the search for HzZRG candidates
to multiple MGCLS fields with image quality similar to Abell 2751. By taking advantage
of the wideband nature of the MeerKAT, we also aim to investigate the usefulness of
in-band spectral information of the MeerKAT data, where previous studies had to use
multi-band data.

This thesis is structured as follows: In Chapter 2, we introduce the radio and multi-
wavelength data used in this study, describe the sample selection, and the multi-stage
methodology employed to identify HZRG candidates. Chapter 3 presents the results of the
HzRG search and discusses the implications. In Chapter 4, we use the in-band spectral
index measurements determined in Chapter 2 to test the limitations of the canonical
spectral index assumptions used in the literature for flux density extrapolation. Chapter

5 provides a summary and concluding remarks.

Throughout this work, we assume a flat ACDM cosmology with Hy = 70km/s/Mpc
and ,, = 0.3. We also adopt a power-law of the form S, o v®, where a < 0 de-
notes a steep-spectrum source (and a < —1 an ultra steep-spectrum source), a ~ 0 a

flat-spectrum source, and o > 0 an inverted spectrum source.



Chapter 2

Sample Selection and Methodology

Overview

Our search for HzRGs employs a multiwavelength methodology utilising radio data from
the MeerKAT, near/mid-infrared data from the WISE and optical data from the Dark
Energy Camera (DECam). We first describe the data products of each survey, then
the construction of our full sample that we use for our HzRGs candidates search. After
selecting the MGCLS fields that are best suited for our search, we present the multistage
filtering process that refines each field down to its final set of HzZRG candidates. We
show each step using the Abell 22 field as a representative case. Abell 22 was randomly
selected for the sake of demonstration, and the same steps were applied to the rest of the

sample.

2.1 Data Sources

MGCLS provides wideband radio data covering a ~700 MHz range (fractional band-
width of 0.55). The Dark Energy Camera Legacy Survey' (DECaLS) provides optical
data (g,7,z bands to ~24 AB mag), while the All-sky Wide Infrared Survey Explorer?
(AIIWISE) provides infrared measurements (3.4-22 pum at mJy sensitivities) for multi-

wavelength cross-matching.

lhttps://www.legacysurvey.org/decamls/
’https://wise2.ipac.caltech.edu/docs/release/allwise/

15


https://www.legacysurvey.org/decamls/
https://wise2.ipac.caltech.edu/docs/release/allwise/

Sample Selection and Methodology 16

FIGURE 2.1: Aerial view of the MeerKAT radio telescope (credit: SARAO).

2.1.1 Radio data: MGCLS

The MGCLS consists of long-track (6-10 hours) observations of 115 galaxy clusters using
MeerKAT’s L-band (856-1712 MHz) receiver. MeerKAT comprises 64 offset Gregorian
parabolic dishes, each with a diameter of 13.5 m. Approximately 75% of these antennas
are concentrated within a compact core region with a diameter of ~1 km, shown in
Figure 2.1, featuring the shortest baseline of 29 m. The remaining dishes extend outward,
resulting in a maximum baseline of 8 km. Fach of MeerKAT’s antennas is currently
equipped with receivers that cover the UHF-band (544-1088 MHz), L-band and S-band
(1750-3500 MHz) (Jonas and MeerKAT Team, 2016).

The MGCLS has produced a wealth of data, including radio visibilities, calibrated image
cubes, and catalogues of compact and diffuse sources. Figure 2.2 shows the distribution
of the observed galaxy clusters in the Southern sky with declinations ranging from —85
to 0 degrees. Each MGCLS field covers a sky area of ~ 1.2° x 1.2° after primary beam
correction, with a typical central RMS noise of 4-6 wJy beam ™" in full resolution (FWHM
~ 7.5"-8"). With 115 non-contiguous fields in the southern sky, this results in a total
surveyed sky area of approximately 165.6 deg® in the southern sky. An excerpt of these
clusters is provided in Table 2.1 with the right ascension and declination corresponding
to the MeerKAT observations, taken from Table 1 from Knowles et al. (2022).
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FIGURE 2.2: Sky distribution of the 115 MGCLS cluster fields. The red circles indicate the
fields selected for our HzZRG search (see Section 2.2).

2.1.1.1 MGCLS Data Products

The first data release (DR1) of the MGCLS provides a range of data products, including
uncalibrated visibilities, continuum imaging products, and multiple source catalogues
made available with the paper by Knowles et al. (2022). Each galaxy cluster in the
survey includes Stokes-I products, while approximately 40% also have Stokes-Q) and U
products. All DR1 legacy products can be accessed via the MGCLS-SARAO website?,
and the raw visibilities are available on SARAQ’s Archive Server! with the project ID
“SSV-20180624-FC-01".

In this study, we use the MGCLS compact source catalogue compiled from the MG-
CLS total intensity image by applying the Python Blob Detector and Source Finder
(PyBDSF)® with 3¢ island RMS and 50 peak RMS thresholds (Knowles et al., 2022).
Only sources that were well fitted with a single Gaussian component (PyBDSF types

‘S’ or ‘C") were retained after removal of spurious detections. The full DR1 catalogue®

3http://mgcls.sarao.ac.za/data-releases/
‘https://archive.sarao.ac.za/
Shttps://pybdsf.readthedocs.io/en/latest/
Shttps://doi.org/10.48479/7epd-w356


http://mgcls.sarao.ac.za/data-releases/
https://archive.sarao.ac.za/
https://pybdsf.readthedocs.io/en/latest/
https://doi.org/10.48479/7epd-w356

Sample Selection and Methodology 18

TABLE 2.1: Excerpt of observed cluster sample. (1) Cluster Name; (2-3) MeerKAT pointing:
J2000 Right Ascension (R.A.) and Declination (Dec.) in degrees; (4) Cluster redshift; (5-6)
Astrometry: corrected mapping (Fix) and positional offsets (Posn), polarisation (Pol.); (7) root
mean square (RMS) noise (sigma-clipped standard deviation in pJy beam™!); (8) Data Quality
Flag (0: Good, 1: Moderate, 2: Poor, 3: Very Poor); (9) Presence of diffuse cluster emission.
Adapted from Knowles et al. (2022).

(1) (2) (3) (4) (5) ©6 @ ©® )
Cluster Name R.A. Dec. z Fix Posn Pol. RMS DQF D.E.

Abell 13 3.3842 -19.5010 0.094 - v v 35 1 v
Abell 22 5.1608 -25.7220 0.142 Vv v v 29 0 v
Abell 33 6.779 -19.5067 0.280 - v v 5T 1 -
Abell 85 10.4529 -9.3180 0.055 Vv v v o33 1 v
Abell 133 15.6879 -21.8800 0.057 Vv v v 6.7 1 -
Abell 168 18.7908  0.2475 0.045 Vv v v 36 2 v
Abell 194 21.4458 -1.3731 0.018 Vv v v b 1 -
Abell 209 229896 -13.5764 0.206 Vv v v 36 1 v
Abell 370 39.9604 -1.5856 0.375 Vv v - 6.9 2 v
Abell 521 73.5358 -10.2442 0.253 - v v o34 0 v

contains approximately 626,000 sources in all cluster fields. An excerpt is shown in Ta-
ble ??7. Catalogue columns (detailed in the caption) include integrated flux density, peak
brightness, source size, and positions in decimal degrees. The source identifiers follow the
designation of the International Astronomical Union (IAU) designation MKTCS JHH-
MMSS.ss=DDMMSS.s (Knowles et al., 2022).

A number of data quality issues in the DRI release impact the visibility and images.

Many of these effects have been corrected for in the images, as is outlined below.
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TABLE 2.2: Excerpt of the MGCLS compact source catalogue at 1.28 GHz. Columns: (1) MG-
CLS source Name using the IAU designation; (2-3) J2000 R.A. and Dec.; (4) Total integrated
Stokes-I flux density at the reference frequency; (5) Peak Stokes-I brightness; (6) Source size:
FWHM of the major (smax) and minor (Smin) axes; (7) Cluster field of the source. Adapted
from Knowles et al. (2022).

(1) (2) (3) (4) (5) (6) (7)
Src. Name R.A. Dec. Siot Ipeak Smax  Smin Field

(deg)  (deg)  (mlJy) (mly/b) (") (")

J001059.77190940.3 2.7491 -19.1612 0.695 0.669 7.6 7.5 Abell 13
J001059.94190654.9 2.7498 -19.1153 0.113 0.081 9.8 7.8 Abell 13
J001059.14195204.2 2.7464 -19.8679 0.106 0.056 14.2 7.3 Abell 13
J001059.23194540.7 2.7468 -19.7613 0.077 0.045 11.1 8.4 Abell 13
J001059.50192405.3 2.7479 -19.4015 0.050 0.060 8.0 5.8 Abell 13
J002318.34254121.6 5.8264 -25.6894 0.053 0.061 7.4 6.5 Abell 22
J002317.08253627.2 5.8212 -25.6076 0.939 0.827 8.3 7.6 Abell 22
J002318.08253621.5 5.8253 -25.6060 0.073 0.067 8.5 7.1 Abell 22
J002317.47252111.6  5.8228 -25.3532 (.242 0.198 8.6 7.8 Abell 22
J002317.15261532.9 5.8215 -26.2592 0.573 0.156 19.6  10.3  Abell 22

2.1.1.2 Dynamic Range

MGCLS fields containing powerful sources (I > a few hundred mJy beam™!) are of-
ten limited by residual artefacts from these bright sources. This issue is pronounced
when multiple bright sources are widely separated, as self-calibration struggles to correct

direction-dependent effects (Knowles et al., 2022).

