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Abstract

An accreting super-massive black hole can launch relativistic jets into its in-
tergalactic environment, leading to the formation of synchrotron-emitting lobes
known as a radio galaxy. While most (2 90%) radio galaxies are observed in
conjunction with active jets, the active galactic nucleus (AGN) is also known to
switch off, resulting in a “remnant” phase wherein the lobes are cut off from their
energy supply. Together with “restarted” radio galaxies, in which remnant lobes
are observed concurrently with renewed jet activity, this observed ‘life cycle’ of-
fers key evidence in support of a duty cycle in the jets of a radio-loud AGN. In
this thesis I investigate how the energetics of AGN jets can be constrained and

studied through observations of remnant radio galaxies.

I begin by examining the feasibility of utilising the “absent radio core cri-
terion” as a method to select remnant radio galaxies from survey data. Using
a range of low-frequency instruments (0.1-9 GHz), I compile an observationally-
complete sample of extended radio galaxies within ~ 8deg?. Sensitive (o =
45 pJy/beam), high-frequency (5.5 GHz) observations are used to classify 10/104
radio galaxies as remnant candidates based on the absence of radio emission from
the host galaxy. By studying their properties, I find that six of the ten selected
candidates display bright regions of high-frequency emission in their lobes, sug-
gesting either that the jets have only recently switched off, or that the objects are
incorrectly classified due to the radio core failing to meet the detection threshold.
I propose that while the absent radio core criterion is effective at selecting rem-

nant radio galaxy candidates, the technique alone does not have the capability to

X



definitively rule out the existence of the AGN jets. The corresponding remnant
fraction is constrained between 4-10%, which, although consistent with previous
literature results, requires greater refinement to offer meaningful constraints on

models of the AGN lifetime function.

With the emergence of new-generation all-sky radio surveys, studies of rem-
nant radio galaxies will need to confront the general lack of complementary high-
frequency (2 5 GHz) survey data. Due to the preferential depletion of high-energy
synchrotron emitting electrons, the shape of a radio source spectrum encodes the
age of the underlying plasma. The steepening is exacerbated in the integrated
spectrum of remnant lobes, which, when captured by sufficient high-frequency
coverage, allows for a robust observation-based selection of remnant lobes and
the modelling of the jet ‘switch-off’. In this work, I develop a new simulation-
based method to model the energetics of remnant lobes, which relies on spatially-
resolved observations of the plasma backflow to constrain the off-time. I measure
the fractional duration of the remnant phase, R e, = 0.23 £0.02, in the remnant
radio galaxy J225337-344745 using standard spectral ageing techniques based
on beam-matched, high-resolution imaging over a broad frequency range. 1 then
constrain a dynamically-estimated remnant ratio of R, = 0.261003 by com-
paring the observed surface-brightness distribution of the remnant to synthetic
radio sources generated by the Radio-loud AGN in Semi-analytic Environments
(RAiSE) model. Using mock catalogues I show that with observations up to

1.4 GHz, the method is able to measure the jet power and active lifetime in rem-

nants across a wide range of evolutionary histories.

In contrast to active lobes, which encode only the age of the jet at the time of
observation, remnant lobes capture the full duration of the previously-active jet.
In my final body of work, I select a sample of 79 nearby (z < 0.2) remnant radio
galaxies from all-sky radio survey data, and utilise the technique presented above
to fit the jet kinetic powers and jet lifetimes of the sample. I then simulate mock

populations of remnant sources using independent power-law seed functions for



their jet powers and lifetimes. These simulations account for the sample selection
biases, and are used to predict the observed jet powers and lifetimes. Comparing
these predictions to the observed distributions in the sample, I constrain seed
functions for the jet power function and jet lifetime function as p(Q) oc Q150009

and p(ton) oc 5190012 respectively.
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upper limits are placed on the remnant CP, denoted by the left-
pointing arrows. Purple and orange colored arrows are used to
indicate remnant candidates with and without hotspots, respec-
tively. The vertical dot-dashed black line represents the value
above which the distributed CP is complete across the sample.
The red dot-dashed line traces the lowest CP that can be recov-
ered at the corresponding total flux density. Uncertainties on the
CP are propagated from the uncertainties on the total and core

flux density. A histogram of CP is presented in the top panel.
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5500

2.7 The high-frequency spectral index agg;" is plotted against the low-

2.8

frequency spectral index 7. A third color-bar axis is over-plotted
to show the largest angular size in arc-seconds. Solid black line
represents a constant spectral index across both frequency ranges.
Dashed black line represents a spectral curvature of SPC = 0.5.
The red dotted and dot-dashed lines represent a o = —1.2 spectral

index across the low- and high- frequency range, respectively. . . .

216 MHz radio power against the largest linear size. Core-detected
radio sources (blue markers), remnant candidates with hotspots
(orange markers) and remnant candidates without hotspots (red
markers) are displayed. Circular and square markers are used
to denote spectroscopic and photometric redshifts, respectively.
Lower limits on the 14 radio sources without host identifications
are denoted by green arrows. Plotted also are the largest linear
sizes that would result in a 50 detection at 216 MHz at z = 0.3
(black) and z = 1 (red). Limits are calculated assuming a uniform
brightness ellipse, and a lobe axis ratio of 2.5 (solid line) and 1.5
(dashed line). Aged remnants often display low axis ratios, e.g.

MIDAS J225522—341807 (Sect. 2.4.1.1). . . . . . ... ... ...
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2.9

Modelled integrated spectrum of MIDAS J225337—344745. Fig-
ure 2.9a models the spectrum assuming a continuous injection
model (CI). Figure 2.9b models the spectrum assuming a con-
tinuous injection model with an ‘off” component, encoding a jet
switch-off (CI off). In each model, a 20 uncertainty envelope is rep-
resented by the violet shaded region. As discussed in Sect. 2.5.3,
the model uncertainties take into account only the uncertainties
on the flux density measurements, and do not reflect the under-
lying uncertainties due to an inhomogeneous magnetic field. For
reference, a best-fit to the data using single power-law model is

represented by a blue line. . . . . . ... ... ... ...
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2.10 A ‘MIDAS J225337—344745 type remnant radio galaxy is mod-
elled by assuming a jet power Q = 10°%! W, an injection energy
index of s = 2.1, an equipartition factor of B/B., = 0.22, and a
total source age of 71 Myr of which 50 Myr is spent in an active
phase, and a further 21 Myr is spent as a remnant. The shaded
blue bar corresponds to the time during which the source is active,
after which the jets are switched off and the hotspots/lobes begin
to fade. The evolution of the synchrotron emission from the lobes
(solid black tracks) and the hotspots (dashed tracks) are shown
as a function of the total source age. The assumption that the
hotspot magnetic field strength is a factor five greater than the
lobes (colored in orange) comes from Cygnus A, however we also
assume a factor ten increase in the hotspot magnetic field strength
(colored in red) to consider shorter fading timescales. We explore
this in terms of the peak flux density, as this ultimately decides
whether the emitting regions are detected in observations. The
vertical drop in the flux density tracks reflects the depletion of
electrons capable of producing emission at 5.5 GHz. As expected,
the synchrotron emission evolves faster in the hotspot, however,
their fading timescale is non-negligible in comparison to that of

the lobes. . . . . . . .
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3.1 The remnant radio galaxy J2253-34 and its intergalactic environ-
ment. The background image is an RGB composite constructed
from mid-infrared K (red), H (green) and J (blue) bands, respec-
tively (e.g. see; Quici et al., 2021). The host galaxy is indicated
by a cyan-coloured ‘x’ marker. A 5.5 GHz view of J2253-34 with
4" resolution is superimposed onto the background. Coloured con-
tours show the 1.42 GHz radio emission (‘sub-band 3 in Sect. 3.2.2),
with levels increasing uniformly in log-space by 0.2dex between
[3,80] xo. Ellipses in the lower-left corner denote the shape of the
restoring beam at 1.42 GHz (orange) and 5.5 GHz (blue). . . . . . 107

3.2 Comparison between standard (solid lines) and Tribble forms (bro-
ken lines) of the JP (top panel) and CI (bottom panel) spectra.
SYNCHROFIT is used to simulate radio spectra for s = 2.2 and
v, = 2.1GHz. Tribble models are shown for B = 0.1nT (dot-
dashed), B = 1nT (dotted), and B = 10nT (dashed). CI models
are shown for Ry, = 0 (orange) and Ry, = 0.5 (purple). We
note that the Tribble models almost exactly overlay each other

and hence can not be distinguished. . . . . . . ... ... 121
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3.3 The injection index optimised for J2253-34. Panels a) and b) show
the observed radio emission at 1.32 GHz and 5.5 GHz, respectively;
each image is presented on a square-root stretch, and is normalised
between the minimum /maximum pixel values. A solid dark-orange
contour denotes the 5o brightness of the source at 9 GHz. Circular
markers of an 8” aperture (the FWHM of the restoring beam) are
used to represent independent regions from which a radio spec-
trum is extracted and used as a constraint on the injection index.
Apertures overlaid on the south-western lobe are colour-coded and
numbered based on aperture number, and are highlighted in panels
¢) and d); to avoid clutter in the figure we do not plot the spectral
fits for apertures in the north-eastern lobe. Panel ¢) demonstrates
fits of the TJP model (By = 0.1nT) optimised to their associated
spectrum. Panel d) demonstrates the probability density function
associated with each spectral fit, marginalised with respect to the
injection index; these are also represented by the box and whisker
plots, where the box is constrained by the 25 - 75" percentiles.
A global optimisation for the injection index is found by multiply-
ing the PDFs associated with each lobe (dot-dashed black curve),
which is then approximated by a 1D Gaussian (solid red curve)
in order to characterise the peak probable value and uncertainty:
s = 225 4+ 0.03 (or alternatively, the injection spectral index;
Qiny = 0.625 £ 0.015). . . . ...

XxXxil



3.4

3.5

The spectral emissivity of J2253-34. Blue markers are used to dis-
play measurements of the integrated flux density. Error-bars rep-
resent 1o measurement uncertainties. Overlaid is the fit of the TCI
model, assuming By = 0.1nT and s = 2.25 £+ 0.03 (Sect. 3.3.4.1).
The optimal fit of the TCI model (Sect. 3.3.4.2) is displayed using a
solid black line. Also shown in light-gray are all plausible spectral
fits within a 99.7% (30) confidence interval. The spectral break
frequency and remnant ratio are fitted as v, = 1.26150¢ GHz,

and Ry = 0.23 +0.02, respectively. . . . . ... ... ...

Intensity maps predicted by RAiSE for a redshift z = 0.1 radio
source with a jet-power of Q = 103® W, source age of 7 = 100 My,
and a remnant ratio of R,y = 0.25. The radio source is shown for
150 MHz (left panels) and 1.4 GHz (right panels), each of which is
shown for a native resolution corresponding to 1.024 x 108 particles
(upper panels) and for a convolved 10” image (lower panels). The
pixel scale in the convolved image is 1”. Following the method
outlined in Sect. 3.4.2.2, the observed surface brightness distribu-
tion is optimally fit by a skewed two-dimensional Gaussian; this is
shown by a solid black contour, which represents the edge bound-
ing 95% of the Gaussian volume. Images of each fitted Gaussian

are truncated at the core, resulting in the apparent abrupt cut-off

at I50MHz. . . . .o
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3.6

3.7

3.8

Schematic showing the key quantities necessary for computing the
spatial attributes described in Sect. 3.4.3.1. The semi-transparent
purple emission represents the right lobe of the 1.4 GHz convolved
image from Fig 3.5. A skewed two-dimensional Gaussian is fit to
the lobe surface brightness distribution following the method out-
lined in Sect. 3.4.2.2, where S gives the amplitude of the fit. A
solid black contour denotes the fitted Gaussian at a critical bright-

2

ness level of Spe™?, and bounds 95% of the Gaussian volume.

Results of the parameter inversion of the z = 0.1 (upper row)
and z = 0.5 (lower row) mock catalogues are shown. Each plot
demonstrates the fitted (vertical axis) versus mock (horisontal axis)
parameter for the jet power (first column), source age (second
column), equipartition factor (third column), and remnant ra-
tio (fourth column). Each marker represents a unique mock ra-
dio source, where unfilled markers represent sources fainter than
S150 = 100 mJy or smaller than 8 = 60”. A solid black line is shown

to represent a 1:1 relation between the fitted and mock quantities.

The fitted (vertical axes) versus input (horisontal axes) remnant
ratio of the z = 0.1 (upper panel) and z = 0.5 (lower panel) mock
catalogues. Each column represents a log-uniform source age bin.
Gray regions represent a 1o uncertainty in the scatter, correspond-
ing to the unflagged sources (filled markers). A tightening in the
scatter is seen as the source age increases, likely reflecting the
greater magnitude of radiative losses discussed in Sect. 3.5.2. The
dearth of sources with higher values of R.., in the z = 0.5 sam-
ple arises due to the complete depletion of electrons capable of
producing emission at these frequencies (e.g. see Fig. 4 of Turner

2018). . o
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3.9

4.1

4.2

Normalised count representing the distribution of fitted remnant
ratios of mock samples with Ry, = 0 (black), Ryem = 0.1 (purple),
and Ryen = 0.2 (blue). We set the bin size in each distribution to
AR,y = 0.01, to reflect spacings in the grid. Each sample is
simulated at redshift z = 0.1, and only the oldest source-age bin
(133 < 7 < 316) Myr is shown. Solid and dotted vertical
lines are shown to represent the 68" and 95 percentiles in each
sample, respectively; these represent upper bounds for the active

population, and lower bounds for the remnant samples. . . . . .

Example overlays used to manually inspect the GLEAM-selected
radio sources. Gray-scale background images represent the All-
WISE W1 bands. Each radio source is shown at 200 MHz as
seen by GLEAM (solid black contours), and as seen by RACS
at 887 MHz (semi-transparent images); the shape of their restor-
ing beams are shown in the lower-right corner by the black and
purple ellipses, respectively. For Fig. 4.1a, a close-up view around
the host galaxy coordinates, as seen at 3 GHz by VLASS, is shown
in the upper-right corner. For Fig. 4.1b, the coordinates of the

host galaxy are marked by the cyan cross. . . . .. ... ... ..

Sky coverage of the broadband optical surveys cross matched to
our extended radio galaxy sample. Shown are the coordinates of
the host galaxies (black circles), together with their cross-matched
positions in the SDSS catalogue (green squares), the PanSTARRS
catalogue (orange diamonds), and the SMSS catalogue (purple

PEntagons). . ...
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4.3

4.4

4.5

Consistency check for stellar masses derived using the (g —1) colors
from the PanSTARRS, SMSS and SDSS surveys. In each panel the
PanSTARRS-based mass estimate (horisontal axis) is compared to
the SMSS-based mass estimate (left panel) and the SDSS-based
mass estimate (right panel). The standard deviation of the differ-
ences calculated between the two mass estimates is shown in the

label for each panel, and represented by the blue-shaded region.

The redshift, stellar and halo mass distributions for our parent ra-
dio galaxy sample. The two scatter plots show the derived halo
masses (upper panel) and stellar masses (lower panel) as a function
of redshift. Spectroscopic and photometric redshift are denoted us-
ing blue and salmon colors, respectively. Each histogram shows the
one-dimensional distribution in the parameter adjacent to the plot.
Light grey bars are used to denote the full sample (spectroscopic

and photometric). . . . . ...

Radio luminosity—linear size distribution for our sample of 79 can-
didate remnant and restarted radio sources. Markers are used to
represent spectroscopic (square) and photometric (diamond) red-
shifts. Marker colours are linearly mapped to the source redshift,
as shown by the upper-right panel. The radio luminosity is calcu-
lated at 154 MHz and includes a k-correction based on the derived
low-frequency spectral index. One dimensional distributions for
each quantity are shown in the adjacent panels, with the median
value represented by a solid black line. The median values reported
by Jurlin et al. (2020) are also shown for their candidate remnants
(salmon dot-dashed line) and candidate restarters (red dot-dashed

line). . . ..
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4.6

4.7

4.8

4.9

4.10

The observed distributions in jet power (lower right) and active
age (upper left) fitted for our remnant sample. Monte-Carlo simu-
lations are used to build up the observed sample statistics in each
parameter. A two-dimensional grid (lower right) shows the ob-
served sample statistics in (Q, ton)-space. A colour-map is used to

indicate the density of sources at each pixel. . . . . .. ... ...

The 2D dimensional cross section of the RAISE simulation grid,
showing the weightings applied to the remnant ratio (vertical axis)
and the active age (horizontal axis). Three panels are shown: the
left shows the weighting applied by Eqn. 4.7 (assuming b = 0.5);
the middle shows the weighting applied by Eqn. 4.10; and the right
panel shows the final weighting applied to the RAISE simulation

outputs. . . . ...

Underlying distributions (blue bars) of the jet power (left panel)
and active age (right panel) are filtered through our sample se-
lection criteria (Sect. 4.2.1) to explore the bias propagated onto
their observable counterparts (black steps). The mock catalogue

is simulated at z = 0.1, log H = 14.0, log ¢ = —1.7, s = 2.2, and

encodes the energetics described by p(Q) o Q12 and p(ton) o< t5,0°.202

A two-dimensional slice of the RAISE simulation grid, weighted
based on the underlying energetics and selection criteria used in
Fig. 4.8. The selection bias is evaluated at two redshifts: z = 0.01
(left panel), and z = 0.05 (right panel). The weighting applied at
each jet power, (), and active age t,,, is demonstrated using the

sequential colour map. . . . . . .. ...

Same as Fig. 4.8, but now including the prior weightings derived
from the sample distributions in redshift and confounding variables

(Sect. 4.4.2.1). . . . . . .
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4.11

4.12

4.13

4.14

The observed redshift (left panel) and halo mass (right panel) dis-
tributions predicted for two separate mock catalogues (solid red
and dot-dashed salmon steps) created for different jet power and
active age distributions (see exponents in figure label). Mock cat-
alogues are filtered by the selection criteria of our sample, and
are weighted by the distributions observed for the redshift and the

confounding variables (filled-blue bars). . . . . . . . ... .. ...

Example of the scaling factors required to bring the height of each
mock bin equivalent to the observed sample statistics. Each point
represents the ratio of bin heights between the observed and mock
distributions. To model the corrections as a smooth continuous
function, the data are fit by a third-order polynomial, as shown by

the red dot-dashed line. . . . . . . . . .. .. ... ... ... ..

Same as Fig. 4.10, but now including the selection bias-corrected
weightings applied to the distributions in redshift and confounding
variables (Sect. 4.4.2.2) . . . . ..o

Smoothed predictions for the observed distributions in jet power
(left panel) and active age (right panel) made by various mock
populations. The left panel shows predictions made by a steep
(a = —2.0, salmon colored) and shallower (¢ = —1.0, blue colored)
jet power model, evaluated for all age distributions. The right
panel shows predictions made by a steep (b = —1.0, brown colored)
and shallower (b = 0, green colored) ageing model. evaluated for

all jet power models with 1 <a| <2. ... ... ... ... ...
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4.15

4.16

4.17

C.1

C.1

The relative fitting probabilities evaluated for each jet power and
lifetime model. The corresponding probability density function
(PDF) mapped in (a,b)-space is shown in the bottom left panel.
A sequential colour-map is used to indicate the probability for
each model, and is shown using a logarithmic stretch. Contours
denote the 1o, 20 and 30 confidence intervals. The adjacent panels
demonstrate the PDF marginalised for a (upper left panel), and
b (lower right panel), as shown by the solid black curves. The
red dot-dashed curves show the Gaussian approximations of the
marginal PDFs. . . .. .00

Same as Fig. 4.6, but overlaying the predictions made by our best-

fit jet power and lifetime model (i.e. p(Q) oc @5 and p(to,) o< t5,10).214

Models constrained by Hardcastle et al. (2019, H19) and Shabala
et al. (2020, S20) are filtered by the selection biases of our sample,
and their expected jet powers and active ages are compared to our
observed sample distributions. Three models are shown, each with
the same assumption of the jet kinetic power function (a = —1),
but with varying lifetime functions. The model with b = —1 is
shown in red (H19, S20), that with b = —0.5 is shown in light-blue
(520), and that with b = 0 is shown in dark-blue (H19). Model

predictions are smoothed using a 0.3dex kernel. . . . . . . . . ..

Remnant candidates from Chapter 4. Left: The radio source is
overlaid onto a WISE W1-band background with a logarithmic
stretch. Radio contour levels are specified by the on the right-
hand colour bar. The inset in the upper-right corner provides a
VLASS view of the region bounded by the dashed box. Right: The
integrated flux density of the source. . . . . . .. ... ... ...

Continued . . . . . . .
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Chapter 1

Introduction

1.1 The need for heating in galaxy evolution

The formation of large-scale structure in our Universe is a complex process driven
by the interplay of dark and baryonic matter under the influence of gravity.
Dark matter, which constitutes an overwhelming fraction of the total mass in
the Universe (Page et al., 2003; Planck Collaboration et al., 2014), is attracted
gravitationally to hierarchically form a complex web of large-scale structure (see
Fig. 1.1). The formation of baryonic over-densities are subsequently driven by
the accumulation of molecular gas within the gravitational potential wells of the
dark matter haloes (Kravtsov & Borgani, 2012). The cooling and condensation
of the gas eventually leads to the formation of galaxies (White & Rees, 1978),
and give rise to most-massive gravitationally bound baryonic systems in the local
universe — galaxy clusters.

In approximately one-third of galaxy clusters, a strong“cool core” region ex-
ists with high central density and low central temperature, capable of cooling
within a few billion years (e.g. Chen et al., 2007; Hudson et al., 2010). This
region, covering 10% of the virial radius, is centered on the brightest cluster
galaxy (e.g., White et al., 1997; Hudson et al., 2010; McDonald et al., 2012),

for which the estimates of the mass cooling rate range between ~ 100-1000Mg,
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Figure 1.1: Predictions of the Bolshoi simulation for the redshift zero (z = 0)
distribution of dark matter, for a slice of thickness 154~ Mpc. The matter sur-
face density and local velocity dispersion are mapped to intensity and colour,
respectively. Figure taken from Croton et al. (2006).

yr! (e.g., White et al., 1997; Peres et al., 1998; Allen et al., 2001; Hudson et al.,
2010). Observations of the X-ray emitting cluster gas reveal that the cooling
timescales are shorter compared to dynamical time (Lea et al., 1973), suggesting
cooling flows should develop and deposit cold gas at cluster centers. However,
observations consistently found far less cold gas and young stars than predicted
(e.g., Johnstone et al., 1987; Heckman et al., 1989; McNamara & O’Connell, 1989;
Crawford et al., 1999; Donahue et al., 2000; Edge, 2001; Edge et al., 2002; Hatch
et al., 2005; O’Dea et al., 2008; McDonald et al., 2010, 2011; Hoffer et al., 2012;
Molendi et al., 2016), which thus became known as the “cooling flow” problem.

By the late 20th century, the prevalence of low-luminosity radio emission
(formally introduced in Sect. 1.2) in massive, early-type galaxies, particularly
elliptical galaxies, was observed, with optical luminosity scaling proportionately
(Sadler et al., 1989). This was further evidenced in SO galaxies, as well as spiral
galaxy bulges (see review by; Sadler, 1990). Fabbiano et al. (1989) explored the

relationship between the hot interstellar medium (ISM) and nuclear radio sources
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Figure 1.2: The dynamics of the Perseus cluster, shown at radio (contoured lines)
and X-ray (background image) frequencies. The emission intensity of the radio
source 3C 84, represented by the contours, coincides with the ‘cavities’ (darker-
blue regions) in the X-ray surface brightness emission. The result shows a clear
connection between the hot intracluster gas, and the processes giving rise to the
observed radio source. Image taken from Fabian et al. (2000).

in elliptical and SO galaxies, finding a correlation between the 5 GHz radio core
power and the X-ray to optical flux ratio. These findings suggested a scenario in
which the condensation and subsequent accretion of gas onto the galactic SMBHs
resulted in the generation of the observed radio emission.

In light of the the apparent connection between cluster cooling flows and the
prevalence of radio emission, Tabor & Binney (1993) presented a working model
in which these cooling flows were responsible for triggering the release of energy
from a central super-massive black hole (SMBH). In their model, the energy re-
leased by the SMBH acts to convectively heat the surrounding atmosphere, thus

providing a mechanism by which to suppress the cooling flow. Subsequent ob-

3



10— T T T T T
® Cole et al. (2001) ® Norberg et al. (2002)
102 O Huang et al. (2003) m }T T_
T 1
g 1073 1
E
M
o
-4 1
g 10 ,
" /
Sk J L/
/ /
l / AGN radio heoting
10-8 L 1/ no heating source =— =— =—
i\ ) .“!‘\.Ii\.‘.l.“l.“l‘
-28 -26 —24 -22 -20 —24 -22 -20 -18 -16

Mk — 5logigh Mpy — Slogigh

Figure 1.3: Comparisons between of the observed galaxy luminosity function
(blue markers), together with predictions from galaxy formation models which
assume either the existence (solid black line) or absence (dashed line) of heating.
The results show that a source of heating is needed in order to reproduce the
observed rapid decline of the most massive galaxies. Image taken from Croton
et al. (2006)

servational evidence supporting this hypothesis soon emerged with the advance-
ment of higher-resolution X-ray observations enabled by the Chandra instrument.
These observations unveiled the existence of cavities in the X-ray emission, arising
from the hot intra-cluster gas in the Hydra A cluster (McNamara et al., 2000), the
Perseus cluster (Fabian et al., 2006), and the Centaurus cluster (Sanders et al.,
2008; Sanders & Fabian, 2008). Remarkably, these studies consistently showed
that the position and morphology of the X-ray cavities were coincident with the
morphologies of an extended radio source (e.g., Fig. 1.2), demonstrating that the
radio source is capable of displacing molecular gas in its surrounding atmosphere.
Such a result would suggest the existence of a feedback mechanism, in which the
radio source generated by the accreting material is capable of suppressing its own

fuel supply.

To further support the connection between the accretion-driven heating and
the hot atmospheres of galactic/cluster haloes, Croton et al. (2006) and Bower
et al. (2006) pioneered simulated-based investigations into the evolution of galax-

ies by providing a prescription for the energies (heating) released by accretions
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onto the SMBHs. Their results showed that in the absence of heating, the pre-
dicted galaxy luminosity function (which can be related to a global mass function
for a fixed mass-to-light ratio) vastly over-predicted the space-density of lumi-
nous (massive) galaxies. By contrast, the assumption of a heating mechanism is
successfully able to explain the observed ‘quenching’ of high-mass galaxies (see
Fig. 1.3), and is invoked in modern galaxy formation models to suppress the star

formation rate in the present epoch (see also; Croton et al., 2006; Bower et al.,

2006; Shabala & Alexander, 2009; Weinberger et al., 2018; Raouf et al., 2019).

1.2 Radio-loud active galactic nuclei

Jets launched from a supermassive black hole are thought to play a key role in
shaping the evolution of their large-scale environments. In the following section,
I introduce the phenomenon known as the active galactic nucleus (Sect. 1.2.1),
and subsequently discuss the formation of radio galaxy lobes (Sect. 1.2.2). The
mechanisms by which the lobes can provide a kinetic-mode of feedback are then

discussed (Sect. 1.2.3).

1.2.1 The active galactic nucleus

It is widely accepted that most galaxies contain a SMBH located at their centre,
with masses typically ranging from 10°-10' M, (Magorrian et al., 1998; Woo &
Urry, 2002; Héring & Rix, 2004; Giiltekin et al., 2009). The SMBHs accrete
material at a wide range of rates, with the highest-accreting SMBHs showing
indications of being an active galactic nucleus (AGN). For an AGN, the gravita-
tional potential energy liberated by the in-falling material is released in the form
of highly energetic radiation, which can be observed across a broad range of the
electromagnetic spectrum (see review by; Padovani et al., 2017). In many cases,
the AGN far outshines the radiation produced by the stellar/gaseous component

of the galaxy; while the X-ray luminosities of the interstellar gas typically lie in
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the range of 1036-10% W (McNamara & Nulsen, 2007), the bolometric luminosity
of the AGN itself can a reach up to 10** W (Krolik, 1999; Woo & Urry, 2002).
Considering these energy budgets, AGNs possess the necessary heating capacity

to quench the cooling flows which fuel the SMBHs in the most massive galaxies

(Alexander & Hickox, 2012; Fabian, 2012).

AGNs exhibiting radio emission are typically classified as either ‘radio-loud’ or
‘radio-quiet’. The distinction between these two groups is still debated, however
radio-loud AGNs typically exhibit much higher radio-to-optical luminosity ratios
(e.g., Lsguz/L_pana = 10, Kellermann et al. 1989) and are commonly associated
with powerful (e.g. 10** < @Q < 103 W, Celotti & Fabian, 1993; Gu et al.,
2009; Godfrey & Shabala, 2013; Turner & Shabala, 2015; Ineson et al., 2017)
relativistic jets that dominate the bolometric luminosity of the AGN. About 15-
20% of the AGN population are radio-loud (Kellermann et al., 1989), noting that
the radio-loud fraction exhibits a clear dependence on the mass of its host galaxy
by becoming increasingly pronounced at higher stellar masses (Best et al., 2005).
Moreover, recent insights driven by highly sensitive low-frequency observations
have revealed that the radio-loud fraction reaches 100% among the most massive
elliptical galaxies (Sabater et al., 2019). These results are intriguing, given that
star formation appears to be quenched in these massive galaxies (Sect. 1.1), and
hint at a potential feedback cycle in which the growth of the galaxy and the
activity near their supermassive black holes may be causally linked (discussed

further in Sect. 1.3).

The ‘feedback’” provided by a radio-loud AGN refers to the complex interplay
between the fuel needed to grow the SMBH and its host galaxy, and the energies
imparted by the AGN onto its surrounding environment. This feedback mecha-
nism is known to operate over two distinct modes: the radiative form, and the
kinetic form (Penrose & Floyd, 1971). In the early universe (z ~ 2-3), radio-
loud AGNs predominately interact with their surrounding environments through

winds and radiation pressure (Zakamska & Greene, 2014; Feruglio et al., 2015;
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Tombesi et al., 2015), and is commonly referred to as the radiative-mode (or
quasar mode) feedback (Fabian, 2012). By contrast, kinetic-mode (also known
as jet-mode) feedback dominates in the present epoch. In this mode, the energy
released by radio-loud AGNs takes the form of mechanical jets comprising rela-
tivistic plasma, which directly interact and impart energy onto the surrounding
circumgalactic gas (Rawlings & Jarvis, 2004; Raouf et al., 2017). Jet-mode feed-
back plays a crucial role in halting the catastrophic cooling in cool-core clusters
(Fabian et al., 2003; Forman et al., 2005; Mittal et al., 2009; Alexander & Hickox,
2012; Fabian, 2012), and is invoked in semi-analytic galaxy evolution models to
quench star-formation within the most massive galaxies at late times (Croton
et al., 2006; Bower et al., 2006; Shabala & Alexander, 2009; Weinberger et al.,
2018; Raouf et al., 2019).

1.2.2 From jets to lobes

A radio-loud AGN expels a pair of bipolar and highly energetic jets from the
vicinity of the SMBH. The jets propagate at relativistic speeds (e.g. Jorstad et al.,
2001; Kellermann et al., 2004; Piner et al., 2006), which extend out towards kpc-
Mpc scales (e.g. Singal, 1988; Mullin et al., 2008; O’Dea et al., 2009). Although
the process responsible for the jet production remains poorly understood, it is
theorised that rotational energy of the SMBH is liberated via the twisting and
torquing of the magnetic fields (Penrose & Floyd, 1971; Meier, 1999).

The interaction of the AGN jets with the material in the surrounding envi-
ronment results in the inflation of cocoon-like structures known as lobes. The
plasma content of the jet, whose predominant composition is likely that of elec-
trons (Croston et al., 2018) though an electron-positron mix is also plausible
(e.g. Kawakatu et al., 2016), is shock-accelerated by the advancement of the
jet and is continuously injected into the lobes throughout jet lifetime (Scheuer,
1974). The observed luminosity from the lobes is primarily due to non-thermal

synchrotron radiation and is typically detected by radio instruments within a
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frequency range of 10 MHz to 100 GHz. To first order, the electron energy dis-
tribution of the jet-injected plasma at the point of acceleration follows that of a
power-law distribution, such that N(E) = NoE~® where s is the power-law en-
ergy index and denotes the slope of the distribution (Rybicki & Lightman, 1979).
In the optically-thin regime, the observed radio luminosity of the lobes forms a
continuum that also takes the form of a power-law, such that L, = Lov~™® where v
denotes the emitting frequency, and the slope of the observed spectrum is related

to the energy-index through oo = (s — 1) /2.