Fields with a good dynamic range are those where the radio observations can capture
both faint and bright radio sources with minimal interference from bright outliers or
image artefacts. In Table 2.1, a column for the Data Quality Flag (DQF) is presented
for the dynamic range, where 0 is Good, 1 is Moderate, 2 is Poor, and 3 is Very Poor.
For fields with a good dynamic range, the ratio can surpass 10,000:1, depending on the
quality of the observations. Fields with a good dynamic range are crucial for searching
for HzRGs because they allow for the detection of both faint and bright radio signals in

the same field of view and ensure reliable flux measurements across the band.

2.1.1.3 Astrometric Accuracy

Several instrumental issues impacted the accuracy of the astrometry in the MGCLS data,

including the time offset, calibrator position errors, and the low accuracy delay model
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in the correlator. To address these issues, Knowles et al. (2022) corrected the image
astrometry in each field by aligning the source positions with their respective optical
hosts, achieving a final accuracy better than 0.3” in regions with a high signal-to-noise
ratio (SNR).

Early observations were affected by a 2-second time offset in the data labelling and a half-
channel frequency error, both leading to inaccuracies in the w, v, w coordinates. Table

)

2.1 includes a “Fix” column, indicating cluster fields where these issues were corrected
in the visibilities. Fields not corrected may exhibit rotation and scaling errors in source

positions, which can be as large as 20" at the field edges (Knowles et al., 2022).

To mitigate positional inaccuracies, Knowles et al. (2022) matched compact radio com-
ponents with various background quasars, radio galaxies, and star-forming galaxies in
each field with DECaLS. For each cluster field, a flux density-weighted average correc-
tion was calculated, as indicated in the “Posn” column of Table 2.1, and corresponding
adjustments were made to the images. Although residual systematic errors are expected

to remain below 0.1”, individual sources may still exhibit larger errors.

2.1.2 Optical data: DECaLS

The DECaLS is a deep optical imaging survey using the Dark Energy Camera (DECam)
on the Blanco 4 m telescope. Covering approximately 9,000 square degrees of the sky in
the g, r, and 2z bands, with positional accuracy of ~ 20 mas, DECaLS aims to support the
study of the large-scale structure of the Universe by providing high-quality imaging data
for target selection Dey et al. (2019). The purpose of this study is to complement existing
spectroscopic data from the Sloan Digital Sky Survey (SDSS). It is designed to provide
deep optical imaging for the Dark Energy Spectroscopic Instrument (DESI) project. DE-
CaLsS provides deeper and higher quality images than previous surveys, reaching surface
brightness levels of 28.5 mag/arcsec? for individual galaxies at 0.19 < z < 0.50 (Li et al.,
2022). This improved depth reveals previously unseen features such as spiral arms, weak
bars, and tidal structures. The survey data have been used for detailed morphological
classifications of galaxies by human volunteers and machine learning algorithms (Walms-
ley et al., 2022). DECaLS data also show promise for measuring the outer light of massive

galaxies as a proxy for dark matter halo mass (Li et al., 2022).

DESI Legacy Imaging Surveys have mapped approximately 14,000 to 16,000 deg® of the
extragalactic sky in three optical bands (g, r, z) using telescopes at the Kitt Peak and
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Cerro Tololo observatories (Dey et al., 2019; Burleigh et al., 2020). DESI uses the imag-
ing data to select targets for its 5-year survey, which aims to measure 35 million spectra
of galaxies and quasars from redshift 0.05 to 3.5 (Vargas-Magana et al., 2019). DESI’s
primary science goals include constraining dark energy and testing General Relativity us-
ing Baryonic Acoustic Oscillations and Redshift Space Distortions. The target selection

pipeline, desitarget, processes and categorises various target types for DESI observa-
tions (Myers et al., 2023).

2.1.3 Infrared data: AIIWISE

The AIWISE programme builds on the success of the WISE mission (Wright et al., 2010)
by merging its data and the post-cryogenic Near-Earth Object Wide Infrared Survey
Explorer survey (Mainzer et al., 2006), creating the most comprehensive mid-infrared
view of the sky to date. AIIWISE delivers new products with enhanced photometric
sensitivity, greater accuracy, and improved astrometric precision compared to the 2012
WISE All-Sky Data Release. The WISE is a NASA mission designed to map the entire
sky in four mid-infrared bands centred at 3.4, 4.6, 12, and 22 wm (Wright et al., 2010).
The spacecraft operates in a sun-synchronous polar orbit, employing a simple and efficient

survey approach with a constant rotation rate and scanning mirror mechanism (Mainzer
et al., 2006; Wright et al., 2010).

2.2 Sample Selection

To carry out our search, we selected MGCLS fields with good dynamic range (DQF =
0; see Section 2.1.1.2), ensuring accurate recovery of both bright and faint sources, high
astrometric accuracy, as well as full spatial coverage from DECaLS and AIWISE. 30
of the observed MGCLS fields meet these conditions and are shown in Table 2.3. The
primary beam-corrected image of these fields has low RMS noise and has a resolution
of ~ 7.8”. In addition, the fields show minimal visual contamination from bright source
artefacts. The sky positions of these fields are marked by red circles in Figure 2.2, and
correspond to a non-contiguous total sky area of ~43.2 deg®, with a total of 198,120

compact radio sources.
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2.3 Searching for HzRGs

The search for HzRGs has evolved through a range of methodologies, with a significant
focus on USS radio sources. One of the early influential approaches, outlined by De Breuck
et al. (1998), used a spectral index cut-off of & < —1.3 combined with a low flux density
cut-off of 10 mJy. Later, Singh et al. (2014) extended the USS criteria to fainter radio
sources, discovering potential HzZRGs and obscured radio-loud AGN at moderate redshift
(ranging from z ~ 0.03 to 3.86). Schmidt et al. (2006) introduced an innovative strategy
by focusing on bright radio sources without optical counterparts, paired with near-infrared
imaging, using the K-z relation to efficiently identify HzRG candidates. More recently,
Knowles et al. (2021) used high-sensitivity MeerKAT data, cross-matching radio sources
with multi-wavelength catalogues, and applying a spectral index cut-off of & < —1 to
select HZRG candidates at flux densities lower than previously achieved. Together, these
techniques have contributed to discovering multiple spectroscopically confirmed HzRGs,
contributing to our understanding of HzRGs and their role in galaxy formation and

evolution.

We use a multistage process to identify HzZRG candidates, applying sequential selection
criteria to generate the final list of candidates. The detailed procedure is demonstrated for
the Abell 22 field, randomly chosen for the sake of demonstration, and the same approach
is applied to the remaining 29 fields in Table 2.3. Abell 22 is located at a redshift of z =
0.142 and is located at R.A. = 00h 20m 38.59s and Dec. = —25°43'19.2"”. The compact

source catalogue contains 6,119 radio sources, making it a data-rich field for exploration.

2.4 Unresolved source selection

HzRGs tend to have smaller angular sizes, typically < 30", compared to their low redshift
counterparts (Pentericci et al., 2000; Singh et al., 2021). The statistical decrease in the
angular sizes of radio sources with increasing redshift has been known for a long time, with
studies by Miley (1968); Neeser et al. (1995) and Daly and Guerra (2002) demonstrating
this trend. More recently, Morabito et al. (2017) demonstrated that the angular sizes of
radio sources tend to decrease with increasing redshift, a trend observed in deep radio

observations at low frequencies.

The selection of unresolved sources plays a key role in identifying HzZRGs when using

lower resolution (lower frequency) data, as it increases the likelihood of detecting HzZRGs.
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FIGURE 2.3: Ratio of the total flux density to the peak brightness as a function of the source
SNR. The horizontal dotted black line indicates the Syotq1 = Spear locus. Sources falling below
the upper envelope, described by the dotted red curve 1 — 1.66/SNR, are considered unresolved.