Lobes inflated by AGN jets can range over many orders of magnitude in
size. The smallest are observed on parsec (pc) scales (e.g. Dallacasa et al., 1995;
Tzioumis et al., 2002; Dallacasa et al., 2013; Caccianiga et al., 2017; Ross et al.,
2023), and they are thought to represent either the beginning stages in the evolu-
tion of a radio galaxy, or a situation where the AGN jets are significantly hindered
by the surrounding environment (O’Dea, 1998; Orienti, 2016; Callingham et al.,
2017). This small class of radio AGN seem to play an important role in the
evolution within the galaxy itself, such as promoting or halting star formation
(Morganti & Oosterloo, 2018), however based on their physical scales it is unlikely
that they are responsible for displacing gas out to large radii in the galactic dark

matter haloes.

Conventionally, the term ‘radio galaxy’ refers to a radio source in which the
pair of lobes have extended beyond the boundaries of the host galaxy and into
the intergalactic or intracluster environment. These sources typically grow to
sizes on the order of 100kpc, however are also known to extend out to Mpec-
scales (e.g. Barthel et al., 1985b; Schoenmakers et al., 2000; Dabhade et al.,
2017, 2020; Andernach et al., 2021; Delhaize et al., 2021). Observationally, the
morphological structure of radio galaxy lobes can be grouped into Fanaroff Riley
type I and type II classes (FR-I and FR-II, respectively; Fanaroff & Riley, 1974),
a distinction that in part can be attributed to the environmental influence on the

structure and kinetic power of the propagating jet (Laing, 1994; Bicknell, 1995;
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Kaiser & Alexander, 1997).

The lobes of FR-II radio galaxies are described as having an edge-brightened
morphology, owing to the fact that the luminosity of the radio emission is typically
brightest at the lobe edges. Bright, compact regions of emission near the lobe
edges are often found in FR-IIs; these structures are known as the hotspots,
and reflect the jet termination points through which plasma is fed to the lobes.
The plasma left behind by the advancement of the jet forms the diffuse emitting
regions of the lobes. Throughout the lifetime of the jet, the lobes are continuously
supplied with fresh plasma accelerated by the jet, which forms a bulk flow back
towards the host galaxy (e.g., see; Turner et al., 2018a) referred to as the lobe
backflow. Older plasma, which has sustained greater radiative and adiabatic
expansion losses, is thus found closer to the host galaxy, and gives rise to the
observed dimming of the lobes further from the hotspot. FR-IIs also exhibit a
compact, often unresolved, radio core centered at the location of the host galaxy.
The emission from the core is thought to represent the radio emission from either
the base of the jets or the accretion disk itself, and the luminosity of this region
is typically between 2-3 orders of magnitude fainter than the total luminosity of

the radio galaxy (de Ruiter et al., 1990).

On the other hand, the morphologies of FR-Is are described as being ’core-
brightened’, due to the fact that the luminosity of the diffuse radio emission is
brightest near the core, and diminishes at larger radii. Unlike an FR-II, FR-
I jets are disrupted nearby to the radio core and widen as they interact with
the ambient environment. FR-Is can be further grouped by either a “lobed” or
“flaring” classification, where the latter class is formed when the flaring jet can
not be stabilised by a recollimation shock. Flaring FR-Is thus resemble that of
a smoke-like plume, whereas a lobed FR-I will have the defined lobe structures
similar to an FR-II. An analysis of flaring FR-Is is not within the scope of this

thesis.



Hotspot

Figure 1.4: Typical FR-I (3C 31, left panel) and FR-II (3C 98, right panel)
radio source morphologies. FR-IIs are edge-brightened, while the radio emission
is more core-dominated in FR-Is. Image courtesy of the DRAGN atlas (Leahy
et al., 2013)

1.2.3 Kinetic-mode of AGN feedback

Kinetic mode feedback, known also as jet mode feedback, describes the domi-
nant process in the present epoch through which the energies released by the
AGN are connected to the properties of their surrounding gaseous environments
(see reviews by; McNamara & Nulsen, 2007; Cattaneo et al., 2009; McNamara &
Nulsen, 2012; Fabian, 2012; Alexander & Hickox, 2012; Harrison, 2017; Morganti,
2017b). In this mechanism, the jets inject energy capable of suppressing cooling
flows, preventing them from reaching the cluster centre (e.g; Fabian et al., 2003),
and can also result in the clearing of gas in their surrounding atmospheres. The
surrounding gas impacted by the jets is also the likely source of fuel for the ac-
cretion process driving the production of the jets (Sect. 1.1); as such, energies
imparted by the jets can be expected to regulate their own activity (explored
further in Sect. 1.3). The effectiveness of this kinetic-mode feedback depends on
both: (1) the efficiency with which the jet energy is imparted into the environ-

ment, and (2) the ability for this energy to prevent gas cooling onto the cluster
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core (e.g. heating in regions with cooling times > 1Gyr is not very effective).
Kinetic mode feedback is thus intricately linked to the formation of galaxies and

the fueling of SMBH jets.

While the total energies released by an AGN are an important ingredient
to feedback studies (Binney et al., 2007), understanding how efficiently the jet
energy couples to the environment and how this influences the temporal evolution
of the surrounding gas is just as important in studies of kinetic mode feedback
(Tadhunter, 2008; Alexander & Hickox, 2012). In the case of a powerful FR-
IT radio galaxy, the bow shock generated by the supersonic expansion of the
lobes acts to sweep up and heat the gas in the intracluster medium (Worrall &
Birkinshaw, 2014). The degree to which appreciable feedback is done will depend
on whether the shocked gas evolves isothermally or adiabatically (Alexander,
2000). In the isothermal case, the temperature of the shocked gas will increase
typically by only a factor of less than two, irrespective of environment. For shock
heating to be efficient here, the jets would need to be at the centre of a strong
cooling flow, where the cooling time of the undisturbed gas could be expected to
be at least an order of magnitude less than the source age. On the other hand, if
the shocked gas evolves adiabatically and the jets inflate within a steeply-falling
atmosphere, the gas lifted by the lobes will have a much shorter cooling time
than the gas ahead of the jets. In this case, the feedback from shock heating will

be inefficient.

Kinetic mode feedback can also be facilitated by the buoyant ascent of jet-
inflated bubbles or cavities. This phenomenon is commonly linked with the lobes
of Fanaroff-Riley Class I radio galaxies (FR-Is), low-powered FR-IIs, or old inac-
tive radio galaxies (refer to Section 1.3.1.3). As these bubbles expand into the
ambient medium, they perform pressure-volume (pV’) work on the surrounding
gas, as detailed by (Churazov et al., 2002). This exchange of thermal energy is
observed to be 3.7 times more substantial than in an equivalent volume of the

ambient gas (Graham et al., 2008). The energy utilised by the expanding bubble
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can be transferred to the surrounding medium through processes such as the vis-

cous damping of sound waves or heating due to mixing, as suggested by (Shabala

& Alexander, 2009).

Even after the central engine switches off, feedback from the rising bubble
can persist (Churazov et al., 2001). In cases of radio sources associated with
either low-powered jets or dense external environments, the lobe plasma expands
slowly until reaching pressure equilibrium with the surrounding gas. At this
point, the lobes become under-dense compared to the external gas, leading to a
“pinching” effect caused by the pressure exerted by colder, denser gas closer to
the core. Consequently, the hot contents of the radio lobes buoyantly rise out of
the galactic/cluster halo’s gravitational potential well (as observed in the Perseus
cluster, Fig. 1.2). The gas displaced by the rising bubble collapses back toward
the core, and this process heats the gas as the gravitational potential is converted

into kinetic energy.

Quantifying the distribution of AGN jet properties is an important step to-
wards understanding the details behind kinetic-mode feedback in our universe.
In particular, the jet kinetic powers and jet lifetimes of radio-loud AGNs directly
inform their energy budgets, and carry implications for their feedback efficien-
cies. Both the jet kinetic power and age map to the linear size of the radio source
(Kaiser & Alexander, 1997), indicating where in the cluster halo the energy takes
place. Given the radial dependence of the gas cooling rate, characterising these
‘cluster-interaction’ radii are important to examine how efficient the jets are at
impacting the dynamics of the cluster; a powerful FR-II, while having a high
energy budget, may do very little to feedback into the environment, if a major-
ity of the interaction occurs at high cluster radii where the gas cooling time is
already large. Knowledge of the AGN duty cycle is also important here. Inter-
mittent activity is required to maintain the balance of heating and cooling in the
atmospheres of AGNs (Heckman & Best, 2014), and is shown to modify the the
feedback efficiency through repeated outbursts (Yates et al., 2018).
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1.3 Constraining the AGN feedback cycle

By imparting energy and momentum into their surrounding environments, AGN
jets introduce a feedback mechanism that regulates the supply of gas needed to
fuel the nuclear activity itself. An expectation of this mechanism is for the jet
activity to show evidence of intermittency, reflecting the underlying heating and
cooling cycles that are set by the properties of the large-scale environment. In
this section, the observational evidence supporting the cyclical nature of kinetic-
mode feedback is discussed (Sect. 1.3.1 - 1.3.2). Subsequently, a discussion ensues
regarding the methods and approaches employed by past authors to establish

constraints on jet triggering from observations of radio galaxies (Sect. 1.3.3).

1.3.1 The life cycle of radio galaxies

Observations of the extragalactic radio source population have revealed that
certain radio galaxies encode evidence of either a break or even a renewal in
their AGN activity. These observations suggest that there is an evolutionary life
cycle among the radio galaxy population (see reviews by e.g. Kapinska et al.,
2015; Morganti, 2017a), whereby the regulation of the jet activity gives rise
to observationally-distinct “remnant” and “restarted” radio galaxy classes (see
Fig. 1.5). As the evolution of large-scale radio lobes is intricately connected to
the accretion processes at the SMBH, investigating the nature of the radio galaxy
life cycle provides crucial insights into the fundamental physics governing the jet
triggering mechanism and their duty cycle. In this section, the physical and ob-
servational differences between active, remnant, and restarted radio galaxies are

summarised.

1.3.1.1 The progenitors of kpc-scale radio galaxies

Within the boundaries of their interstellar environments, galaxies are known to

harbour diffuse, jet-driven radio sources such as High Frequency Peakers (HFP),
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Gigahertz Peaked Spectrum (GPS), and Compact Steep Spectrum (CSS) sources
(O’Dea, 1998; Orienti, 2016; Callingham et al., 2017). Aside from their small
pc-scale sizes, these objects are also known to exhibit a peak in their observed
synchrotron spectrum, where the turnover at lower frequencies arises due either
to synchrotron self-absorption (Snellen et al., 2000; Fanti, 2009), or free-free ab-
sorption (Callingham et al., 2015; Tingay et al., 2015).

The cause behind the compact linear sizes in these objects is currently a

4

subject of debate, with two prevailing scenarios being proposed. In the “youth”
scenario, these compact objects are small simply because they are young, and
therefore have not had enough time to grow to kpc-scales (O’Dea & Baum, 1997;
Owsianik & Conway, 1998; Tinti & de Zotti, 2006). This is consistent with
estimates of their spectral and dynamical ages, which show that the age of these
sources typically lies between from ~ 10! to ~ 10° years (O’Dea, 1998; Owsianik
& Conway, 1998; Orienti et al., 2010; Ross et al., 2023). On the contrary, the
“frustration” scenario suggests that these radio sources remain small due to their
confinement within the dense medium of the interstellar environment (van Breugel
et al., 1984; Wilkinson et al., 1984; O’'Dea et al., 1991). Hydrodynamic simulations
find typical jets take < 1 Myr to break through the multi-phase ISM of an elliptical
galaxy (Bicknell et al., 2014), suggesting that their growth is slowed rather than
stopped by the galaxy.

Though these pc-scale sources are not within the scope of this thesis, it is
important to recognise that these objects are the likely progenitors to kpc-scale
radio galaxies. The discussions below in Sect. 1.3.1.2 to 1.3.1.4 mostly pertain

to the processes that occur once the radio galaxy has broken through the dense

interstellar environment of its host galaxy.

1.3.1.2 Active radio galaxies

A majority of the radio galaxy population is ‘active’ (e.g. 2 80%; Giovannini

et al., 1988; Brienza et al., 2017; Mahatma et al., 2018), meaning that the AGN
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Figure 1.5: A simplified schematic of the radio galaxy life cycle discussed in
Sect. 1.3.1.2 - 1.3.1.4. During the active phase, jets continuously inject fresh
plasma into the radio lobes (panel A). Subsequently, the cessation of the jet leads
to a remnant phase, during which the lobes rapidly fade due to the absence of
fresh shock-accelerated plasma (panel B). Jets may eventually restart, resulting
in the observation of either two epochs of activity (panel C) or a single epoch of
activity (panel D), depending on the visibility of the remnant lobes. Image taken
from Jurlin et al. (2020)

jets are actively supplying the radio lobes with young, recently shock-accelerated
plasma. These kpc-scale radio galaxies are commonly observed to have ages of
approximately 10-100 Myr (e.g. Parma et al., 2007; Shabala et al., 2008; Turner &
Shabala, 2015; Harwood et al., 2015, 2016; Turner et al., 2018b; Mahatma et al.,
2020). Furthermore, recent modelling of radio galaxy populations indicates that
the duration of this activity is likely distributed as a power-law, with longer
duration outbursts being much less frequent (Hardcastle et al., 2019; Shabala
et al., 2020). Gaining insights into the timescales of AGN jet activity is a valuable
input to studies of AGN feedback and galaxy evolution models. Evaluating the
energetics of radio-loud AGNs necessitates knowledge of the outburst duration
(together with the kinetic power of the jets). Moreover, as the age of the jets
correlates strongly with their linear size (Kaiser & Alexander, 1997), the durations
of AGN outbursts play a pivotal role in understanding where they deposit their

energy in relation to the gravitational potential-well of the dark matter halo.
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Figure 1.6: The simulated temporal evolution of a KP (left) JP (right) radio
spectrum is shown between 10 MHz and 10 THz. At t = 0 Myr (red), the radio
spectrum arising from the fresh, shock-accelerated plasma follows that of a classi-
cal power law. The spectral ageing is shown up to t = 10 Myr (purple), revealing
the gradual shift of the break frequency towards lower frequencies. Image taken
from Harwood et al. (2013).

The spectral evolution of the lobes is driven by energy losses experienced by
the aging plasma. Discrete electron packets are impulsively injected into the lobes
by the jets, each containing an ensemble of same-age electrons. The synchrotron
spectrum arising from an impulsively-injected plasma population has historically
been described by the Jaffe-Perola (JP; Jaffe & Perola, 1973) or Kardashev-
Pacholezyk (KP; Kardashev, 1962) spectral aging models. Both the JP and
KP models assume that the ensemble of electrons is injected at the same time,
t = 0, and that the magnetic field is homogeneous throughout the plasma. The
models differ in their treatment of pitch-angle scattering, with the KP model
assuming no scattering, and the JP model adopting a more realistic assumption
of isotropic scattering. Once electrons are injected, they undergo energy losses
due to synchrotron, inverse-Compton (IC), and adiabatic processes, all of which
impact their radio spectrum. It should be noted that the assumption of a fixed
magnetic field can also be modified to that of a spatially non-uniform field, which
has been presented as a more realistic approach to modelling the lobe magnetic
field structure (Tribble, 1991, 1993, 1994). In these cases, the standard impulsive
injection models are referred to as the Tribble JP (TJP) and Tribble KP (TKP)
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models. Hardcastle (2013) demonstrated that the synchrotron spectrum arising
from these ‘“Tribble’ models can be derived by integrating the conventional energy

losses across a Maxwell-Boltzmann distribution in field energy density.

For synchrotron energy losses, the energy loss-rate is proportional to the
square of the electron energy (Kardashev, 1962; Longair, 2011). At the time
of acceleration (¢t = 0), the impulsive injection models predict a power-law syn-
chrotron spectrum with a slope characterised by the injection index, ajyj. Once
the plasma begins to age, the energy losses introduce a spectral break frequency,
v, above which the observed radio spectrum steepens. The break frequency re-
lates to the age of the plasma, and thus shifts towards lower frequencies as the
plasma continues to age (see Fig. 1.6). The assumption of an isotropic electron
pitch-angle scattering results in the sharper exponential cut-off above the break
frequency in the JP model, in comparison to the KP model which predicts a

flatter spectral steepening.