In order to preferentially select HzRGs, we restrict our catalogue to unresolved sources.
The PyBDSF source finding algorithm used to build the radio source catalogue provides
the source sizes by fitting one or more two-dimensional elliptical Gaussians to the radio
emission. However, the presence of noise peaks around a source can affect the fitted size,
particularly in the case of faint sources. To account for these, we used the diagnostic plot
of the total-to-peak flux density ratio versus SNR. This method is widely used in studies
that involve a large population of faint radio sources (Prandoni et al., 2000; Singh et al.,
2018; Ishwara-Chandra et al., 2020).

Unresolved sources are expected to have a ratio Siotar/Spear = 1. However, as shown in
Figure 2.3, there is an increasing dispersion around the line Sia1/Spear: = 1 for fainter
sources. This dispersion is due to the influence of image noise. To account for these noise
peaks, a curve defined as 1 — 1.66/SNR is plotted, which envelopes nearly all sources
falling below the Siota1/Spear = 1 line. The reflection of this curve around Siotar/ Spear = 1,
defined as 1+ 1.66/SNR, is also plotted to address the uncertainties introduced by the
positive noise peaks. To obtain the curve, the data were binned by SNR, and for each bin,

the lower envelope was defined as the point where the sorted values of the ratio showed a
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continuous distribution. The lower envelope was then fitted to a model, 14+a/SNR, where
a was determined to be 1.66. All sources that fall below the upper curve, including those
below the lower curve, are considered unresolved sources. Abell 22 has 3,638 unresolved

radio sources.

2.5 SNR Cut

HzRGs are intrinsically faint and easily lost in noise, imposing a minimum flux-density
threshold that both suppresses spurious detections and yields a more reliable candidate
list. Consequently, most HzRG searches apply such cuts, with recent studies often using
sub-mJy limits at low frequencies (sub-GHz) to push deeper into the faint source popula-
tion (Saxena et al., 2018a). Given the sensitivity of the MGCLS data, we can probe down
to approximately 35 mJy at the 1.28 GHz 50 level (Knowles et al., 2021). Although we
selected MGCLS fields with minimal bright source artefacts, the image noise still varies
across the field because of the primary beam correction, with the local RMS noise in-
creasing toward the image edges. Instead of applying a fixed flux density cut, we apply
an SNR cut, using the ratio of the fitted flux density to its associated uncertainty from
the source catalogue. We apply an SNR cut of 5o, justified as a good balance between
reliability and completeness. After the SNR cut, Abell 22 contains 1,482 sources. These,
together with their counterparts in the full-field sample, provide unprecedented statisti-
cal power to test the canonical spectral index for optically thin synchrotron emission (see

Chapter 4).

2.6 Multi-wavelength Cross-matching

To further refine our candidate list, we exclude sources with a multiwavelength coun-
terpart in the large sky surveys. By definition, HzZRGs reside at high redshift and are
expected to fall below the detection thresholds of wide-area optical and mid-infrared sur-
veys such as DECaLS and AIIWISE. DECaLS reaches median 50 depths of g ~ 24.7,
r~ 23.9, and z ~ 23.0 AB magnitudes for sources with at least three passes (Dey et al.,
2019). AIIWISE, in comparison, achieves 50 limits of roughly W1 ~ 16.9, W2 ~ 15.95,
W3~ 11.5, and W4 ~ 8.0 (Vega) in uncrowded regions (Kurcz et al., 2016). To exclude
sources with multi-wavelength counterparts, we first need to find them, so we do cross-

matching. To select HzZRG candidates from the unresolved SNR-cut catalogue of 1482
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sources, we identify sources with optical and infrared counterparts by cross-matching the
reduced Abell 22 radio catalogue with DECaLS and AIIWISE. A simple cross-correlation
method, which selects the closest object to the radio source within a set matching radius,
can result in many false associations, especially with deep images (Roseboom et al., 2009).
Thus, we use the likelihood ratio (LR) method, originally introduced by Sutherland and
Saunders (1992) and later refined by Ciliegi et al. (2003) to perform the cross-match.

The LR value is calculated for each potential match within a defined search radius. This
LR value compares the probability that a match is a true counterpart to the probability

of the match being a spurious one, i.e.,
(2.1)

where g(m) represents the expected magnitude distribution for the true counterparts, f(r)
is the probability distribution function of the positional uncertainties in the catalogues
used, and n(m) denotes the surface density of unrelated background objects with mag-
nitude m in the DECaLS r band (or g or z band). The magnitudes are AB magnitudes
for DECaLS. This method considers both the position of the counterpart, the magnitude
distribution of the background source, and the potential for multiple counterparts for the

same radio source (Ciliegi et al., 2003), and consists of three main steps:

1. Compute n(m) as a function of m;
2. Evaluate the LR for each possible counterpart;

3. Compute the reliability of each association.

Initially, the MGCLS and DECaLS are cross-matched and checked to determine whether
the observed matches between the catalogues are statistically significant or if they could
occur randomly. The same is applied to MGCLS and AIIWISE source catalogues. Figure
2.4 shows radio sources in the Abell 22 field with overlapping DECaLS and AIIWISE

counterparts.

Figure 2.5 shows the comparison of the angular separations of real matches with those of
randomly generated sources; the histograms demonstrate whether the observed matches
are significantly closer than those expected by random chance. The real data histogram
shows a sharp peak at small separations compared to the simulated data, indicating that

the real matches are statistically significant and not due to random alignments.
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FI1GURE 2.4: Radio sources in the Abell 22 field with their DECaLS and AIIWISE counterparts.
These objects are excluded from our HzRG candidate list because the presence of optical and
infrared counterparts indicates they are unlikely to reside at high redshift.

The a priori probability g(m) is determined as follows: initially, the radio and optical
source catalogues are matched by identifying the closest counterpart within a predefined
search radius of 2”. This radius is chosen based on our distributions of cross-matches, as
shown in Figure 2.6, where the distributions of the angular separations in R.A. and Dec.
between the positions of the MGCLS sources can be modelled as Gaussian functions.
The optimal search radius is 2”, where the highest number of true sources is detected.
Increasing the radius beyond 2” leads to a rise in the number of false matches. The
estimated number of false matches, with magnitude m, is determined by scaling n(m) to
the area corresponding to the 2” search radius. This value is then subtracted from the

total number of counterparts to obtain the number of true counterparts, g(m).

The probability distribution f(r) follows a two-dimensional Gaussian distribution:

) = 27352 exp (;; ) (2.2)

where r represents the angular separation from the radio source position, and ¢ is the
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FIGURE 2.5: Comparison of angular separations between MGCLS and DECaLS counterparts
(left) and MGCLS and ANIWISE counterparts (right). The blue histogram represents the
actual separations between matched sources, while the red dashed histogram shows the separa-
tions for randomly simulated sources. The sharp peak in the blue curves at small separations
suggests that the observed matches are statistically significant and not due to random chance.

FIGURE 2.6: Histograms of the R.A. (left) and Dec. (right) angular separations between the
positions of MGCLS compact source catalogue and their optical counterparts, for LR > 0.5. In
each panel, the red line shows the normalised Gaussian distribution.

combined positional uncertainty, given by \/02pc.rs + 03coLs- Here, dpecars is the posi-
tional uncertainty from the DECaLS catalogues and dygcrs is the positional uncertainty
from the MGCLS compact source catalogues. For each source in the MGCLS DR1 com-
pact source catalogues, we assume a systematic positional uncertainty of 0.2” in both R.A.
and Dec., and the same optical position uncertainty of 0.2” is assumed for the DECaLS
catalogue (Dey et al., 2019). The same is valid for MGCLS to AIIWISE cross-match,

where we assume a position uncertainty of 0.15” (Wright et al., 2010).

The existence of multiple counterparts for a given radio source yields additional insight
beyond what is provided by the LR alone. This information can be used to assess the

reliability of the counterpart source, which reflects the probability that a specific source
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is the correct counterpart. The reliability of the radio source 7, as defined by Sutherland

and Saunders (1992), is expressed as:

LR;
REL: = : 2.3
Z LRsearch radius + (]- - Q) ( )

where " LRgearch radius répresents the sum of the LR values for all potential DECaLS
counterparts within a search radius of 2”. The variable ) denotes the fraction of MG-
CLS compact radio sources that possess optical counterparts that exceed the DECaLS
magnitude limit. By comparing > REL; with the total number of counterparts that
have LR > LRcuiof, We can estimate the spurious identification rate, also known as the
error rate (ER). The selection of the LR cutoff is a balance between achieving maximum
completeness and maximum purity. Completeness is defined as the proportion of radio
catalogue sources that have an optical counterpart, while purity, calculated as 1 — ER, is

the fraction of radio or optical sources that are real.

After performing the multi-wavelength cross-matching and excluding all the sources with

optical and infrared counterparts, the Abell 22 field is reduced to 187 sources.