Many authors have adopted the impulsive injection models to measure the
spectral ages within the lobes of active radio galaxies (e.g. Harwood et al., 2013,
2015; Turner et al., 2018a; Mahatma et al., 2020). This involves fitting an impul-
sive spectral ageing model to the spectra arising from narrow regions across the
lobes, and using y? minimisation to fit an optimal injection index for the source.
A lobe magnetic field strength, which provides the normalisation for the radio
spectrum, is typically estimated based on dynamical arguments together with an
assumption of lobe equipartition. Using the fitted injection index and magnetic
field strength as inputs, the spectral age of each region is subsequently determined
by fitting the impulsive injection model to its spectrum. This technique relies on
the assumption that the plasma confined to each narrow region was injected at
the same time, thus necessitating the use of high spatial-resolution radio obser-
vations. Hydrodynamic simulations have shown that this assumption may not
always hold true due to the turbulent mixing of lobe plasma, leading to a slight

underestimation of the spectral age in (Turner et al., 2018a). Nevertheless, the
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Figure 1.7: The spectral age map of 3C436 with 7.2 GHz flux contours overlaid.
Spectral ages are constrained by fitting the impulsive JP model to the spectra
arising from narrow regions across the lobes. The shape of the synthesized beam
is given in the lower left corner. Image taken from Harwood et al. (2013).
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application of these models reveals a gradient in the spectral age, thus probing
the bulk flow of lobe plasma which, for FR-II radio lobes, flows away from the
hotspot and towards the radio core (see Fig. 1.7).

In the limit of poor spatial resolution, i.e., an unresolved radio source, the
spectral evolution of radio lobes is often studied using their integrated radio
spectrum. In this case, the assumptions of the impulsive injection models no
longer hold as the integrated radio luminosities include the full breadth of plasma
ages in the lobe. Instead, the integrated radio spectrum of active lobes is well
described by the continuous injection model (CI-on model'; Kardashev, 1962),
which assumes a mixed-age plasma, 0 < ¢ < 7, where 7 represents the age of the
radio source. In contrast to the impulsive-injection models, the CI model dictates
that the observed radio spectrum can only steepen a finite amount due to ageing,
such that a < aj,; + 0.5 (see Fig. 1.8). Assuming a typical injection index of
ain; = 0.7, the observed spectral indices of active radio lobes can therefore be

expected not to exceed a ~ 1.2.

It is possible to derive the spectral age of radio lobes by fitting the integrated
radio spectrum using the CI models. In contrast to the resolved spectral-age
method, which use impulsive injection models to fit the oldest age observed in the
lobes, this method relies on deriving the age of the source based on the spectral
break frequency in the integrated spectrum. Harwood (2017) fit the spectra
of six radio sources, demonstrating a statistical rejection for 4/6 objects fit by
the CI models. Moreover, they showed that the spectral-age estimates obtained
through integrated and resolved spectral ageing methods differed by factors of up
to six. The continuous-injection models assume a time-invarying magnetic field,
which is violated as the lobe magnetic field strength decreases with the adiabatic
expansion of the lobes (Turner & Shabala, 2015). Turner et al. (2018b) used
synthetic radio sources (which include magnetic field evolution; see Turner et al.

2018a) to show good agreement between the spectral ages fitted by the CI model

IThe CI-on model is also known as the CIJP model in the literature.
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Figure 1.8: The simulated evolution of an integrated radio spectrum described
by continuous-injection models. The solid black line represents a 50 Myr plasma
that is actively rejuvenated by the jets. Moderate steepening from the initially
power-law spectrum can be seen, which reflects the energy losses sustained by the
ageing plasma. The lack of fresh, shock-accelerated plasma results in additional
losses during the remnant phase, which are shown for a 10 Myr (dashed) and
50 Myr (dot-dashed) remnant phase, respectively. The rapid spectral steepening
in this phase gives rise to the existence of ‘ultra-steep’ remnant lobes. Image
taken from Morganti (2017a)
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and the dynamical source ages — in contrast to the results of Harwood (2017).
This is because the bulk of the synchrotron radiation hails from the youngest
~ 5 —15% of the lobe plasma content, allowing for the assumption of a constant
magnetic field strength to remain approximately valid. It is possible then that
the problem presented by Harwood (2017) is, in part, driven by the nature of
high-precision collected across a broad bandwidth from various instruments with

inherent callibration uncertainties and varying sensitivities to extended structure.

1.3.1.3 The remnant phase

Remnant radio galaxies, not to be confused with radio relics?, refer to the class of
radio galaxy in which the relativistic jets are currently inactive, resulting in the
rapid fading of the lobes due to the absence of fresh, shock-accelerated plasma.
These objects provide the observational evidence to suggest that the lifetime of
AGN jets is finite, and are thus encode valuable constraints towards the trigger-
ing of AGN jets. Modern studies suggest that the fraction of radio galaxies that
are remnant, i.e. the remnant fraction, is low (approximately 5-15%; Giovannini
et al., 1988; Saripalli et al., 2012; Brienza et al., 2017; Mahatma et al., 2018);
the uncertainty in the reported remnant fraction driven mostly by small-number
statistics, survey selection biases (namely surface brightness sensitivities), sample
selection criteria, and classification difficulties. While these results shed valuable
light onto the dynamics and evolutionary cycles of radio galaxies, it is difficult
to relate the remnant fraction to an AGN jet duty cycle, given that it is also
a function of the fading timescale of the lobe plasma. Moreover, the remnant
fraction alone is unable to constrain whether the jet duty cycle is fixed or obeys
a distribution, with each scenario posing vastly different implications for the jet-
driven feedback. Recent insights from simulations show that the properties of

remnants can, however, help to constrain the bulk distribution of the jet prop-

In the past, the term ‘relic’ has been used to describe the remnant radio galaxy. However,
in current usage, ‘radio relics’ specifically refer to the diffuse radio emission associated with
galaxy clusters.
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erties (e.g. Hardcastle et al., 2019; Shabala et al., 2020, and discussed further in

Sect. 1.3.3.2), underpinning their value towards AGN jet studies.

The first unambiguous discovery of such a remnant radio galaxy was presented
by Cordey (1987). They identified B2 0924430, citing its ‘ultra-steep’ radio
spectrum and the lack of radio emission from the core as evidence that the radio

lobes lacked an active transport of energy.

Once the cessation of the jet has propagated to the lobes, which now become
remnant, the integrated radio spectrum starts to develop a sharper exponential
steepening than that expected from the Cl-on model. Without the injection of
fresh, shock-accelerated plasma, the distribution of high-energy electrons quickly
depletes as the time since the jet switched off increases. As the remnant lobes
continue to age, the number of electrons capable of producing high-frequency ra-
diation will quickly deplete until no emission at high-frequencies can be observed,
thus leading to a rapid decline in the observed radio spectrum. This process is
described by the continuous injection with an ‘off” component (CI-off; Komis-
sarov & Gubanov, 1994, also known as KGJP) spectral ageing model, which is
an extension to the regular Cl-on model by assuming the radio source spends
some duration of time in a remnant phase. In the Cl-off model, the dearth of
high-frequency-emitting electrons is encoded in the spectrum by a second break-
frequency, v high, above which the radio spectrum reduces to zero. This break-
frequency shifts to lower frequencies as the remnant ages (see Fig. 1.8), and relates
the duration of the remnant phase, t;cmnant, t0 the age of the source as follows:
T = tremnant X (V/ behigh)Q. This expression also demonstrates that the ratio of
the two break frequencies relates to the fraction of the total source age that the
source has spent in a remnant phase, ¢ emnant/7, Which in this work is referred to

as the remnant ratio, Riem.

As such, the Cl-off model is ideally suited towards describing the integrated
spectra arising from remnant lobes, as has been conducted by many authors (e.g.

Cordey, 1987; Parma et al., 2007; Murgia et al., 2011; Hurley-Walker et al., 2015).
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Figure 1.9: The nature of radio emission from the core in remnant radio galaxies.
Each image shows contours of the remnant lobe emission at 150 MHz (LOFAR).
The insets in each panel provide a high-resolution view at the coordinates of the
host galaxy. Remnant radio galaxies are typically expected to lack a radio core
(e.g. left panel). Recent results show that this is not always true (right panel),
however it is unclear whether the nuclear activity is associated with the outer
lobes, or if it reflects a new epoch of activity. Left image taken from Mahatma
et al. (2018). Right image taken from Jurlin et al. (2021).

Within the Cl-off model, an ultra-steep radio spectrum indicates a lack of high-
energy electrons, as would be expected for a sufficiently-aged remnant. However,
given that v, 1ign evolves with age, the ability to observe the ultra-steep portion of
the radio spectrum depends also on the frequency of observation; e.g. see 3C 28
of Harwood et al. (2015) and ‘Blob 1’ of Brienza et al. (2016). The consequence
of this on the selection of remnants is discussed in Sect. 1.4.

Aside from their spectral properties, the morphological properties of a radio
galaxy are also modified as the source enters a remnant phase. Upon the cessation
of the jet, the emission arising from the radio core is expected to disappear
practically instantaneously with respect to the typical age of a radio galaxy (~
100 Myr, Sect. 1.3.1.2), given that the light crossing time over a 1pc distance is
terossing ~ 10 yr. This is observed by various authors (e.g. left panel of Fig. 1.9),
and has been used to aid with their selection (Saripalli et al., 2012; Brienza et al.,
2017; Mahatma et al., 2018). It should be noted that very recent work by Jurlin

et al. (2021) demonstrated that remnant lobes can be associated with an active
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Figure 1.10: The 150 MHz surface brightness distribution (left) and spectral age
map (right) of the remnant radio galaxy B2 09244-30. In comparison to the
morphologies of active radio galaxies (e.g. see Fig. 1.4), remnant lobes can offer
exhibit lower surface-brightness profiles that lack the bright hotspots associated
with ongoing activity. Turbulent mixing of the remnant lobe plasma will also
act to homogenise the distribution of plasma ages. Images taken from Shulevski
et al. (2017).

radio core (right panel of Fig. 1.9), and it is unclear whether the radio cores
represents a new phase of activity (see restarted radio galaxies in Sect. 1.3.1.4),
or whether the jets drop to a low-level of activity. It is not unreasonable to expect
that the latter scenario is true, given the recent discovery that the jetted activity
is ubiquitous among the most massive galaxies (Sabater et al., 2019).

Studies of remnant radio galaxies have also shown that they can exhibit low
surface-brightness, amorphous morphologies (see left panel of Fig. 1.10, taken
from Shulevski et al. 2017). Due to the absence of a jet, the regions of high
pressure created at the jet termination shocks quickly dissipate as the hotspots
expand adiabatically. This, together with the lack of new (high-energy) plasma,
causes the already-fading remnant lobes to quickly approach a more-uniform, low
surface-brightness profile. This is also exacerbated by the turbulent mixing of the
lobe plasma, which acts to further homogenise the age (and therefore brightness)
of the lobe plasma (see right panel of Fig. 1.10). Deformation of the lobe plasma

can also occur due to the external pressures of the inter-galactic/intra-cluster
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Figure 1.11: Radio contour plots at 1.4 GHz showcasing the radio morphology of
the ‘double-double’ radio galaxy B 0925+4420. The source displays two distinct
lobe pairs, an inner and outer pair, providing direct evidence for a restarted jet.
Image taken from Schoenmakers et al. (2000).

environment, resulting in amorphous and poorly-defined extended structures (e.g.

Hurley-Walker et al., 2015; Brienza et al., 2016).

1.3.1.4 The restarted phase

Restarted radio galaxies represent the class of radio source in which multiple
epochs of activity can be observed (e.g. see early discoveries by; Subrahmanyan
et al., 1996; Lara et al., 1999). In these objects, evidence of a previously-active
(now remnant) phase is observed simultaneously with a second, currently-active
phase, thus providing strong observational evidence for an intermittent triggering
of the AGN jets. Noting that there is no reason to suspect that the physics of
the jet triggering is any different for such objects in comparison to active radio
galaxies, the existence of such restarted sources lends further weight towards the
scenario in which AGN jets obey an underlying duty cycle of activity.
Historically, the best evidence for restarted jets came from the observation of

radio galaxies in which two pairs of lobes were observed concurrently and with
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a common projected centre (see Fig. 1.11). Such sources, termed the ‘double-
double radio galaxy’ by Schoenmakers et al. (2000), have since been discovered
by numerous authors (e.g. see review by; Saikia & Jamrozy, 2009, and references
therein), and are observationally-unique in that the dynamics of the lobes can
be studied separately. By conducting a population study of DDRGs, Mahatma
et al. (2019) show that the properties of their host galaxies are statistically no
different to those of ‘regular’ radio galaxies. Their results imply that the existence
of DDRGs is a natural result of the life cycle in radio galaxies, and that the
restarting nature of AGN jets must be driven by perturbations in the accretion

process, rather than an external event.

It is important to recognise that the DDRG reflects an observation-based clas-
sification, and that restarting jets can often appear in various different ways. For
example, the simultaneous observation of a CSS/GPS radio source (Sect. 1.3.1.1)
embedded within larger-scale diffuse radio emission has been reported on by many
authors (e.g. Willis et al., 1974; Barthel et al., 1985a; O’Dea, 1998; Stanghellini
et al., 2005; Tremblay et al., 2010; Shulevski et al., 2012; Brienza et al., 2018;
Bruni et al., 2019), whereby the restarting jets are confined within the host galaxy.
Renewed jet activity can also take place within the confines of the previously-
active lobes, making it difficult to separate each phase morphologically. Turner
(2018) show that such restarted radio galaxies will exhibit a ‘steep-flat’ radio
spectrum, owing to the high-frequency spectral flattening introduced at high fre-
quencies due to the re-injection of a new plasma population (see also Brienza

et al. (2020a) for a practical application of this technique).

Recently, Jurlin et al. (2020) adopt a range of selection methods to identify
a complete sample of restarted radio galaxies using the LOw Frequency ARray
(LOFAR). Their results showed approximately 15% of their radio galaxy sam-
ple was classified as ‘restarted’, comparable to their remnant fraction of 13%.
Moreover, based on the properties of their host galaxies they concluded that ra-

dio sources in ‘active’, ‘remnant’, and ‘restarted’ phases were all drawn from the
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same parent population, thus lending further weight towards each phase making

up a evolutionary component of the radio galaxy life cycle.

1.3.2 The radio-loud fraction

As discussed in Sect. 1.3.1, the coexistence of ‘active’, ‘remnant’ and ‘restarted’
radio galaxies shows that AGN jets are intermittent, lending weight towards the
existence of a jet duty cycle. Such a scenario is in qualitative agreement with our
understanding of the radio-loud fraction, which refers to the fraction of galaxies
hosting a radio-loud AGN (at the time of observation). Assuming that all galaxies
of a given stellar and/or black hole mass will trigger radio-loud jets, the radio-
loud fraction can thus be used as a proxy for the AGN jet duty cycle. Best
et al. (2005) demonstrated that the radio-loud fraction rises strongly with the
stellar mass of the AGN host galaxies and the masses of their SMBHs. By taking
advantage of the unparalleled sensitivity of the LOFAR telescope, Sabater et al.
(2019) built on this result by extending the analysis of the radio-loud fraction out
to low radio luminosities (see Fig. 1.12). Their results show that the radio loud
fraction approaches unity for the most massive galaxies, implying that the jets
must always be active at these masses.

By fitting their data, Best et al. (2005) showed that the best fit for the depen-
dence of the radio-loud fraction on the mass of the SMBH exhibited an empirical
relationship of the form fry, o Méﬁio'l, where Mpy represents the mass of the
SMBH. The authors further demonstrated that the mass cooling rate of gas out of
an isothermal atmosphere is related to the SMBH mass through M oc ML3. The
agreement between the two values suggests that the triggering of AGN jets may
be related to the cooling of hot gas out of the atmospheres of their host galaxies,
in which case the intermittency observed in radio-loud jets could naturally be
explained by the heating and cooling in these environments (see also; Shabala
et al., 2008; Pope et al., 2012; Turner & Shabala, 2015).

One limitation of the insights derived from the radio-loud fraction is the in-
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Figure 1.12: For a population of Lys0vm, > 10*'W/Hz radio-loud AGNs in the
local (z < 0.3) universe, the observed dependence of the radio-loud fraction on
their stellar (left) and black hole (right) masses are shown. The radio loud fraction
gives a statistically-based insight into the AGN jet duty cycle, showing that both
stellar and black hole masses are strong drivers of radio-loud activity. Image
taken from Sabater et al. (2019).

ability to discern whether, for example, higher radio-loud fractions are a result of
longer-duration outbursts or an increase in the jet triggering frequency. Frequent
intermittent jet outbursts will have an appreciably different coupling efficiency
with their environments (Yates et al., 2018), and thus it is valuable to also un-

derstand the durations of AGN outbursts.

1.3.3 Radio galaxy constraints on AGN jet physics

1.3.3.1 Constraining the jet duty-cycles in remnant and restarted

sources

By studying their spectral ageing and/or dynamical evolution, remnant and
restarted radio galaxies allow for constraints to be placed on the time between
outbursts, which in turn provide a sampling point of a larger jet duty cycle, 9.
Given that a restarted radio galaxy exhibits multiple phases of activity sep-
arated by a period of quiescence, this class of object enables a direct measure-
ment of the duty cycle by deriving the time between outbursts. For two dis-
tinct outbursts, the duration of the previous jetted outburst, ¢, 1, is encoded by

the remnant lobes. Considering that the secondary outburst, with an observed
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age Ty, must have occurred at some point throughout the age of the first out-
burst, this means that the time between the two outbursts must be equal to
toff = tremnant,1 — T2. The duty cycle of the activity can thus be directly measured
as 0 = ton1/(ton1 + tof). In many cases, a DDRG should allow for the relatively
straight forward measurement of these timescales and duty cycle, given that each
epoch of activity is often observed as distinct, non-overlapping lobes. However,
as pointed out in Sect. 1.3.1.4, restarted radio sources can exhibit vastly different

observed properties.

Previous attempts have been made to measure the duty cycle in restarted
radio galaxies where the restarted jet is observed as a GPS/CSS source. One such
example is carried out by Brienza et al. (2018) for the radio galaxy B2 0258435
(see left panel of Fig. 1.13). Using spectral ageing models, they were able to set
a conservative upper bound on the age of the outer lobes at Touger < 110 Myr. By
modelling the spectral break frequency in the optically-thin regime of the CSS
source (right panel of Fig. 1.13), they estimated the spectral age of the inner
component as Tyner = 0.4 Myr. These observations provide a direct measurement
of the time the jet is inactive between these two outbursts, however, the duty
cycle cannot be constrained without knowledge of the active age of the first jet

outburst. This in principle could be estimated based on the size of the jet and a

rough expansion speed (e.g. 240 kpc and a 0.01c velocity gives an age of 78 Myr).

Similarly, by studying the spatially-resolving spectral energy distribution in
the lobes of 3C388, Brienza et al. (2020a) were able to estimate the time between
outbursts and thus constrain the jet duty cycle. By analysing the radio spectral
properties, they were able to identify a younger pair of lobes embedded within the
lobes associated with a previous outburst (see Fig. 1.14). To measure %, 1, they
employed impulsive injection models to fit the oldest age (71) and the youngest
age (fremnant,1) i the outer western lobe, and computed the difference between
the two values. Measurements of the youngest plasma age were limited to regions

where the outer lobe was clearly uncontaminated by the plasma associated with
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Figure 1.13: Observational evidence for several epochs of activity in the radio
galaxy B2 0258+35. The left panel shows a 1.4 GHz view of the extended remnant
radio emission, obtained by the Westerbork Synthesis Radio Telescope. The inset
provides a high-resolution view at 8.4 GHz, obtained by the Very Large Array, of
the central CSS source. The right panel shows the integrated radio spectrum of
the CSS radio source. The spectral break frequency in the optically-thin regime
enables the derivation of the plasma spectral age. Figure taken from Brienza
et al. (2018).

the recent outburst. This resulted in an upper limit on #emnant,1, and thus a
lower bound on the duration of the first outburst. By fitting the oldest age of
the secondary outburst (73), they were able to compute an upper limit on the
time between outbursts, and thus constrained a lower-bound the jet duty cycle

at 0 = 0.6.

Notwithstanding some of the methodological challenges outlined above, restarted
radio galaxies can therefore provide valuable insights into their jet duty cycles.
However, it should be noted that measuring the duty cycles in restarted radio
galaxies may introduce a bias towards AGNs with higher duty-cycles, given that
the time between outbursts necessarily needs to be short enough for the remnant
lobes to still be observed. This is supported by the fact that for restarted ra-
dio galaxies, the typical estimates of the inactive periods between the two jetted
outbursts seems to vary within the range of 1-10 Myr (Schoenmakers et al., 2000;
Saikia et al., 2006; Konar et al., 2012; Shulevski et al., 2015; Brienza et al., 2018).
To achieve a more complete sampling of lower jet duty cycles, remnant radio

galaxies should also be taken into consideration.
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Figure 1.14: A high-resolution map of the 1.4-5 GHz spectral in the radio galaxy
3C 388. Cocoons of flatter-spectrum plasma (blue regions) are embedded within
steeper-spectrum (orange regions) lobes, suggesting that the observed radio emis-
sion is arising from two distinct phases of activity. Figure taken from Mahatma
(2023).

Historically, insights provided by remnant radio galaxies into their jet duty
cycles have been explored by comparing the durations of their active and remnant
phases. While a remnant radio galaxy enables the direct measurement of the
jet lifetime, it’s constraint on the jet duty cycle are that of an upper bound,
0 < ton1/(ton1 + tremnant ), given that the age at which the source is observed does
not encompass the total duration until the future outburst (i.e. tromnant < foff)-
Measurements of the active and remnant phases are typically done either by
fitting them from the integrated radio spectrum (e.g. Parma et al., 2007; Murgia
et al., 2011; Brienza et al., 2016; Duchesne et al., 2020), or by fitting the oldest
and youngest spectral ages in the lobes (e.g. Harwood et al., 2015; Shulevski
et al., 2017). It should be noted that the derivation of the spectral ages in the
plasma additional requires knowledge of the lobe magnetic field strength; i.e.
T = %ﬁc(m@(l + z))_l/2, where B is the field strength, Bic = 0.318(1 + 2)*nT
gives the magnetic field equivalent of the cosmic microwave background at redshift

z, and v is a constant of proportionality (see Equation 4 of Turner et al. 2018b).
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Figure 1.15: The integrated radio spectrum of the remnant radio galaxy
B2 0924430 (solid markers) alongside its best-fit Cl-off model (purple line). By
assuming a duty cycle, the expected spectral signature of the corresponding pre-
vious outburst is studied in relation to the observed spectrum; e.g. § = 0.1 (red
dashed), 6 = 0.15 (red solid), and § = 0.2 (orange dashed) lines. The duty cycle
is constrained to ¢ < 0.15, since larger duty cycles would result in a steeper low-
frequency spectrum. Figure taken from Turner (2018).

It is possible to estimate the pressure in the ambient environment of the lobes,
which, together with an assumption of the lobe equiparition factor, can derive
a lobe magnetic field strength. While an assumption of equipartition is often
assumed, empirical measurements (e.g., Croston et al., 2004; Harwood et al.,
2016; Ineson et al., 2017) and insights from dynamical modelling (e.g., Turner
et al., 2018b) both reveal that the lobes of FR-II radio galaxies are typically
sub-equipartition.

To address the issue outline above, Turner (2018) showed that rather than
attempting to derive the plasma ages directly from the radio spectrum, the CI-off
model can be used to fit the spectral break frequency and remnant ratio, neither
of which require knowledge of the magnetic field strength. The fitted parameters
can then be used as inputs to help constrain the dynamical evolution of the lobes,
which together with the source size and luminosity, allow for the simultaneous

fitting of the jet kinetic power and lifetime, the lobe magnetic field strength,
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and the duration of the remnant phase. In that work, the author employed
the Radio-loud AGN in Semi-analytic Environments (RAISE; Turner & Shabala,
2015; Turner et al., 2018a; Turner, 2018; Turner et al., 2020, 2023) dynamical
model, however the results should hold true for any dynamical model capable of
describing the evolutionary histories of radio galaxy lobes. As such, remnant radio
galaxies can be exploited to offer direct constraints on the lifetimes of radio-loud
AGNS.

Turner (2018) further demonstrated that the upper limits on the duty cycle
in remnant lobes can potentially be tightened by considering how long ago a
previous outburst could have occurred without showing signatures the observed
radio spectrum. As discussed in Sect. 1.3.1.4, multiple phases of jet activity will
result in a spectral flattening of the radio galaxy’s integrated radio spectrum at
higher frequencies. Turner (2018) applied this reasoning to analyse the observed
radio spectrum of B2 0924430, which displays a standard spectral index of a ~
0.85 at low (~ 100,MHz) frequencies. Their goal was to ascertain the shortest
possible time a previous outburst would need to have occurred (and thus the
largest possible duty cycle) in order for the spectrum to lack the ‘steep-flat’ shape
at the low-frequency end. Following this approach, they were able to constrain the
jet duty cycle to 6 < 0.15 — a major improvement over the § < 0.64 constrained
by the conventional approach.

The picture painted by these results thus suggests that both remnant and

restarted radio galaxies can be analysed to understand their jet duty cycles.

1.3.3.2 Modelling bulk jet properties from radio galaxy populations

Constraining the bulk properties of AGN jets has also been achieved through the
application of dynamical models and simulations towards radio galaxy popula-
tions.

Using the RAISE dynamical model, Turner & Shabala (2015) fit the jet powers

and active ages for a volume-limited sample of low-redshift (0.03 < z < 0.1) radio
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galaxies. By reconciling their results together with the properties of the radio
galaxy hosts, they found that radio sources in massive galaxies remain active for
longer and spend less time in a quiescent phase, qualitatively consistent with a
higher radio-loud fraction in higher-mass galaxies. They demonstrated that the
energetic impact of radio-loud AGNs is greatest among powerful radio sources
(Ly.4 ~ 10*® W/Hz) hosted by massive (M, > 1014M,) galaxies, though this
result does not consider the effect of coupling efficiency, which may modify the

importance of low-power radio source to jet-mode AGN feedback (see Sect. 1.2.3).

Jurlin et al. (2020) used sensitive observations from the LOFAR Two-metre
Sky Survey (LoTSS, Shimwell et al., 2019, 2022) to study the life-cycle of radio
galaxies within an observationally-complete sample. Using this sample, Shabala
et al. (2020) applied forward modeling with the RAISE model to constrain the
seed jet power and lifetime functions. Their method relied on the comparison
between mock and observed distributions in flux density and angular size, as
well as the constraints from the observed fraction of remnant and restarted radio
sources. Their findings indicated that power-law lifetime models were necessary
to reproduce the observed properties of their reference sample, whereas constant-
age models fell short in predicting the fraction of remnant radio galaxies. See
also Hardcastle et al. (2019) for a similar method, who demonstrated that the
physical properties of their radio galaxy sample agreed with a log-uniform lifetime

function.

In the exploration of the energetic impact of radio-loud AGNs, population
studies play a crucial role in encompassing a broad range of jet kinetic powers
(Sect. 1.2.1) and lifetimes (Sect. 1.3.1). One of the challenges with these ap-
proaches is that the survey and sample selection biases cast a redshift-dependent
limitation onto the range of jet kinetic powers and lifetimes that can be observed.
Consequently, when examining a complete sample of radio sources, the derived
jet properties only represent a subset of their underlying seed distributions. Here

it is worth noting that a radio source model with sufficient explanatory power can
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be exploited to overcome these challenges, by allowing the predictions of mock
radio source populations to be filtered by a given set of selection biases. This
approach allows for a model-dependent translation between intrinsic-parameter
space and observer space, and has been implemented by various authors to study
their extended radio source populations; e.g. see Shabala & Godfrey (2013),
Turner & Shabala (2015), Godfrey et al. (2017), Brienza et al. (2017), Hardcastle
et al. (2019), and Shabala et al. (2020).

1.4 Selecting remnant radio galaxies

Given the important insights and implications remnant radio galaxies offer to-
wards the properties of AGN jets, it is crucial that their selection is well-understood
and robust. In this section, I summarise the various ways remnants have been
selected within the literature, while also emphasizing the potential caveats and
biases that should be taken into account. This discussion is presented for spectral-

based (Sect. 1.4.1) and morphological-based (Sect. 1.4.2.2) methods.

1.4.1 Spectral-based methods

The jets associated with a radio-loud active nucleus provide a continuous supply
of shock-accelerated, high-energy electrons to the radio galaxy lobes. Upon the
cessation of the jets, the plasma content of the now remnant lobes undergoes a
rapid cooling due to synchrotron and adiabatic energy losses. As the remnant
lobe-plasma continues to age, the number of high-energy electrons capable of pro-
ducing high-frequency radio emission is rapidly depleted, which results in a sharp
spectral curvature in the observed synchrotron spectrum. Observationally, this
gives rise to several unique spectral characteristics that allow for the distinction

between active and remnant radio galaxy lobes. These are summarised below.
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1.4.1.1 Ultra-steep or highly-curved radio spectra

Many authors have invoked an ultra-steep or highly-curved radio spectrum cri-
terion to classify radio galaxies as remnant (e.g. see; Cordey, 1987; Jamrozy
et al., 2004; Parma et al., 2007; Murgia et al., 2011; Hurley-Walker et al., 2015;
Brienza et al., 2016, 2017; Godfrey et al., 2017; Duchesne & Johnston-Hollitt,
2019). These classification criteria are based on the expectations from continuous-
injection theory (see Sect. 1.3.1.3), which suggest that remnant lobes can display

spectral indices significantly steeper than the injection index (i.e., & > ain;+0.5).

Historically, the threshold for an ultra-steep criterion has been typically set
at a > 1.2, although this value has varied slightly among different authors. By
considering such steep spectral indices, the criterion aims to select radio galaxies
with evidence for pronounced spectral ageing, far greater than what would be
expected for radio lobes still fed by active jets. Given the growing number of
catalogued all-sky radio survey spanning a combined decade in frequency range
(e.g. 150 MHz-1.4 GHz), and that the derivation of a spectral index can be done
using two independent measurements, a key advantage of this criterion lies in
its straightforward ability to systematically select remnant radio galaxy candi-
dates. The greatest drawback of the ultra-steep criterion is that it is known to
preferentially select old remnant plasma. Since the observation of an ultra-steep
spectrum can only occur above the higher-frequency turnover, the technique will
naturally miss sufficiently-young remnants whose radio spectrum has not appre-
ciably steepened over the observing window (e.g. 3C 28, Harwood, 2017). For an
observationally-complete radio galaxy sample, the ultra-steep criterion will there-
fore select an incomplete sample of remnant radio galaxies, as shown by Brienza

et al. 2017; Mahatma et al. 2018.

The spectral-curvature criterion aims to capture the same underlying physics
as the ultra-steep criterion, however should in principle have greater selection
completeness over a given frequency range. In the limit of sparse radio data,

the criterion derives a spectral curvature based on the difference between a low-
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frequency and high-frequency spectral index (i.e. SPC = apigh — Qo) and identi-
fies remnants based on a typical threshold of SPC > 0.5 (e.g. see, Murgia et al.,
2011). Although this criterion is still largely susceptible to the age bias discussed
above, it is worth noting that by separating a low and high-frequency spectral
index, the criterion is more tolerable to flatter injection indices. The advantage
here is that, assuming the observed radio spectrum of a remnant radio galaxy ex-
hibits o)y = 0.5 but has not steepened enough to meet the ultra-steep spectrum
criterion, the remnant could still be selected by the spectral-curvature criterion

if the radio emission has steepened enough to exhibit au;en = 1.0.

One important point when discussing the efficacy of the above two criteria is
that the frequency range over which they are used dictates the completeness in
their remnant selection. By synthesizing mock radio source populations at low
redshift (z < 0.5), Godfrey et al. (2017) demonstrated that the selection efficiency
of the ultra-steep criterion can increase by a factor of four when the highest con-
sidered frequency goes from 1.4 GHz to 10 GHz. This result is not surprising;
at higher frequencies, less time needs to elapse from jet cessation in order for a
detectable change to appear in the observed synchrotron spectrum, thus allowing
spectral-based classifications to identify younger remnant radio galaxies. The lim-
itation here is that the synthesis of high-frequency (v > 5 GHz) radio sky surveys
requires significantly more observing time compared to lower-frequency analogs
(due to the smaller fields of view), and thus such high-frequency constraints are
often lacking without dedicated follow-up observations. Future all-sky surveys
that aim to provide a higher-frequency view of the sky, such as those produced
by the Square Kilometre Array, are expected to greatly improve the recovery rate

of remnants using spectral-based criteria.