2.7 Manual Cross-checking

We use the NASA /TPAC Extragalactic Database (NED)” to check for any available red-
shift information of the MGCLS HzRG candidates or if they appear in other optical or
infrared catalogues. We use a search radius of 4" in NED, which is half of the beam size
of the lower resolution (1.28 GHz) survey, to balance the need to include true matches
(given the combined astrometric uncertainties) against the risk of spurious associations
in crowded fields. All candidates with z < 2 and/or with NED cross-matches from other
optical /IR catalogues are excluded from the candidate list. Cross-checking the 187 from
the Abell 22 field, we found that one source has available redshift information; however,
it is at z < 2. This source is excluded from the candidate list, narrowing the list to 186

candidates.

"https://ned.ipac.caltech.edu/
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FIGURE 2.7: Spectral completeness as a function of flux density for Abell 22 field, showing the
fraction of sources with spectral data. Completeness reaches 100% at a minimum flux density
of ~ 0.11 mJy, indicating the flux threshold for complete spectral coverage.

2.8 Ultra-Steep Spectrum Selection

USS selection is a widely used method for identifying HzRGs. The rationale is based
on the correlation between the steepness of the radio spectrum and the cosmological
redshift, where higher-redshift radio sources often exhibit steeper spectra (Blumenthal
and Miley, 1979; Laing and Peacock, 1980; De Breuck et al., 2000). This approach
has been widely adopted in the literature, typically using multi-frequency radio data to
measure spectral indices over wide frequency ranges (Pentericci et al., 2000; Singh et al.,
2014). Such methods, while effective, require multiple radio datasets to derive reliable

spectral indices, which may not always be available.

In contrast, the wide bandwidth of the MGCLS data allows for an in-band spectral
index estimation, rather than relying on separate multi-band datasets. The MGCLS
data span ~700 MHz in frequency, with a fractional bandwidth of 0.55 (Knowles et al.,
2022), providing a continuous frequency range to derive in-band spectral indices of radio
sources. This broadband nature eliminates the need for combining data from different
instruments and simplifies the process of identifying HzRG candidates based on their

spectral properties.
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MGCLS DRI offers a 12-plane frequency cube for each field, with effective observing
frequencies at 0.908, 0.952, 0.997, 1.043, 1.093, 1.145, 1.317, 1.381, 1.448, 1.520, 1.594,
and 1.656 GHz. We perform source finding using PYBDSF in each frequency plane and
cross-match the resulting catalogues to build the flux density distribution for each source
to estimate the spectral index value for each source. The flux density distributions are
combined with the 1.28 GHz centre frequency, with its respective uncertainty, to improve
the robustness of spectral indices estimation, particularly in cases where the in-band

sub-bands have pronounced uncertainties.

Figure 2.7 shows a candidate’s spectral completeness (defined as the fraction of sources
at a given flux density that have associated spectral data in at least two sub-bands) as a
function of the flux density. The completeness progressively increases with flux density,
eventually reaching 100% at 0.11 mJy in the Abell 22 field. At flux densities lower than
0.11 mJy, the completeness decreases gradually due to limitations in the detection of faint
sources in all sub-bands. Of a total of 186 HzRG potential candidates in the Abell 22
field, 173 have associated spectral data, giving an overall spectral completeness of 93%.

The remaining 13 sources do not have associated spectral data in any sub-band.

For sources with spectral data, we start by assuming a power-law distribution, fitting a
model of the form S, x ™ to each flux density spectrum using the weighted Levenberg-
Marquardt (LM) least squares method (Marquardt, 1963; Levenberg, 1944). We require
sources to be detected in at least two frequency planes, with a minimum frequency separa-
tion of 200 MHz for those with only two flux density measurements, to ensure sensitivity
to spectral trends when fitting a model. Among the 173 sources with spectral data, 18
fail this criterion, leaving 155 with enough spectral data for spectral index estimation.
These 18 sources, along with 13 without spectral data, totalling 31 sources, remain on
the candidate list, as data at additional frequencies could be used for these faintest pop-
ulations, which could be provided in the near future by the MeerKAT UHF band at a

similar resolution (~ 8").

Figure 2.8 shows the results of the LM power-law fit for one of the radio sources in the
Abell 22 field, MKTCS J001856.90-254112.7. The slope («) of the model was estimated
at —1.39 4+ 0.19. The reduced chi-square (x?) value for this fit was ~ 1, suggesting
that the model fits the data relatively well, given the variance. Since the flux density
measurements come from the same dataset and share the same resolution across sub-
bands, any spatial variability in the flux density scale should affect all sub-band images,

minimising potential biases in spectral index fitting.
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FIGURE 2.8: Radio spectrum for MKTCS J001856.90-254112.7 in Abell 22 field. The solid
black line represents the LM power-law fit, giving a spectral index of o = —1.39 £ 0.19.

We adopt the USS selection criterion of o < —1, which is suitable for identifying HzRG
candidates, especially at low flux densities (Singh et al., 2014). Furthermore, we set a
threshold for model quality, requiring the uncertainty in «, o4, to satisfy o, < 0.3 |a],
and, in cases where « is small, to remain below 0.3. The choice of these values is based on
the balance of statistical significance and data quality. A value of x? below 10 indicates
an acceptable fit to the data while minimising the risk of including sources with poor fit.
This criterion excludes poorly constrained fits, particularly at low flux densities where

noise can dominate the derived «.

Of the 155 sources with enough spectral data for spectral index estimation, 56 have a
reliable spectral fit, and 39 meet the USS criterion. The remaining 99 sources exhibit
a poor LM fit, some deviating from a simple power-law distribution, as illustrated in
Figure 2.9. Additionally, some spectra exhibit clear turnovers at higher frequencies, as

illustrated in Figure 2.10.

For sources that do not follow a single power-law distribution and those that exhibit a
spectral turnover, we use a piecewise fitting approach, as described by Akima (1970), to
accurately capture their complex spectral shapes. Piecewise fitting is a powerful method
for modelling complex data relationships, achieved by segmenting the data and applying

separate fitting functions to each segment. The piecewise linear model approach allows us
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FIGURE 2.9: Radio spectrum for source MKTCS J001855.82-253756.1 in Abell 22 field. The
model reveals a discrepancy with the observed flux density points with y2 ~ 12, suggesting
limitations in the fit’s accuracy and reliability for this source.
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FIGURE 2.10: Radio spectrum for source MKTCS J001846.08-260144.3 in Abell 22 field. The
plot reveals a spectral turnover around log(v[GHz|) ~ 0.16, and the model fit does not accurately
capture the observed flux density trend with x? ~ 13, indicating a lack of reliability of the model.



Sample Selection and Methodology 33

to capture the distinct spectral behaviour of sources with non-uniform flux distribution
across frequencies, which is indicative of processes such as synchrotron self-absorption or

free-free absorption (Tingay and De Kool, 2003).

We employ a Bayesian framework to perform the piecewise linear fitting, which provides
the flexibility to model the spectral turnover by dividing the spectral profile into two
segments. An example of this method is shown in Figure 2.11 for one of the potential
HzRG candidates in the Abell 22 field. There are distinct spectral regimes on either side
of the turnover point. We make use of the specfit® python package (see Appendix A),
which is tailored to model a segmented linear relationship and infer key parameters such
as the slopes, the location of the turnover (change point), and associated uncertainties.
This method employs Markov Chain Monte Carlo (MCMC) sampling to draw posterior
distributions for each parameter (Molteno, 2024), providing estimates of the slope before
and after the turnover point, along with credible intervals. An example of this method,
applied to one of the potential HzZRG candidates in the Abell 22 field, is shown in Figure
2.11. The piecewise method determines two mean slopes —0.52 + 0.16 and 0.70 4+ 0.83
respectively, separated by the change point, with a mean around v[GHz| = 1.41 £+ 0.13.
In this case, none of the segments falls under the USS criterion, so this source is excluded
from the HzZRG candidates list. For these cases, we are interested in the lower frequency
part of the spectrum, below the changing point, because USS sources are intrinsically
brighter at lower frequencies, so observing there boosts the SNR (Singh et al., 2014), and
reduces inclusion of flat-spectrum core-dominated AGN and peaked-spectrum sources,

further refining our selection (Afonso et al., 2011).

The posterior probability density function (PDF) for MKTCS J001846.08-260144.3 is
shown in Figure 2.12. The PDF exhibits a sharp peak with minimal spread for the
parameter cps, representing the change point, and exhibits a broad distribution, reflecting
the uncertainty in the exact location of the transition. The slope parameter k, associated
with the first segment of the model, also shows uncertainty, indicating variability in the
initial slope of the spectrum. In contrast, the second slope m is more precisely constrained,
with a narrower distribution, suggesting confidence in this part of the model. The change
point difference delta demonstrates the most significant variability, although its high

effective sample size indicates reasonable convergence.