It should also be noted that given there are other astrophysical processes that
can give rise to the spectral characteristics listed above, the reliability of both
the ultra-steep and highly-curved radio spectrum criteria should be addressed.

Assuming that the due diligence has been made to ensure the radio sources are
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extragalactic in origin, the criteria listed above are known to also identify high-
redshift radio galaxies (e.g. De Breuck et al., 2000; Drouart et al., 2020). This
is due to two key reasons. Firstly, for sources at higher redshifts, the observed
synchrotron emission reflects a higher rest-frame frequency range where the slope
of the synchrotron spectrum is intrinsically steeper. Secondly, considering that
the energy density in the CMB is related to redshift through uc oc (14 2)%, and
that the synchrotron energy loss-rate is a function of both ug and u¢, this results
in a faster evolution of the synchrotron radio spectrum and can give rise to a
steep, highly-convex radio spectrum. Additionally there is the simple bias that
the most luminous sources at high redshift will have steep spectral indices due
to the k-correction. In the absence of spectroscopic redshifts to robustly rule out
these objects, the observed characteristics of the lobed radio emission can help
to filter out any potential contaminants; remnant population studies based on
sensible angular size thresholds would reduce contamination from high-redshift

radio sources, which are likely to present as more compact radio sources.

1.4.1.2 Spectral modelling-based classification

The remnant selection methods presented above in Sect. 1.4.1.1 adopt simple
criteria based on the observed spectral properties of the lobes to identify rem-
nant lobe plasma. Due to the typical sparseness of good-quality radio survey
data spanning several decades in frequency, such methods are generally better
geared towards the identification of remnant radio galaxies in large sample stud-
ies. However, it should be noted that without these practical limitations, a de-
tailed modelling of the synchrotron radio spectrum can provide a more robust

remnant classification.

Synchrotron spectral ageing models have been utilised by many authors to
parameterise the integrated radio spectrum of remnant radio galaxies (e.g. see;
Cordey, 1987; Brienza et al., 2016; Turner, 2018; Duchesne & Johnston-Hollitt,
2019). This has typically been achieved by fitting the extension to the continuous-

38



injection model presented by Komissarov & Gubanov (1994), which considers the
additional spectral evolution sustained during the inactive-jet phase, to the ob-
served integrated radio spectrum of the lobes. While these models have typically
been used to derive the plasma spectral age, in which case the lobe magnetic
field strength was required, it should be noted that the re-parameterised models
of Turner (2018) allow for the observed spectral shape to be parameterised using
only an injection index, a break frequency, and a remnant ratio. The advantage
provided by these models is that they allow for the remnant ratio, which is ex-
pected to be non-zero for a genuine remnant radio galaxy, to be parameterised
using radio observations alone. An example of this can be seen in Duchesne &
Johnston-Hollitt (2019), who show that the integrated radio spectrum of the rem-
nant radio galaxy associated with NGC 1534 is better explained by the remnant

spectral ageing model as oppose to that used to explain active radio sources.

1.4.2 Morphological-based methods
1.4.2.1 The absent radio core criterion

Various authors have utilised the absence of a compact radio core as a criterion to
select remnant radio galaxies (e.g., Cordey, 1987; Giovannini et al., 1988; Saripalli
et al., 2012; Mahatma et al., 2018). Due to the light crossing time along the jet,
compact features such as the radio core, jets, and hotspots, are all expected
to disappear many orders of magnitude faster than the radio emission arising
from the remnant lobes (see Sect. 1.3.1.3). Unlike most literature-established
remnant selection methods, the absent radio core criterion does not depend upon
detectable changes in the properties of the lobes. Instead, the criterion uses the
absence of the radio core as a proxy for an inactive radio-loud AGN, which would
imply that the associated radio lobes are not currently fed by an active plasma
channel.

Considering that the spectral-based methods have been shown to favor the

selection of aged remnant plasma (see Sect. 1.4.1.1), one of the key advantages of
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the absent radio core criterion is that it is expected to select a sample of remnants
unbiased to spectral properties. This is clearly shown by Mahatma et al. (2018)
who identified remnants from an observationally-complete sample of extended
radio galaxies, revealing that the 150-1400 MHz spectral index of the selected
remnants spanned a wide range of values, ranging from —1.5 to —0.5 (see also;

Brienza et al., 2017).

An important constraint limiting the application of this criterion stems from
the requisite for sensitive and spatially-resolved radio observations. Since the cri-
terion separates between active and remnant radio galaxies based on the absence
of radio emission from the core, the quality of the non-detection can only be as
good as the data permits. Poor survey sensitivity and/or low spatial resolution
can both contribute to the deselection of a faint radio core, thereby promoting
the selection of spurious contaminants. A good example of this can be demon-
strated by the results of Mahatma et al. (2018), who followed up a sub-sample of
34/122 LOFAR-selected radio galaxies that did not have a radio-core detected in
the Faint Images of the Radio Sky at Twenty-one centimeters (FIRST) survey.
Using dedicated VLA observations at 6 GHz, they were able to achieve a back-
ground RMS noise of approximately 10 — 15 uJy/beam for a 0.47” x 0.28” beam
shape (deeper than FIRST and higher in spatial resolution by about an order of
magnitude) and consequently were able to reduce the number of remnant candi-
dates down to 9/122. Importantly, these results highlight that the recovery rate
of the absent radio core criterion is largely dependent on the quality of the radio
data, and it is unclear whether that criterion alone can reliably classify remnants

beyond mere candidates.

1.4.2.2 Relaxed and low surface-brightness lobes

With the advent of LOFAR, which provides sensitive low-frequency radio obser-
vations with high sensitivity to low surface-brightness radio emission and high

spatial resolution, the ability to select remnant radio galaxies based on the mor-

40



phological properties of their lobes has gained much attention recently. By con-
ducting a preliminary search of the LOFAR fields, Brienza et al. (2016) searched
for remnant radio galaxy candidates based on properties such as diffuse, low
surface brightness lobes without compact features. Their selection revealed the
discovery of a 700 kpc remnant radio galaxy (i.e. Blob 1), whose integrated radio
spectrum did not meet the necessary criteria to be considered as ultra-steep or
highly-curved at frequencies up to 1.4 GHz. This result helped to underline the
growing need for alternative methods to complement the spectral-based selec-
tion of remnant lobes, and set the tone for future studies to adopt lobe-based

morphological selections of remnant radio galaxies.

While the morphological criteria used for classifying remnant radio galaxies
have shown variations among different authors, they share a common underly-
ing theme. Saripalli et al. (2012) present distinct classifications for remnants
associated with FR-I and FR-II radio galaxies. A remnant FR-II is expected to
retain the edge-brightened morphology, yet lack the bright compact regions of
emission such as the radio core, jets, and hotspots that are typically associated
with ongoing nuclear activity. Depending on the degree to which the remnant
FR-II has aged, these sources can also be expected to show weak contrast in the
lobe surface brightness profile, and exhibit diffuse, low surface-brightness radio
emission. On the other hand, a remnant FR-I is expected to be brightest near
the core, and should exhibit a pair of diffuse extensions absent any bright chan-
nels of collimated emission. Brienza et al. (2017) present a similar morphological
classification, though additionally include a maximum mean surface-brightness
criterion of 50 mJy/arcmin? at 150 MHz. It is also possible for old remnant radio
galaxies to present as amorphous radio structures, much like ‘Blob 1’ of Brienza
et al. (2016), owing to the deformation and mixing of the plasma content within

the ambient medium of the surrounding inter-galactic/intra-cluster environment.
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1.5 This thesis

This introductory chapter has provided a background to the radio galaxy life cy-
cle, and its connection to the triggering of supermassive black hole jets. Since the
cessation of the jets is encoded in the observable signatures of remnant lobes, this
class of radio galaxy is expected to offer valuable insights towards the intrinsic
properties of the jets. In this thesis, I combine observation, modelling, and simu-
lations to use remnant lobes as a tool to make progress towards studying the life
cycle and energetics of radio-loud AGN jets. The subsequent chapters are struc-
tured as follows. In Chapter 2, I use a multi-frequency radio survey to examine
the viability of selecting remnant radio galaxies using the absent radio core crite-
rion. Spectral and morphological properties of the selected objects are examined
in detail, allowing for the caveats and limitations of the selection method to be
explored. Chapter 3 details the development of a new model-based method for the
selection and modelling of remnant lobes, the development of which is motivated
by the general sparsity in high-frequency radio survey data. The method is inde-
pendently tested against standard spectral ageing techniques using observations
of a known remnant, and its adaptability to a wide range of radio sources is tested
using mock simulations. In Chapter 4, I deploy the previously-developed method
to measure the jet properties over a sample of remnant lobes selected from all-sky
survey data. By using mock simulations to model the sample selection biases, I
am able to infer the true jet kinetic power and jet lifetime distributions for the
sample. Finally, Chapter 5 provides a summary of the significant outcomes of

this thesis, together with suggested future extensions of this work.
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Chapter 2

Remnant radio galaxies
discovered in a multi-frequency

survey

In the following chapter, I present my first major contribution of work undertaken
during this thesis. The contents of this chapter have been published as “Remnant
radio galazies discovered in a multi-frequency survey” (2021) in the Publications
of the Astronomical Society of Australia, volume 514, 10.1017/pasa.2020.49
(Quici et al., 2021). The accepted manuscript is reproduced, with permission,
i full in this chapter. Minor typographical and grammatical changes have been

make to ensure consistency with the rest of the Thesis.

Abstract

The remnant phase of a radio galaxy begins when the jets launched from an
active galactic nucleus are switched off. To study the fraction of radio galaxies in a
remnant phase, we take advantage of a 8.31 deg? sub-region of the GAMA 23 field
which comprises of surveys covering the frequency range 0.1-9 GHz. We present

a sample of 104 radio galaxies compiled from observations conducted by the
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Murchison Wide-field Array (216 MHz), the Australia Square Kilometer Array
Pathfinder (887 MHz), and the Australia Telescope Compact Array (5.5 GHz).
We adopt an ‘absent radio core’ criterion to identify 10 radio galaxies showing no
evidence for an active nucleus. We classify these as new candidate remnant radio
galaxies. Seven of these objects still display compact emitting regions within
the lobes at 5.5 GHz; at this frequency the emission is short-lived, implying a
recent jet switch-off. On the other hand, only three show evidence of aged lobe
plasma by the presence of an ultra-steep spectrum (o < —1.2) and a diffuse,
low surface-brightness radio morphology. The predominant fraction of young
remnants is consistent with a rapid fading during the remnant phase. Within
our sample of radio galaxies, our observations constrain the remnant fraction to
4% < frem S 10%; the lower limit comes from the limiting case in which all
remnant candidates with hotspots are simply active radio galaxies with faint,
undetected radio cores. Finally, we model the synchrotron spectrum arising from
a hotspot to show they can persist for 5-10 Myr at 5.5 GHz after the jets switch
off — radio emission arising from such hotspots can therefore be expected in an

appreciable fraction of genuine remnants.

2.1 Introduction

The jets launched from a radio-loud active galactic nucleus (AGN) arise from the
accretion onto a super-massive black hole, and form synchrotron-emitting radio
lobes in the intergalactic environments of their host galaxies (Scheuer, 1974).
Whilst the jets are active, a radio galaxy will often display compact features
such as an unresolved radio core coincident with its host galaxy, bi-polar jets,
and hotspots in the lobes of Fanaroff Riley type II ( FR-II; Fanaroff & Riley,
1974) radio galaxies. The radio continuum spectrum arising from the lobes is
usually well approximated by a broken power-law for radio frequencies between

100 MHz and 10 GHz; the observed spectral index, o', typically ranges within

!The spectral index « is defined through S, oc v
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—1.0 < a < —0.5. Steepening in the radio lobe’s integrated spectrum is allowed
by Aa < 0.5 (e.g. the CI model; Kardashev, 1962; Pacholczyk, 1970; Jaffe &
Perola, 1973), and is attributed to ageing of the lobe plasma.

Such active radio galaxies do not offer a complete picture to the life-cycle of
radio galaxies, due to a seemingly intermittent behaviour of the AGN jet activ-
ity. The remnant phase of a radio galaxy begins once the jets switch off. During
this phase the lobes will fade as they undergo a rapid spectral evolution, e.g. as
shown observationally by Murgia et al. (2011), Shulevski et al. (2012), Godfrey
et al. (2017), Brienza et al. (2017), Mahatma et al. (2018), Jurlin et al. (2020),
and shown with modelling conducted by Turner (2018), Hardcastle (2018) and
Shabala et al. (2020). Remnant radio galaxies, remnants herein, will remain ob-
servable for many tens of Myr at low (~ 150 MHz) frequencies, which is compara-
ble but shorter than the duration of their previous active phase (Shulevski et al.,
2017; Turner, 2018; Brienza et al., 2020b). Jets are also known to restart after a
period of inactivity (e.g; Roettiger et al., 1994), giving rise to a restarted radio
galaxy. Several observational classes exist to describe such sources; double-double
radio galaxies (DDRG; Schoenmakers et al., 2000) describe sources in which two
distinct pairs of lobes can be observed, however restarting jets can also appear
as compact steep spectrum sources embedded within larger-scale remnant lobes

(e.g; Brienza et al., 2018).

Compiling samples of remnant (Saripalli et al., 2012; Godfrey et al., 2017;
Brienza et al., 2017; Mahatma et al., 2018) and restarted (Saripalli et al., 2012;
Mahatma et al., 2019) radio galaxies sheds new light on their dynamics and evo-
lution, and by extension, the AGN jet duty cycle. Jurlin et al. (2020) present
a direct analysis of the radio galaxy life cycle, in which their sample is decom-
posed into active, remnant and restarted radio galaxies. To complement these
observational works, Shabala et al. (2020) present a new methodology in which
uniformly-selected samples of active, remnant and restarted radio galaxies are

used to constrain evolutionary models describing the AGN jet duty cycle.
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However, using radio observations to confidently identify radio sources in these
phases is a challenging task, even in the modern era of radio instruments. Rem-
nant radio galaxies, which are the focus of this work, display various observational
properties that correlate with age, presenting a challenge for identifying complete
samples of such sources. Various selection techniques exist amongst the liter-
ature, each with their selection biases. Due to the red preferential cooling of
higher-energy synchrotron-radiating electrons (Jaffe & Perola, 1973; Komissarov
& Gubanov, 1994), many authors have identified remnants by their ultra-steep
radio spectrum (a < —1.2), reflecting the absence of a source of energy injection,
e.g. (Cordey, 1987; Parma et al., 2007; Hurley-Walker et al., 2015). However,
Brienza et al. (2016) demonstrates that this technique preferentially selects aged
remnants and will miss those in which the lobes have not had time to steepen
over the observed frequency range. Murgia et al. (2011) propose a spectral cur-
vature (SPC) criterion, which evaluates the difference in spectral index over two
frequency ranges, e.g. SPC = auigh - (iow such that SPC >0 for a convex spec-
trum. Sources with SPC > 0.5 demonstrate highly curved spectra, and are likely
attributed to remnant lobes. However, modelling conducted by Godfrey et al.
(2017) shows that not all remnants will be selected this way, even at high (~10

GHz) frequencies.

Morphological selection offers a complementary way to identify remnants, in-
dependent of spectral ageing of the lobes. This technique often involves searching
for low surface brightness (SB) profiles (SB < 50 mJy arcmin~2), amorphous ra-
dio morphologies, and an absence of hotspots (e.g; Saripalli et al., 2012; Brienza
et al., 2017). However, young remnants in which the hotspots have not yet dis-
appeared due to a recent switch-off of the jets, (e.g 3C 028; Feretti et al., 1984;

Harwood et al., 2015), will be missed with these techniques.