This procedure produced spectral index measurements for all 99 sources. However, none
exhibited an USS below the turnover point, and so no sources were carried forward into
our final HzZRG candidate list. The final HzZRG candidate list for the Abell 22 field has 70

8https://github.com/tmolteno/specfit
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FIGURE 2.11: Radio spectrum for MKTCS J001846.08-260144.3 in Abell 22 field, showing
multipole splines. We end up with two mean slopes —0.52 4+ 0.16 and 0.70 £ 0.83 respectively,
separated by the mean changing point at v[GHz]= 1.41+ 0.13.

FIGURE 2.12: Pair plot of the posterior distributions and parameter relationships for MKTCS
J001846.08- 260144.3 in Abell 22 field, showing marginal PDFs (diagonal) and pairwise corre-
lations (off-diagonal) for the model parameters k, m, delta, and cps.
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sources, 39 of which are USS sources and 31 potential candidates, as they lack sufficient
spectral data for a reliable spectral index measurement. Together, these 70 candidates
represent just 1.1% of the total number of sources in the Abell 22 MGCLS compact source
catalogue. Table 2.4 summarises each stage of our multistage process, and the fraction

of remaining HzZRG candidates after each step.
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TABLE 2.3: Selected sample of cluster fields with good dynamic range, high astrometric ac-
curacies, and full spatial coverage in DECaLS and AIIWISE. The Right Ascension (R.A.) and
Declination (Dec) are given in degrees, and the RMS in wJy/beam.

Cluster Name R.A. Dec z RMS
Abell 22 5.1608 -25.7220 0.142 2.9
Abell 2744 3.5671 -30.3830 0.308 2.9
Abell 2751 4.0580 -31.3885 0.107 2.6
Abell 3562 202.7833 -31.6731 0.049 3.3
Abell 4038 356.8796 -28.2028 0.028 3.0
Abell 5295 41.4000 -53.0380 0.300 2.3
J0014.3-6604 3.5767 -66.0775 0.155 2.5
J0027.3-5015 6.8388 -50.2511 0.145 2.6
J0051.1-4833 12.7967 -48.5597 0.187 2.6
J0108.5-4020 17.1383 -40.3500 0.143 2.6
J0145.2-6033 26.3196 -60.5650 0.184 2.3
J0232.2-4420 38.0700 -44.3475 0.284 2.6
J0303.7-7752 45.9433 -77.8692 0.274 2.9
J0314.3-4525 48.5825 -45.4242 0.073 2.5
J0342.8-5338 55.7246 -53.6353 0.060 3.4
J0351.1-8212 57.7871 -82.2167 0.061 2.8
J0352.4-7401 58.1229 -74.0308 0.127 2.6
J0449.9-4440 72.4800 -44.6781 0.172 2.6
J0510.2-4519 77.5575 -45.3211 0.200 3.0
J0542.8-4100 85.7117 -41.0014 0.640 24
J0600.8-5835 90.2013 -58.5872 0.037 2.5
J0610.5-4848 92.6333 -48.8072 0.243 2.8
J0616.8-4748 94.2233 -47.8050 0.116 3.0
J0631.3-5610 97.8363 -56.1722 0.054 2.7
J0637.3-4828 99.3288 -48.4783 0.203 3.0
J0658.5-5556 104.6296 -55.9469 0.296 3.2
J0738.1-7506 114.5375 -75.1067 0.111 2.6
J0948.6-8327 147.1642 -83.4656 0.198 3.1

J1705.1-8210 256.2929 -82.1739 0.074 2.8
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TABLE 2.4: Summary of the selection criteria for the Abell 22 field. The table shows the
selection step, the number of sources remaining after each step and the corresponding fraction.
The final list of candidates contains USS sources obtained using the LM method, ary < —1;
sources with sufficient spectral data to fit a model, apone, and USS sources obtained through
specfit, aspecrit < —1. The selection criteria for the full cluster sample can be found in Table

3.1.

Selection

Number of Sources

Fraction (%)

Initial catalogue

Unresolved sources selection
50 SNR limit

Cross-match: DECal.S
Cross-match: AIIWISE

Manual cross-checks

M (anone) (aspecf it )

6,119
3,638
1,482

424
187
186
39 (31) (0)

100.00
59.45

45.53

6.92

3.05

3.03

0.63 (0.5) (0)

Total Number Candidates

70

1.14




Chapter 3

Results and Discussion

Having demonstrated the methodology used to search for HzZRG in the Abell 22 field,
we now apply the same techniques to the full sample introduced in Chapter 2. In this
chapter, we present the flux density distributions and spectral index trends measured
for the Abell 22 field, then extend the analysis to the full sample, assessing the MGCLS
data’s potential to isolate HzZRG candidates.

3.1 HzRG Candidates: Abell 22 Field

The Abell 22 field produced 70 HzZRG candidates, and the flux density distribution for
the candidates is shown in Figure 3.1. Spectral index measurements for these candidates
are complete above 0.134 mJy, but drop off sharply and become largely incomplete below
100 wJy. This flux density is lower than that obtained by Knowles et al. (2021) (0.3 mJy),
which is the lowest flux density at GHz frequencies to be probed for HzZRGs to date. All
candidates without a spectral index (empty bins) are faint (S < 0.134 mJy), making it
difficult to detect them across most of the in-band sub-bands needed for spectral index

measurements.

Figure 3.2 shows the spectral index distribution of our USS candidates in the Abell 22
field, with a median value of —1.4. The histogram is bounded by the USS selection
threshold (o < — 1.0).

To examine whether positional effects, such as those arising from the primary beam
correction at different frequencies, influence the assignment of spectral indices to sources,

we plot the sky positions of the HzZRG candidates in the Abell 22 field in Figure 3.3. We
38
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F1cURE 3.1: Flux density distribution of HZRG candidates in the Abell 22 field. Above 0.134
mJy, spectral index measurements for all candidates are complete; below 100 wJy, they become
largely incomplete.

F1GURE 3.2: Spectral index distribution of HZRG candidates in the Abell 22 field. The median
spectral index is —1.40.



Results and Discussion 40

F1cURE 3.3: Sky distribution of the HzZRG candidates in the Abell 22 field, with USS sources
marked by coloured circles and their respective spectral indices. We see no positional trend
with respect to the candidates with no spectral index values.

see no positional effects in this field, and the same is true for the full sample. The sources
are colour-coded on the basis of whether or not a spectral index could be determined.
The absence of a positional trend for sources with undetermined spectral index values
suggests that the SNR threshold effectively accounts for variations in noise levels across
the primary beam-corrected field of view. These clusters of USS candidates may indicate

the positions of proto-clusters (Bornancini et al., 2006).

3.2 HzRG Candidates: Full Sample

Table 3.1 summarises the filtering of the initial 198,120 sources through each stage of
our multi-step HzZRG candidate search for the full sample (listed in Table 2.3). Column
A gives the initial source count per field; Column B gives the number of unresolved
sources retained. In Column C we apply a 50 SNR restriction on flux density, and
Columns D and E show, respectively, the sources without counterparts in DECaLS and
in AIIWISE after statistical cross-matching. Column F lists the objects with no redshift
information in NED, while those with z < 2 (excluded as low redshift) are removed.

Column G then counts the sources that have at least two flux measurements separated
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by 200 MHz, sufficient for an in-band spectral-index fit, while Column H records those
that lack enough spectral data (which we nevertheless retain as potential candidates).
Columns I and J give the number of USS sources identified by the LM and specfit
methods, respectively. Column J lists 10 sources whose spectra follow a broken power-
law with an USS low-frequency slope (see Appendix A for details). Finally, Column K
presents the total HZRG candidates (USS plus insufficient spectral data sources) and

Column L their fraction as a percentage of the original sample.

The full sample produced 1,817 HzRG candidates, corresponding to ~ 0.9%, over a non-
contiguous total sky area of ~43.2 deg®. This low fraction highlights the rigorous selection
criteria applied throughout the search. 777 of these sources are classified as USS (767
estimated using the LM method and 10 obtained using specfit), and 1,040 lack sufficient
spectral data for spectral index estimates. Of the 3165 sources reviewed after the manual
check, 2,113 have associated spectral data, resulting in an overall spectral completeness
of ~ 67%. The flux density distribution for all HZRG candidates in the full sample is
presented in Figure 3.4. This represents the largest and faintest population of HzRG
candidates identified to date, with an unprecedented number of USS sources. Above
the 0.76 mJy completeness threshold, our spectral index measurements are essentially
complete. Below 0.76 mJy, however, some sources lack sufficient spectral data, under-
scoring the need for deeper low-frequency or higher SNR observations before drawing any

conclusions about their spectral index.

Figure 3.5 shows the spectral index as a function of the flux density of the HZRG can-
didates. Spectral index measurements are down to 30 pwJy. The plot highlights the
relationship between spectral steepness and flux density, showing a clear trend for more
negative spectral indices for lower flux densities. This suggests that the faintest sources
tend to have steeper spectra, which is consistent with the known property of HzRGs,
where steep spectra are often observed in older and more distant sources (De Breuck
et al., 2000; Pedani, 2003; Argo et al., 2013; Singh et al., 2014).