An alternative approach is to identify remnants based on an absent radio
core; a radio core should be absent if the AGN is currently inactive (Giovannini

et al., 1988). This property is often invoked to confirm the status of a remnant
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radio galaxy, e.g. see Cordey (1987), and is recently employed by Mahatma
et al. (2018) as a criterion to search for remnant candidates in a LOw Frequency
ARray (LOFAR)-selected sample. The caveat here is the plausibility for a faint
radio core to exist below the sensitivity of the observations, meaning this method
selects only for remnant candidates. This method will also miss remnant lobes
from a previous epoch of activity in restarted radio galaxies. A likely example of
such a source is MIDAS J230304-323228, discussed in Sect 2.3. These sources are

beyond the scope of this work, however are a promising avenue for future work.

A common aspect of almost all previously-mentioned observational studies
of remnant radio galaxies, is their selection at low frequencies (typically around
150 MHz). The preferential radiating of high-energy electrons means that the
observable lifetime of remnant lobes increases at a lower observing frequency.
Incorporating a low-frequency selection thus plays an important role in improving
the completeness of remnant radio galaxy samples; quite often the oldest remnant

lobes are detectable only at such low frequencies.

In this work, we take advantage of a broad range of radio surveys targeting the
Galaxy And Mass Assembly (GAMA; Driver et al., 2011) 23 field to identify and
study new remnant radio galaxies candidates in which the central AGN is cur-
rently inactive. We use new low-frequency observations provided by the Murchi-
son Wide-field Array (MWA; Tingay et al., 2013) and the Australian Square
Kilometre Array Pathfinder (ASKAP; Johnston et al., 2007; McConnell et al.,
2016) to compile a sample of radio galaxies, and use high-frequency (5.5 GHz)
observations provided by the Australia Telescope Compact Array (ATCA) to
identify remnant candidates by the ‘absent radio core’ criterion. In Sect. 2.2 we
present the multi-wavelength data used for this work. In Sect. 2.3 we discuss the
compilation of our radio galaxy sample, the classification of remnant candidates,
and the matching of host galaxies. In Sect. 2.4 we discuss each of the selected
remnant candidates. In Sect. 2.5 we discuss the observed radio properties of the

sample and emphasise the caveats of various remnant selection methods. We also
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discuss the rest frame properties of the sample, present the fraction of remnants
constrained by our observations, and examine a particularly interesting remnant
with detailed modelling. Finally, our results are concluded in Sect. 2.6.

We assume a flat ACDM cosmology with Hy = 67.7kms ™ 'Mpc~!, Qy=0.307
and Q,=1-Qy (Planck Collaboration et al., 2014). All coordinates are reported
in the J2000 equinox.

2.2 Data

Our sample is focused on a 8.31deg? sub-region of the GAMA 23 field (RA =
345°, Dec = —32.5°; Figure 2.1). The rich multi-wavelength coverage makes the
absent radio-core criterion a viable method to search for remnant radio galaxies,

and allows us to match the radio sample with their host galaxies.

2.2.1 Radio data

Below we describe the radio observations used throughout this work, summarised

in Table 2.1 and 2.2.

2.2.1.1 GLEAM SGP (119, 154, 185 MHz)

From 2013 to 2015, the MWA observed ~30,000 deg? of the sky south of Dec =
30°. The GalLactic and Extragalactic All-sky MWA (GLEAM; Wayth et al.,
2015) survey adopted a drift scan observing method using the MWA Phase I con-
figuration and a maximum baseline of ~3km. Observations exclusive to 2013—
2014 (year 1) were used to generate the public extragalactic GLEAM first release
(Hurley-Walker et al., 2017)%>. GLEAM spans a 72-231 MHz frequency range,
divided evenly into 30.72 MHz wide-bands centered at v, = {88, 119, 154, 185,
216} MHz. Observations conducted during 2014-2015 (year 2) covered the same

sky area as GLEAM, but with a factor of two increase in the observing time due

2GLEAM catalogue publicly available on VizieR: http://cdsarc.u-strasbg.fr/viz-bin/
Cat?VIII/100
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Figure 2.1: Sky coverage of radio surveys dedicated to observing GAMA 23,
described in Sect. 2.2.1. Near-infrared VIKING observations (Sect. 2.2.2.1) are
also displayed. Thick-red and thin-green arrows indicate the directions in which
MIDAS ES and VIKING extend beyond the represented footprint.
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Telescope Survey Date Frequency Bandwidth Noise Beam shape

observed [MHz] [MHz] [mJy beam~™!]  Bmaj[”], Bmin["], PA[°]

119 16.2 241, 202, -57
{MWA Phase I GLEAM SGP 2013-2015 154 30.72 9.3 199, 157, -51

186 6.7 162, 129, -47
MWA Phase 11 MIDAS ES 2018-2020 216 30.72 0.9 54, 43, 157
uGMRT - 2016 399 200 0.1 15.8, 6.7, 9.5
ASKAP EMU-ES 2019 887.5 288 0.035 10.5, 7.8, 87
VLA NVSS 1993-1996 1400 50 0.45 45, 45,0
ATCA GLASS 2016-2020 5500, 9500 2000, 2000 0.024, 0.04 (4, 2, 0), (34, 1.7, 0)

Table 2.1: Summarised properties of the radio surveys spanning the GAMA 23 field. Each column, in ascending order, details
the telescope used to conduct the observations, the name of the radio survey, the dates observations were conducted, the
central frequency of the observing band, the bandwidth available in each band, the average noise properties within region D,
and the shape of the restoring beam.



to offset (£1 hour in median RA) scans. Within a footprint of: 310° < RA < 76°,
-48° < Dec < —2° (~ 5,100 deg? sky coverage), Franzen et al. (2021) indepen-
dently reprocessed the overlapping observations from both years to produce the
GLEAM South Galactic Pole (SGP) survey, achieving a factor ~ 3 increase in in-
tegration time over GLEAM. Due to calibration errors associated with Fornax A
and Pictor A entering the primary beam side-lobes, the lowest wide-band cen-
tered at 88 MHz was discarded at imaging. Despite its declination-dependence,
the GLEAM SGP root-mean-square (RMS) remains effectively constant within
the footprint of our (8.31deg?) study. The point spread function (PSF) varies
slightly across the survey; at 216 MHz the PSF size within GAMA 23 is approxi-
mately 150”7 x 119”, and an RMS of o ~ 4 £ 0.5mJy beam™! is achieved. This is
consistent with a factor 2 increase in sensitivity over GLEAM. We use an internal
GLEAM SGP component catalogue, developed by the method used for GLEAM.
Franzen et al. (2021) quote an 8% absolute uncertainty in the GLEAM SGP flux
density scale, consistent with the value reported for GLEAM by Hurley-Walker
et al. (2017).

2.2.1.2 MIDAS ES (216 MHz)

In 2018 the MWA was reconfigured into an extended baseline configuration (MWA
Phase II; Wayth et al., 2018). The MWA Phase II provides a maximum baseline
of 5.3 km which, at 216 MHz, improves the angular resolution to 54” x 43”. This
drives down the classical and sidelobe confusion limits, allowing for deeper imag-
ing to be made with an RMS of 0 < 1mJybeam™. MWA Phase II science is
presented in Beardsley et al. (2020). The MWA Interestingly Deep Astrophysical
Survey (MIDAS, Seymour et al. in prep) will provide deep observations of six
extragalactic survey fields, including GAMA 23, in the MWA Phase II configu-
ration. Here, we use an early science (MIDAS ES herein) image of the highest
frequency band centered at 216 MHz. Data reduction followed the method out-

lined by Franzen et al. (2021) where each snapshot was calibrated using a model
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derived from GLEAM. Imaging was performed using the WSCLEAN imaging soft-
ware (Offringa et al., 2014) using a robustness of 0 (Briggs, 1995). Altogether, 54
two-minute snapshot images, each achieving an average RMS of ~ 8 mJy beam ™!
without self calibration, were mosaiced to produce a deep image. Stacking of
individual snapshots reproduced the expected v/t increase in sensitivity, where
t is the total integration time, and implied the classical and sidelobe confusion
limits were not reached. After a round of self calibration the final deep image,
at zenith, achieved an RMS of ~0.9mJybeam™' with a < 1’ restoring beam.
Radio sources were catalogued using the Background And Noise Estimation tool
BANE, to measure the direction-dependent noise across the image, and AEGEAN
to perform source finding and characterisation (Hancock et al., 2012, 2018)3. Us-
ing the GLEAM catalogue, sources above 100 in MIDAS ES and GLEAM were
used to correct the MIDAS ES flux-scale. For 887 such sources in GAMA 23,
correction factors were derived based on the integrated flux density ratio between
MIDAS ES and GLEAM. The correction factors followed a Gaussian distribution,
and indicated an agreement with GLEAM within 5%. Given the 8% uncertainty
in the GLEAM flux density scale (Sect. 2.2.1.1), we prescribe an 8% uncertainty
in the MIDAS ES flux density scale.

2.2.1.3 EMU Early Science (887 MHz)

In 2019 the ASKAP delivered the first observations conducted with the full 36-
antenna array configuration. The design of ASKAP opens up a unique parameter
space for studying the extragalactic radio source population. With a maximum
baseline of 6km, ASKAP produces images with ~ 10" resolution at 837 MHz.
The shortest baseline is 22 m, recovering maximum angular scales of ~ 0.8°. As
part of the Evolutionary Map of the Universe (EMU; Norris, 2011) Early Science,
the GAMA 23 field was observed at 887 MHz and made publicly available on the

3AEGEAN and BANE publicly available on GitHub: https://github.com/PaulHancock/
Aegean. This work made use of 2.0.2 version of AEGEAN
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CSIRO ASKAP Science Data Archive (CASDA?). Details of the reduction are
briefly summarized here. This data has been reduced by the ASKAP collabora-
tion using the ASKAPSOFT® data-reduction pipeline (Whiting et al. in prep)
on the Galaxy supercomputer hosted by the Pawsey Supercomputing Centre.
PKS B1934-638 was used to perform bandpass and flux calibration for each of
the unique 36 beams. Bandpass solutions were applied to the target fields. The
final images are restored with a 10.55” x 7.82"” (BPA = 86.8°) elliptical beam,
and achieves an RMS of o ~ 34 — 45uJy beam~!. Henceforth we refer to these
observations as EMU-ES.

2.2.1.4 NVSS (1.4 GHz)

We use observations conducted by the National Radio Astronomy Observatory
(NRAO) using the Very Large Array (VLA; Thompson et al., 1980) to sample
an intermediate frequency range. The NRAO VLA Sky Survey (NVSS; Condon
et al., 1998)5 surveys the entire sky down to Dec= —40° at 1400 MHz. Obser-
vations for NVSS were collected predominately in the D configuration, however
the DnC configuration was used for Southern declinations. Final image products
were restored using a circular synthesized beam of 45" x 45”. At 1400 MHz, NVSS

achieves an RMS of o = 0.45mJy beam ™.

2.2.1.5 GLASS (5.5 & 9.5 GHz)

The GAMA Legacy ATCA Sky Survey (GLASS; Huynh et al. in prep) offers
simultaneous, high-frequency (5.5, 9.5 GHz) observations of GAMA 23 observed
by the ATCA. Observations for GLASS were conducted over seven semesters be-
tween 2016 — 2020 (PI: M. Huynh, project code: C3132). Data at each frequency
were acquired with a 2 GHz bandwidth, made possible by the Compact Array

‘https://data.csiro.au/collections/domain/casdaObservation/search/

Shttps://www.atnf.csiro.au/computing/software/askapsoft/sdp/docs/current/
pipelines/introduction.html

SNVSS catalogue publicly available on VizieR: https://vizier.u-strasbg.fr/viz-bin/
VizieR?-source=%20NVSS
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Config. Date Frequency Bandwidth Duration  Secondary Noise Beam shape

observed [GHZ] [GHZ] [min] calibrator ~ [mJy beam™!]  Bmaj[”], Bmin["], PA[°]
H168 18/10/19 2.1 2 22 PKS B2259-375 0.7 104, 127, 0
H75 24/10/19 5.5, 9.0 2,2 25 PKS B2254-367 0.22, 0.14 (88, 110, 0), (54, 67, 0)

Table 2.2: Details of the additional ATCA data collected here under project code C3335, PI: B. Quici. Each column, in
ascending order, details the configuration used to conduct observations, the date observations were conducted, the central
frequency of the receiver band, the bandwidth available within each band, the approximate time spent per-source in each
configuration, the secondary calibrator observed, the average noise per pointing, and the shape of the restoring beam. Note,
primary calibrator PKS B1934-638 was observed for all observations.



Broadband Backend (Wilson et al., 2011), with the correlator set to a 1 MHz
spectral resolution. Observations for GLASS were conducted in two separate
ATCA array configurations, the 6A and 1.5C configurations, contributing 69%
and 31% towards the total awarded time, respectively. The shortest interferom-
eter spacing is 77m in the 1.5C configuration, providing a largest recoverable
angular scale of 146" at 5.5 GHz. As part of the observing strategy, GLASS was
divided into six 8.31 deg? regions (regions A — F), for which region D (RA=345°,
Dec=-33.75°) was observed, reduced and imaged first. For this reason, this paper

focuses only on region D.

Processing and data reduction were conducted using the Multichannel Image
Reconstruction, Image Analysis and Display (MIRIAD) software package (Sault
et al., 1995), similar to the method outlined by Huynh et al. (2015, 2020). The
1435 region D pointings are restored with the Gaussian fit of the dirty beam, and
convolved to a common beam of 4” x 2" (BPA=0°) at 5.5 GHz, and achieves an
RMS of ~ 24 uJybeam™t. A similar process at 9.5 GHz results in a 3.4” x 1.7”
(BPA=0°) synthesized beam and achieves an RMS of ~ 40 uJy beam™'. Although
the same theoretical sensitivity is expected at 5.5 GHz and 9.5 GHz, the sparse
overlap in adjacent pointings, larger phase calibration errors, and increased radio
frequency interference (RFI) all result in a drop in sensitivity. Henceforth, we
refer to GLASS observations conducted at 5.5 GHz and 9.5 GHz as GLASS 5.5
and GLASS 9.5 respectively.

2.2.1.6 uGMRT legacy observations (399 MHz)

As part of the GLASS legacy survey (Sect. 2.2.1.5), uGMRT has observed GAMA
23 in band-3 (250-500 MHz) centered at 399 MHz. The project 32_060 (PI: Ish-
wara Chandra) was awarded 33 hours to cover 50 contiguous pointings spanning a
50 square-degree region. Observations were conducted in a semi-snapshot mode,

with ~ 30 minutes per pointing distributed through three 10 minute scans. In

band-3, the wide-band correlator collects a bandwidth of 200 MHz divided into
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4,000 fine channels. Data reduction was conducted using a Common Astronomical
Software Application (CASA; McMullin et al., 2007) pipeline’. Data reduction
followed the standard data reduction practices such as data flagging, bandpass
and gain calibration, application of solutions to target scans, imaging and self-
calibration (see Ishwara-Chandra et al. 2020 for details). The image is restored by
a15.8"” x6.71"” (BPA= 9.5°) beam, and achieves a best RMS of ~100 x Jy beam ™.
We note that several bright sources throughout the field adversely impact the data
reduction, resulting in large spatial variations in the RMS. The uGMRT has a
shortest baseline of ~ 200m, which corresponds to a largest recoverable scale
of ~ 10" at 500 MHz (i.e. the highest frequency in band-3). As such, despite
the high spatial resolution in these observations, we expect that sensitivity to
large-scale structure is sufficient to recover the largest angular scale probed by

our radio source sample (~ 2).

2.2.1.7 Low resolution ATCA observations (2.1, 5.5 & 9 GHz)

Due to their power-law spectral energy distributions, the integrated luminosities
of radio galaxy lobes decrease with increasing frequency (Sect. 2.1). Given that
remnants can display ultra-steep radio spectra, this presents a sensitivity chal-
lenge associated with their detection. For a survey such as GLASS which has high
0 ~ 5" angular resolution, owing to the extended baseline configurations within
which the observations were conducted (Sect. 2.2.1.5), the survey lacks the nec-
essary short baselines coverage that is needed to detect extended and large-scale
emission. As a result, we carried out low-resolution observations in the compact
configurations of ATCA.