Table 3.2 presents an excerpt of the final list of HzZRG candidates from the full sample.
The table includes the TAU MGCLS source identifier, the J2000 radio coordinates in
decimal degrees, the 1.28 GHz flux density with its statistical uncertainty, the source
dimensions (major and minor axes and position angle), and the fitted in-band spectral

index and its respective uncertainties.

The 23,071 unresolved sources detected above 50 listed in Column C of Table 3.1 con-

stitute a statistically powerful sample with which we can investigate the limits of the
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FIGURE 3.4: Flux density distribution of HzZRG candidates in the full sample. The empty bins
are the 1040 sources without enough spectral data for reliable spectral index determination.
The orange bins are the 10 USS sources obtained through the specfit, and the teal bins
represent the 767 USS sources obtained through the LM method. Spectral index measurements
for candidates are complete above 0.76 mJy

n\ﬂs L. N : . o .

[}
L3 - .

I iU_l | | | S ‘IIOD
Simyy)

FIGURE 3.5: Spectral index as a function of flux density of HzZRG candidates, down to 30 wJy.
Fainter sources tend to exhibit steeper spectral indices, consistent with the properties of HzRGs.
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literature’s assumed canonical spectral index for flux density extrapolation, see Chapter
4.

3.3 Confirming HzRGs

Although our radio selection and in-band spectral fitting have produced a promising
sample of HzZRG candidates, we currently lack the spectroscopic or deep photometric data
required to confirm their redshifts. To confirm the redshifts of candidates potentially at
z > 2, requires two complementary approaches: wide-area, multi-object (fibre) redshift
surveys to obtain many low-to-moderate-depth redshifts efficiently, and deep, targeted
red /near-IR spectroscopy for the faintest, and highest-redshift candidates. Fibre-based
facilities such as the 4-metre Multi-Object Spectroscopic Telescope (4MOST; de Jong
et al., 2012) can potentially deliver large numbers of spectra across wide fields with
relatively modest per—target exposure times (minutes to ~1000s), making them efficient
in confirming redshift. However, fibre surveys have practical magnitude and surface-
brightness limits and are optimised for bulk spectroscopy rather than very faint single-
object follow-up; consequently, the faint hosts and heavily dust-obscured counterparts
expected for some of our HzZRGs may remain inaccessible to these surveys and will still

require long integrations with instruments that offer greater red /near-IR sensitivity.

The forthcoming facilities will change the balance between wide-area and deep follow-
up. The Vera C. Rubin Observatory! will provide very deep, multi-epoch optical imaging
across large areas, improving photometric constraints on host galaxies and enabling better
photo-z estimates for many radio sources (though its optical-only bands will still leave the
highest-z features in the near-infrared). JWST, with its very deep near-IR imaging and
multi-object or integral-field spectroscopy, will be essential for targeted confirmations of
the faintest, highest-z HzRG candidates; however, over much smaller fields than Rubin

or fibre surveys.

lhttps://rubinobservatory.org/


https://rubinobservatory.org/
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Chapter 4

Testing the Spectral Index
Assumption for Flux Density

Extrapolation

In Chapter 2, our search for HzZRG candidates yielded a statistically large sample of
sources with reliable in-band spectral index measurements. Building on this, we inves-
tigate the limitations of the assumption of a canonical spectral index in the literature,
particularly important when doing flux density extrapolations between different frequen-
cies. We compare the flux densities extrapolated using the canonical spectral index value
to those based on in-band spectral index measurements across different frequencies and
SNR regimes. This allows us to quantify the applicability of the canonical spectral index

at MeerKAT L-band frequencies and identify any systematic deviations.

4.1 Radio spectral indices

Early radio astronomy observations established that most non-thermal radio sources ex-
hibit power-law spectra of the form S, o« v%, interpreted as arising from synchrotron
emission (Kellermann, 1964; Pacholczyk, 1970). Over the decades, this assumption has
remained central to characterising radio galaxy populations. The so-called canonical
spectral index of o =~ —0.7 emerged from statistical studies of large samples of extra-
galactic radio sources, typically interpreted as optically thin synchrotron radiation from
relativistic electrons in magnetic fields (Condon, 1992; De Zotti et al., 2010).

46
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More recent work continues to adopt this approximation, particularly in simulations and
flux extrapolations across frequencies, while also probing its limitations. In 2017, Intema
et al. (2017) cross-matched the TGSS and NVSS, measuring the spectral indices of over
1.4 million sources with a full sky median of v & —0.70. In 2019, Tiwari (2019) analysed
sources common to TGSS and NVSS, about 1.3 million sources, reporting a median
a ~ —0.78. The sample was divided into two categories based on flux densities: Low
flux, with TGSS < 100 mJy and NVSS < 20 mJy, and High flux, with TGSS > 100 mJy
and NVSS > 20 mJy. In 2020, sources with integrated flux densities greater than 4 Jy at
151 MHz were selected from the Galactic and Extragalactic All-sky Murchison Wide-field
Array (GLEAM) survey, finding o ~ —0.740 £ 0.012 (151-843 MHz) and —0.786 £ 0.006
(151 MHz-1.4 GHz) (Hurley-Walker et al., 2017). Shimwell et al. (2022) cross-matched
22000 sources from the Low Frequency Array (LOFAR) Low-Band Antenna Sky Survey
(LoLSS) against NVSS and the LOFAR Two-metre Sky Survey (LoTSS) DR2, yielding
a ~ —0.77 £ 0.18 and —0.71 £ 0.31, respectively. More recently, Béhme et al. (2023)
confirmed median spectral indices of —0.77 and —0.71 in a combined LOFAR low- and
high-band study for sources above 181 mJy.

Given the wideband nature of the MGCLS data, we use the 23,071 unresolved sources,
all detected above 50 in the total intensity full-band image (presented in Table 3.1; see
Chapter 3), to create a sample of radio power-law spectral index measurements of the

MGCLS full sample. Each unresolved source in our sample has flux densities measured in
12 sub-bands, in addition to the 1.28 GHz reference frequency of the MGCLS. We model

each spectrum with a weighted LM fit of the form log .S, = log Sy + « log(%), where
1o = 1.28 GHz. We require at least three detections per source (i.e, in more than three

frequency planes) to perform the fit.

Of the 23,071 total unresolved sources, 15,795, which account for 68.5%, meet this cri-
terion, yielding initial spectral index measurements; the remaining 7,276 lack sufficient
sub-band coverage for a reliable fit. We set a threshold for model quality, requiring o,
to satisfy o, < 0.3|a|, and, in cases where « is small, to remain below 0.3 (see Chap-
ter 2). We obtain 11,043 reliable spectral index measurements. The remaining 4,752
sources do not follow a single power-law distribution and are not included in our analysis.
Our analysis sample of 11,043 radio sources constitutes 47.9% of the detected unresolved

sources.

Figure 4.1 shows the plot of spectral index versus flux density of the power-law spec-

trum sources, with fainter sources tending to have a wider range of spectral indices. Of
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FIGURE 4.1: Plot of spectral index versus SNR, with fainter sources showing a larger range of
observed spectral indices, including more inverted and steeper spectral slopes.

the 11,043 sources with reliable spectral index measurement, 9481 are considered steep-
spectrum sources (o < —0.5), 850 flat-spectrum sources (—0.5 < o < 0), and 712 are
considered inverted-spectrum sources (a > 0). Steep-spectrum sources are often associ-
ated with HzZRGs (Dwarakanath and Kale, 2009; van Weeren et al., 2011; van Weeren
et al., 2019). Flat-spectrum sources and inverted-spectrum sources are less common
(Zhang et al., 2003). Extremely inverted spectra (o > 2.5) are rare and may indicate

free-free absorption or non-standard electron energy distributions (Krishna et al., 2014).

Following the criteria used for MGCLS flux-density validation by Knowles et al. (2022),
which uses SNR > 50 and the canonical spectral index for its quality checks, we begin
by selecting sources with SNR> 50. From this high-confidence subset, we then lower the
threshold stepwise to SNR lower limits of 30, 20 and 10, tracking how the median in-band

spectral index deviates from the canonical value at each stage.

Figure 4.2 shows the spectral index versus the SNR at different SNR levels. At SNR > 50,
there are 1,115 radio sources. Figure 4.2a shows a slight but noticeable flattening of the
median o to —0.63+0.02, with an interquartile range (IQR) ranging from —0.88 to —0.22.
At this SNR threshold, flatter-spectrum cores emerge, shifting the distribution away from
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FIGURE 4.2: Spectral index versus SNR for sources with total lux < 10 mJy, shown in four
panels: (a) SNR > 50, (b) SNR > 30, (c) SNR > 20, and (d) SNR > 10. In each panel, the
red shaded band indicates the IQR of «; and the red horizontal line is the median « with its
estimated uncertainty.

the canonical spectral index. For these high-SNR sources, assuming a = —0.7 for flux

density extrapolation would somewhat overestimate the low-frequency flux densities.

At SNR > 30, the sample is increased to 2080 radio sources. In Figure 4.2b, the median
a is —0.71 £ 0.01, closely matching the canonical spectral index, and the IQR ranges
from —0.95 to —0.29. At this SNR threshold, assuming the canonical spectral index for
flux density extrapolations would introduce only a minor systematic error for most radio

sources.

The SNR > 20 increases the sample to 3385 radio sources. Figure 4.2c¢ shows that the
median « is —0.79 £ 0.01, and the IQR ranges from —1.01 to —0.41. Nearly half of the
sources lie outside the IQR, and assuming the canonical spectral index for flux density

extrapolations would introduce systematic error for most radio sources.

Finally, at SNR > 10, the sample increases to 7383 radio sources. Figure 4.2d shows
that the median spectral index in this subset is steep, at a = —0.97 + 0.01, with an IQR
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ranging from —1.23 to —0.67. At this SNR, trying to extrapolate flux densities using
the canonical spectral index would systematically overestimate the flux densities of most
sources, especially the lower frequency ones, as the median spectral index is steeper than
the canonical spectral index, making most sources fall off more rapidly towards lower

frequencies than the canonical law would predict.

FIGURE 4.3: Spectral index distributions for sources with total flux < 10 mJy, shown in four
panels: (a) SNR > 50, (b) SNR > 30, (c) SNR > 20, and (d) SNR > 10. In each panel, the
teal stepped line represents the histogram of « values; the red shaded region marks the IQR of
the distribution; and the solid red vertical line indicates the median a. Restricting to SNR >
30 significantly narrows the « distribution and reduces the median’s uncertainty.

Below SNR = 20, noise bias makes the canonical spectral index assumption for flux density
extrapolation not reliable; between SNR 20 and 30, the population median approaches
—0.7 but with large scatter; at SNR > 30, « = —0.7 is justified; and above SNR ~ 50, a

slight intrinsic flattening of the spectral indices emerges.

Figure 4.3 shows the spectral index distributions of the sources at different SNR thresh-
olds, with flux < 10 mJy. Sources down to SNR > 10 present a large statistical sample of

«, however, the median « is more affected by noise. Sources down to SNR > 30 present
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a narrow, well-defined « distribution and minimal uncertainty on the median «. In prac-
tice, SNR > 30 provides a good balance, as the median « remains at about —0.7 and the

spread of the distribution is relatively small if compared with the SNR > 50 sources.

4.2 Effect on Flux Density Extrapolation

To investigate the impact of the canonical spectral index assumption on flux density
extrapolations, we compare the flux densities extrapolated across wide frequency ranges
at different SNR, using the canonical spectral index assumed in the literature ac., =
—0.70 + 0.01, versus our measured in-band spectral index aueas. This analysis allows us
to quantify the systematic deviations introduced when adopting a typical spectral index

for extrapolating to frequencies far from the MGCLS reference frequency of 1.28 GHz.

For each source with measured flux density Sy at vy = 1.28 GHz, we extrapolate the

fluxes to a target frequency v, using the ag,, and Qpeas via:

S (1) = S0 (—) e (¥) = So (—) B

The uncertainties on the extrapolated flux densities using the canonical spectral index

(&)

and the median spectral index are:

USacan - Sacan O acan

and

ggs =S

Qameas Omeas

Uameas

We then perform a weighted least-squares fit in log space:

logyo 5

Qmeas

Qcan?

where G is a flux scale factor and K is a slope parameter, using weights w = 1/ Jﬁ)gw Semnons”
Values of 1 for G and K would indicate an exact one-to-one correspondence. This ap-
proach helps us to quantify the effects of extrapolating flux densities to different frequen-
cies using our median spectral indices in different SNR thresholds. The uncertainties in

G and K were derived from the fit covariance matrix.
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We extrapolate the MGCLS flux density of each source at 1.28 GHz across three survey
frequencies: the Rapid ASKAP Continuum Survey (RACS) Mid frequency of 1367.5
MHz, at ~ 100 MHz above MGCLS, and RACS-Low frequency of 837.5 MHz (Duchesne
et al., 2023) at ~ 400 MHz below the MGCLS; and LoTSS DR2 frequency of 144 MHz
(Shimwell et al., 2022), at ~ 1 GHz below MGCLS, using the canonical spectral index.
We then repeat the extrapolations with each source’s measured in-band spectral index
and compare the two sets to quantify the bias and uncertainty introduced by assuming a

fixed spectral slope.

Figure 4.4 shows the comparison of flux density extrapolations for radio sources at SNR
> 10 and SNR > 20. The fluxes were extrapolated to frequencies at 100 MHz, 400 MHz
and 1 GHz away from the MGCLS centre frequency, respectively. Panels a and b show
the comparison between the flux densities extrapolated using aea, and qpeas- The sources
lie almost exactly on the 1:1 dashed red line, and a least-squares fit (solid orange) returns
G = 0.99 £ 0.00, demonstrating that the assumption of canonical spectral index does
not adversely affect the flux density extrapolation if the frequency difference is less than
100 MHz. Panels ¢ and d show the 400 MHz frequency offset, which presents a slight
positive deviation, with G = 1.02 4+ 0.00 at SNR > 10 and G = 1.03 + 0.00 at SNR
> 20, suggesting that the sources are marginally brighter than predicted by a simple
power-law extrapolation with a..,. Panels e and f show the 1 GHz frequency offset, with
a significant upward flux deviation with G = 2.03 4+ 0.01 at SNR > 10 and G = 2.60 £+
0.01 at SNR > 20, indicating that low-frequency emission is substantially stronger than
expected, over 100% brighter, highlighting the inadequacy of using the canonical spectral

index assumption across frequency offset above 1 GHz.

Figure 4.5 shows a more conservative sample of radio sources at SNR > 30 and SNR >
50. The 100 MHz frequency offset for both SNR thresholds again confirms its excellent
consistency with expectations, with G = 0.99 £ 0.00, maintaining near perfect alignment
with the 1:1 line, as shown in panels a and b. In contrast, the 400 MHz frequency offset
shows a slightly larger deviation, with G = 1.05 + 0.00 at SNR > 30, and G = 1.07 £+
0.00 at SNR > 50, now implying a ~5% and ~7% excess in the measured flux densities,
as shown in panels ¢ and d respectively. This may reflect the beginning of a trend in
which steep-spectrum sources dominate at higher SNR. Panels e and f show the 1 GHz
frequency offset, with G = 3.14 4+ 0.01 at SNR > 30, corresponding to a 214% increase in
flux density compared to what would be expected. At SNR > 50, the deviation reaches
its peak with G = 4.12 + 0.02, which implies that the flux densities are 312% higher than

expected.
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FIGURE 4.4: Comparison between flux densities extrapolated using cc,, = —0.70 + 0.01 and
Q'meas for radio sources at 100 MHz, 400 MHz and 1 GHz frequency offsets. The left column is
SNR > 10 and the right column is SNR > 20. Each panel shows a log-log plot of S, versus
Somens €xtrapolated from 1.28 GHz to a and b: RACS-Mid at 1377.5 MHz; ¢ and d: RACS-Low
at 887.5 MHz; and e and f: LoTSS DR2 at 144 MHz. The red dashed line indicates the 1:1
relationship, and the best fit relation for each case is shown by the solid orange line. At 1 GHz
frequency offset, the fluxes extrapolated with S, are overestimated by ~ 100%, highlighting
the inadequacy of the ., assumption across wider frequency separation. N represents the

number of sources above each SNR.
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FIGURE 4.5: Comparison between flux densities extrapolated using can = —0.70 = 0.01 and
Qimeas for radio sources at 100 MHz, 400 MHz and 1 GHz frequency offsets, as per Figure 4.4.
The left column is SNR > 30 and the right column is SNR > 50. At 1 GHz frequency offset,
the fluxes extrapolated with S, are overestimated by ~ 214% and 312%, highlighting the
inadequacy of the .,y assumption across wider frequency separation. N represents the number
of sources above each SNR.
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4.3 Conclusion

In this study, we find that assuming the literature’s canonical synchrotron index for flux
density extrapolation remains valid only under constrained conditions. For high-SNR
sources (SNR > 30) and narrow frequency separations (< 100 MHz), the extrapolated
fluxes deviate by less than 1%, well below the typical calibration or measurement uncer-
tainties of radio telescopes. Under these circumstances, such as extrapolating MGCLS
fluxes to the RACS-Mid band, a fixed canonical spectral index can serve as a rapid,

first-order approximation without introducing significant bias.

When the frequency offset increases to ~ 400 MHz, even high-SNR sources begin to
exhibit systematic deviations of several per cent. These errors are comparable to, or larger
than, the flux-scale uncertainties inherent to most instruments. Therefore, in precision
studies that demand better than 5% accuracy, one should replace the canonical spectral

index assumption with each source’s measured in-band spectral index measurement.

Beyond 400 MHz offset, and especially at offsets approaching 1 GHz, the canonical spec-
tral index fails to extrapolate accurate flux densities. Our results show flux overestimates
of order 214 to 312%, respectively. This breakdown reflects the limitations of using the
canonical spectral index assumption over a wide frequency separation. For any wide offset
extrapolation in high-precision survey work, measured spectral indices must be used to

avoid large systematic biases.



Chapter 5

Conclusion

We presented the results of a search for HzZRG candidates using 30 of the 115 cluster fields
of the MGCLS at 1.28 GHz. These fields were selected on the basis of their good dynamic
range, astrometric accuracy, and complete optical and infrared coverage from DECaLS
and AIIWISE, respectively. Our multistage approach involved selecting unresolved ra-
dio sources, applying an SNR cut, identifying sources without DECaLS and AIIWISE

counterparts, and isolating USS sources (o < —1).

We identified 1817 HzRG candidates (0.9% of the full sample), over a non-contiguous sky
area of ~ 43.2 deg®. Of these, 777 satisfy the USS criterion, 767 via the LM method
and 10 via specfit, while 1040 lack sufficient spectral data for in-band spectral index
measurement, and remain potential candidates. This represents the largest and faintest
population of HzZRG candidates identified to date, including an unprecedented number
of USS sources. Sources without spectral data will require additional observations to
determine their spectral index, which can be achieved using MeerKAT’s UHF band at

MGCLS-like resolution with minimal telescope time.

We have complete spectral coverage for sources with flux densities above 0.76 mJy and
spectral index estimates above a flux density threshold of 30 wJy, marking the lowest
flux density population at GHz frequencies to be probed for the HzRGs search to date.
This highlights the potential of MGCLS for identifying faint HzZRG candidates, which
can allow the exploration of HzZRGs that are potentially more obscured and at higher
redshifts, offering valuable insights into the early universe’s massive galaxy formation

and evolution.
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This study demonstrates the potential of MGCLS to uncover faint HzRG candidates,
which could help advance our understanding of the early universe. The upcoming deep,
wide-area photometry from the Vera C. Rubin Observatory and Euclid, combined with
future spectroscopic follow-up campaigns such as the 4AMOST, will secure the redshift and
the nature of these sources. To confirm the redshift and the nature of these candidates,
spectroscopic follow-up observations are needed. High-quality photometric data can also
provide valuable information on their properties. This work lays the foundation for these
studies with the potential to provide a deeper understanding of the origin and evolution

of radio galaxies at high redshift and their role in shaping the cosmic environment.

Taking advantage of the in-band spectral index measurements produced in this study,
we compared the flux density extrapolations made using the literature’s canonical syn-
chrotron spectral index value of & = —0.7 against those using each source’s measured
in-band spectral index at RACS-Mid, RACS-Low, and LoTSS DR2 frequencies, which
are at 100 MHz, 400 MHz, and 1 GHz away from the MGCLS centre frequency, respec-
tively. While the o = —0.7 assumption did not affect the flux density extrapolation at
100 MHz frequency offset, it introduced a ~7% deviation at 400 MHz frequency offset
for high SNR sources and overestimated the flux densities by a factor of 4 at 1 GHz
frequency offset. These results demonstrate that relying on the canonical spectral index
for flux density extrapolation is only reliable for frequency offsets below 400 MHz and

not reliable for frequency offsets around 1 GHz, even at high SNR.

Future work could explore whether there is a revised canonical spectral index for large
frequency separations. For example, a joint MeerKAT-LOFAR study (outside the MG-
CLS footprint) could track how spectral curvature evolves from ~50 MHz up to ~1.4
GHz for thousands of sources, and the upcoming Square Kilometre Array (SKA)-Low
and SKA-Mid surveys will deliver high-resolution, high-sensitivity catalogues spanning
>1 GHz in bandwidth. Such efforts would not only quantify the frequency dependence of
the spectral index but could establish new empirical prescriptions for flux extrapolation

across very large frequency intervals.



Appendix A

Spectral Analysis

In this appendix, we give an overview of the methods used to fit models to the spectral
data of radio sources to determine their spectral indices, focussingg on the Levenberg-
Marquardt least-squares fitting procedure and specfit. These methods allow us to
accurately model the flux density as a function of frequency and determine the spectral

index of the sources, which is crucial for characterising their physical properties.

A.1 Single power-law fit

The weighted Levenberg-Marquardt (LM) least-squares fitting algorithm is a robust opti-
misation technique that combines the gradient descent and Gauss-Newton methods. We

use it here to fit a power-law model spectrum of the form:
S, ox v°,

where:

e S5, is the flux density at frequency v,

e « is the spectral index, which quantifies the slope of the spectrum.

This method is particularly effective for datasets with measurement uncertainties, as it

incorporates weights to account for errors in the flux density measurements.
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Mathematical Basis

The fitting procedure minimizes the weighted sum of squared residuals:

X2 = Z W; [Syﬂj - Sy,model<yi; Oé)]2 )

where:

o w; = % is the weight, determined by the uncertainty o; in the observed flux density
SV 29

® S, model(Vi; @) is the model prediction for the flux density at frequency v;.

The Levenberg-Marquardt algorithm iteratively adjusts the spectral index o and other

parameters (e.g., normalization) to minimize D

Python Implementation with SciPy

The Python package SciPy provides an efficient implementation of the Levenberg-Marquardt
algorithm through the scipy.optimize.curve_fit function. Below is an example of fit-

ting a power-law spectrum:

import numpy as np

from scipy.optimize import curve_fit

# Define the power-law model
def power_law(nu, alpha, S0):

return SO * (nu ** alpha)

# Example data: frequencies (nu), flux densities (S), and uncertainties (sigma)
nu = np.array([0.9, 1.0, 1.2, 1.4, 1.6, 1.8]) # GHz

S = np.array([0.3, 0.25, 0.22, 0.18, 0.15, 0.12]) # Jy

sigma = np.array([0.01, 0.015, 0.01, 0.012, 0.01, 0.013]) # Jy

# Perform the fit
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popt, pcov = curve_fit(power_law, nu, S, sigma=sigma, absolute_sigma=True)

# Extract the fitted parameters and their uncertainties
alpha, SO = popt
alpha_err, SO_err = np.sqrt(np.diag(pcov))

print(f"Fitted spectral index (alpha): {alpha:.3f} * {alpha_err:.3f}")
print (f"Fitted normalization (S0): {S0:.3f} * {SO_err:.3f}")

Results

The curve_fit function returns:

e popt: The optimized parameters (o and Sp).

e pcov: The covariance matrix, from which parameter uncertainties are derived.

This method accounts for measurement uncertainties (o) through the weights, ensuring

a more accurate and reliable fit, especially when errors vary between data points.

A.2 Broken power-law fit

The specfit package is a Python-based tool designed for the spectral analysis of astro-
nomical data. It provides functionalities for piecewise linear fitting and statistical infer-
ence, making it an essential utility for analysing complex spectral datasets. The package

facilitates reproducible and efficient analysis while offering flexibility for customisation.

Workflow for Using specfit

1. Preprocessing FITS Files The first step involves splitting a FITS file into indi-
vidual JSON files, where each JSON corresponds to a single source. This is done with

the following command:
python3 fits_analyze.py --fits="input_file" --output-dir="output"

This step enables easier access to and manipulation of the data for each source.


https://github.com/tmolteno/specfit
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2. Performing Inference Once the FITS file has been split, the tool processes all
JSON files to perform spectral inference. This step generates a summary file, results.csv,
which includes key parameters such as spectral indices (slopes), their uncertainties, change

points, and marginal likelihood values. The command for this step is:

python3 fits_analyze.py --fits="input_file" --output-dir="output" --process

3. Outputs and Visualisations For each source, specfit generates the following

outputs in the specified directory:

e _data. json: Original source data.

e processed.json: Results of the spectral inference, including fitted parameters

and samples.
e Graphs:

— Posterior plot of the samples.
— Parameter correlation plots.

— MCMC diagnostic plot showing traces of sampled parameters.

These outputs provide detailed information about the spectral properties and the fitting

process.

Figure A.1 presents a gallery of radio spectra for 10 HzRG candidates, each exhibiting a
broken power-law and USS low-frequency slopes. All of these sources are included in the

final HzZRG candidate list, see Chapter 4.
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FIGURE A.1: Composite gallery of the radio spectra for ten HzZRG candidates, each exhibiting
a broken power-law, represented by multipole spline fits derived with specfit. These sources
are USS at the lower frequency part of the spectrum.
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