The project C3335 (PI: B. Quici) was awarded 14 hours to conduct low-
resolution observations of each remnant identified for this work, at 2.1, 5.5 and
9GHz. Observations at 2.1 GHz (LS-band) were conducted in the H168 con-
figuration; observations at 5.5 and 9 GHz (CX-band) were conducted in the

"Pipeline can be found at http://www.ncra.tifr.res.in/~ishwar/pipeline.html, and
makes use of CASA version 5.1.2-4
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H75 configuration. The minimum and maximum baselines achieved within each
configuration are 61 m and 192m for H168, 31 m and 89m for H75 respectively
(excluding baselines formed with antenna CA06). Bandpass, gain and flux cali-
bration was performed using PKS B1934-638. Due to the small angular separation
between each target, the secondary calibrator was held constant for each target.
At 2.1 GHz, PKS B2259-375 was used for phase calibration. At 5.5 and 9 GHz,
phase calibration was performed with PKS B2254-367. To maximize uv cover-
age, each target was observed on a rotating block of length ~30 minutes, with
approximately® 2 minutes allocated per target per block. Secondary calibrators
were observed twice per block to ensure stable phase solutions.

Data reduction was performed using the CASA software package’, and fol-
lowed the standard data reduction practices. As part of preliminary flagging,
the data are ‘clipped’; ‘shadowed’ and ‘quacked’ using the flagdata task, in or-
der to flag for zero values, shadowed antennas and the first five seconds of the
scans, respectively. Forty edge channels of the original 2049 are also flagged due
to bandpass roll-off (Wilson et al., 2011). Again using the flagdata task, the
uncalibrated data are then automatically flagged for RFI using mode=‘tfcrop’,
which calculates flags based on a time and frequency window. The data are man-
ually inspected in an amplitude versus channel space, to ensure RFI is adequately
flagged. Observations conducted in the LS-band and C'X-band were split into
four and eight sub-bands, respectively. Calibration was performed per sub-band
per pointing. To perform calibration, the complex gains and bandpass are solved
for first using the primary calibrator. Complex gains and leakages were solved
for next using the secondary calibrator. After applying a flux-scale correction
based on PKS B1934-638, the calibration solutions were copied individually to
each target scan. A secondary round of automatic RFI flagging is performed with
flagdata where mode=‘rflag’, which is used for calibrated data. The primary

and secondary calibrator, as well as each target scan are flagged in this way. In to-

8Time per source was varied slightly to accommodate for the fainter/brighter sources.
9This work makes use of CASA version 5.1.2-4
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tal, approximately &~ 52% and ~ 15% of the available bandwidth was flagged due
to RFI present in the LS and C'X bands, respectively. Within the hybrid config-
urations the first five antennas, CA0O1-CAO05, provide the dense packing of short
(10-100m) spacings. Antenna CAO0G is fixed and provides much larger spacings
of ~4500 m. Given that this results in a large gap in the uv coverage, all baselines
formed with antenna CAO06 are excluded to achieve a well-behaved point-spread-
function. The average noise properties and restoring beams at 2.1, 5.5 and 9 GHz
are respectively: o ~ 0.7mJybeam—! and § = 104" x 127", o ~ 0.22mJy beam ™!
and 88" x 110", and o ~ 0.14mJybeam™' and § = 54" x 67”. We use any unre-
solved GLASS sources present within the target scans to evaluate a calibration
uncertainty. At 5.5 GHz, the ratio of the integrated flux density between the
low-resolution ATCA observations and GLASS was consistently within 3%. We
use this value as the absolute flux-scale uncertainty. Details of these observations
are summarized in Table 2.2. A comparison of these observations and GLASS,
at 5.5 GHz, is presented in Figure 2.2. The reader should note, due to persistent
RFT in the LS-band, we were unable to make a detection of most of our targets

at this frequency.

2.2.2 Optical/near-infrared data

2.2.2.1 VIKING near-infrared imaging

Observed with the Visible and Infrared Survey Telescope for Astronomy (VISTA),
the VISTA Kilo-degree INfrared Galaxy survey (VIKING) provides medium-deep
observations over ~1500deg? across the Z, Y, J, H & K, bands, each achieving
a bo AB magnitude limit of 23.1, 22.3, 22.1, 21.5 and 21.2 respectively. VIKING
imaging is used to perform both an automated and manual host galaxy identifi-

cation (see Sect. 2.3).

58



-34°46'

Dec (J2000)

22h53mAgs 408 36° 30°
RA (J2000)

Figure 2.2: A 5.5 GHz view of the radio source MIDAS J225337—344745. The
image offers a comparison between (i) GLASS (Sect. 2.2.1.5) presented as the
gray-scale image on a linear stretch, and (ii) the low-resolution ATCA observa-
tions (Sect. 2.2.1.7) represented by the solid white contours. Contour levels are
set at [5, 6.3, 9.6, 17.3, 35.5]x o, where o0 = 210u Jy beam ™!

and is the local RMS.
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2.2.2.2 GAMA 23 photometry catalogue

The GAMA 23 photometry catalogue (Bellstedt et al., 2020) contains measured
properties and classifications of each object catalogued by the PROFOUND!Y
(Robotham et al., 2018) source finding routine, which uses a stacked r+Z2 image to
perform initial source finding. Approximately 48,000 objects have spectroscopic
redshifts provided by the Anglo-Australian Telescope (AAT), and the survey is
~95% spectroscopically complete up to an i band magnitude of 19.5 (Liske et al.,
2015). For objects without spectroscopic redshifts, we use the near-UV to far-IR
photometry (available in the photometry catalogue) to obtain photometric red-

shifts using a public photometric redshift code (EAZY; Brammer et al., 2008)!.

2.3 Methodology

2.3.1 Sample construction

Our methodology for compiling a sample of radio galaxies, and classifying their ac-
tivity status, is presented below. We begin our selection at low frequencies where
steep-spectrum radio lobes are naturally brighter. Not only does MIDAS ES
provide access to such low frequencies, but also its relatively low spatial resolu-
tion results in a sensitivity to low-surface-brightness emission that is required to
recover emission from diffuse, extended radio sources.

Genuine remnant radio galaxies will not display radio emission from the core
associated with the AGN jet activity at the centre of the host galaxy. As such,
we classify any radio galaxy as ‘active’ if positive radio emission is observed from
the radio core. Similarly, we prescribe a ‘candidate remnant’ status to any ra-
dio galaxy that demonstrates an absence of radio emission from the core. True
emission from the radio core will be unresolved even on parsec scales, meaning

observations with high spatial resolution are ideal for their detection. This also

OPublicly available on GitHub: https://github.com/asgr/ProFound
HEAZY publicly available on GitHub: https://github.com/gbrammer/eazy-photoz
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No. Sample step Criteria Sample size

343° < RA < 347°
1 Limit footprint within GLASS region D 676
-32.5° < Dec < -35°

2 Flux-density cut Soremuz > 10 mJy 446
3 Angular size cutf 0 > 25" 109
3.1 Ocrass > 25" (82)
3.2 Ocrass < 25" & Opmu-Es > 25" (27)
Remove radio sources tracing the
4 AGN dominated 106
optical /near-IR galaxy component
Radio core in GLASS 5.5 (Active) 94
5 Activity status
No radio-core in GLASS 5.5 (Remnant cand.) 10
26 (zs)
Host identification (Active) Visually match radio core with VIKING galaxy 54 (2,)
14 (no z)
6
3 (zs5)
Host identification (Remnant) See Sect. 2.4

7 (z)

Table 2.3: Summary of each sample criteria discussed in Sect. 2.3. Steps 1-4 describe the radio galaxy sample selection.
Step 5 describes the active/remnant classification. Step 6 describes host galaxy association.
fStep 3 is broken into two parts, denoted by steps 3.1 and 3.2, for which the resulting sample size is the sum total.




ensures that the emission from the radio core is not contaminated by emission
from the radio lobes. As demonstrated by Mahatma et al. (2018), sensitive ob-
servations are equally important to enable the detection of radio cores. GLASS
addresses both of these considerations by providing sensitive (~ 30 uJy beam™'),
high resolution (4” x 2") radio observations at 5.5 GHz. Our sample is constructed
by following the steps outlined below (see Table 2.3), and is presented in full as

a supplementary electronic table (see Table A.1 for column descriptions).

1. Limit the search footprint within GLASS region D
The footprint, within which radio galaxies are selected, is constrained to
343° < RA < 347°, —35° < Dec < —32.5°. This excludes the outer
regions of higher noise from the GLASS mosaic thus ensuring the GLASS

Lat 5.5 GHz. By maintaining

noise levels range between 25—35uJy beam™
almost uniform noise levels across the field, this reduces the bias of selecting
brighter radio cores in higher-noise regions. By applying this footprint to
the MIDAS ES component catalogue, 676 components are selected. The

resulting sky coverage within this footprint is 8.31 deg?.

2. Flux-density cut
A 10mJy flux density cut at 216 MHz is imposed on the sample. Given the
low angular resolution, this ensures the MIDAS ES detections are robust,
e.g. greater than 100 for an unresolved source. We identify 446 radio

sources brighter than 10 mJy at 216 MHz.

3. Angular size cut
Our decision to impose a minimum size constraint was motivated by two
factors: firstly to minimise blending of the radio core with the radio lobes,
and secondly to allow for an interpretation of the radio source morphology.
By imposing a minimum 25" angular size constraint, we ensured a minimum

of six GLASS 5.5 synthesized beams spread out across the source. For each
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of the 446 radio sources, we produce 2’ x 2" cutouts'? centered at the cata-
logued MIDAS ES source position. EMU-ES, GLASS 5.5, GLASS 9.5 and
VIKING K ,—band cutouts are generated, and contours of the radio emis-
sion are overlaid onto the VIKING K —band image. Henceforth, we refer
to these as image overlays. While GLASS 5.5 has the advantage in spatial
resolution, EMU-ES has a significantly better brightness-temperature sen-
sitivity. This consideration is important since faint radio lobes, while seen

in EMU-ES, may become undetected by GLASS 5.5.

As such, a first pass is conducted by identifying any radio source with
an angular size greater than 25” in GLASS 5.5 (e.g. farass 55 > 25”).
Due to the manageable size of the sample, we do this step manually by
visually matching the correct components of each radio source, and measure
the linear angular extent across each radio source. We identify 82 radio
sources this way. For radio sources with fgpass 55 < 257, we use the
aforementioned image overlays to identify any radio sources for which the
low-surface-brightness lobes escape detection in GLASS 5.5. For such cases,
the angular size is measured using EMU-ES, and are accepted if Ogyu_gs >
25" (e.g. see Figure 2.3). An additional 27 radio sources are identified this
way, giving a total of 109 radio sources greater than 25”. For consistency,
the angular size of each radio source is re-measured using EMU-ES, by
considering the largest angular size subtended within the footprint of radio

emission above 5o.

4. AGN dominated
As a result of their sensitivity to low-surface-brightness emission, both MI-
DAS ES and EMU-ES are able to detect radio emission from a typical
face-on spiral galaxy. Radio emission from these objects is not driven by
a radio-loud AGN, but by stellar processes, and therefore these sources

need to be removed from the sample. At the angular scales probed by this

2Image cutouts are generated using ASTROPY module Cutout2D
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work, radio emission from such stellar processes can be identified through
the coincidence of the radio morphology relative to its host galaxy. While
it is known that compact AGN-driven radio emission can also be confined
within the host galaxy, the radio morphologies of such sources still resemble
a jet-lobe structure. Using the aforementioned image overlays, we therefore
remove three radio sources that trace the optical /near-infrared component
of the host galaxy, as revealed with VIKING K —band imaging. We pro-
vide an example in Figure 2.4. The remaining sample contains 106 extended

radio galaxies, forming the parent sample for this analysis.

. Activity status

To constrain the nuclear activity associated with an AGN, we use GLASS 5.5
imaging to search for evidence of a radio core. For a successful radio core
detection, we require a compact object with a peak flux density greater
than 30. We use BANE to produce an RMS image associated with each
GLASS 5.5 image cutout. Only pixel values above 30 are considered. We
use the orientation and morphology of the radio lobes as a rough constraint
on the potential position of the radio core. Following this method, we clas-
sify 94 radio galaxies as active, and a further 11 as candidate remnant radio
galaxies. We emphasise that this method only selects candidate remnant
radio galaxies, since the existence of a faint, undetected radio core is still
possible. For each remnant candidate we place a 30 upper limit on the peak
flux density of the core. Here, o is measured by drawing a circle equivalent
to four GLASS synthesized beams at the position of the presumed host
galaxy and measuring the RMS within this region.

. Host identification

For radio sources with a core, we use a 1” search radius to cross match the
position of the radio core with the GAMA 23 photometry catalog. Out
of 94 such sources, the hosts of 80 radio galaxies are identified this way,

of which 26 and 54 have spectroscopic and photometric redshifts, respec-
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tively. The hosts of the remaining 14 sources are either extremely faint in
K,-band, or remain completely undetected in VIKING, potentially due to
lying at higher redshift. Host identification for remnant candidates is dis-
cussed on a per-source basis in Sect. 2.4, as this is a complicated and often
ambiguous procedure. For each radio source we also use WISE (Wright
et al., 2010) 3.4pm and 4.6pm images to determine if any potential hosts
were not present in the VIKING imaging, however this did not reveal any

new candidates.

2.3.2 Collating flux densities

For each of the 104 radio galaxies, integrated flux densities are compiled from the
data described in Sect. 2.2.1. To compile the integrated flux densities at 119, 154
and 186 MHz (GLEAM SGP), 216 MHz (MIDAS ES), and 1400 MHz (NVSS), we
use their appropriate source catalogues described in their relevant data sections.
As a result of the high spatial resolution at 399 MHz (uGMRT observations),
887MHz (EMU-ES) and 5.5GHz (GLASS 5.5), sources are often decomposed
into multiple components. To ensure the integrated flux densities are measured
consistently across these surveys, we convolve their image cutouts of each source
with a 54" circular resolution (e.g. the major axis of the MIDAS synthesized
beam). Integrated flux densities are then extracted using AEGEAN by fitting a
Gaussian to radio emission. For each remnant candidate observed with ATCA at
low resolution at 2.1, 5.5 and 9 GHz, we use AEGEAN to measure their integrated
flux densities. The 5.5 GHz integrated flux density reported for each remnant
candidate is exclusively taken from these low resolution ATCA observations, not
GLASS. Finally, for each integrated flux density measurement, uncertainties are
calculated as the quadrature sum of the measurement uncertainty and the abso-

lute flux-scale uncertainty.
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Figure 2.3: Example of the radio source MIDAS J230304-323228 satisfying the
criterion: Ogpass < 25" & Opymu_gs > 25”. The low-surface-brightness lobes
are escaping detection in GLASS, resulting in an incomplete morphology. The
contours represent EMU-ES (navy blue), GLASS 5.5 (cyan) and GLASS 9.5 (ma-
genta), with levels set at [3,4,5,7,10,15,25,100] xo, where o is the local RMS of
43, 26 and 40 uJybeam™! respectively. Contours are overlaid on a linear stretch
VIKING K;-band image. The seemingly absent hotspots would imply these are
remnant lobes, however the presence of a radio core means this source is classi-
fied as ‘active’. The true nature of this source may be a restarted radio galaxy,
however the lack of any resolved structure around the core is puzzling.
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Figure 2.4: Example of a non AGN-dominated radio source, MIDAS J225802-
334432, excluded from the sample. Analysis of the radio morphology shows that
the radio emission traces the optical component of the host galaxy. The contours
represent EMU-ES (navy blue), GLASS 5.5 (cyan) and GLASS 9.5 (magenta),
with levels set at [3,4,5,7,10,15,25,100] x o, where o is the local RMS of 45, 28 and
41 ;1 Jy beam ™! respectively. Contours are overlaid on a linear stretch VIKING
Ks-band image. The radio emission is hosted by I1C 5271 (ESO 406-G34).
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2.3.3 Radio SED Fitting

To better understand their energetics, we model the integrated radio spectrum of
each remnant candidate. We use a standard power-law model of the radio contin-
uum spectrum (Eqn 2.1), where the spectral index, «, and the flux normalization

Sp are constrained by the fitting, and vy is the frequency at which Sy is evaluated:
S, = So (v/v)? (2.1)

Given we can expect to see evidence of a curvature in their spectra, especially
over such a large frequency range, we also fit a generic curved power-law model
(Eqn 2.2). Here, g offers a parameterization of the curvature in the spectrum,
where ¢ < 0 describes a convex spectrum. For optically-thin synchrotron emitted
from radio lobes, ¢ typically ranges within —0.2 < ¢ < 0. Although ¢ is not
physically motivated, Duffy & Blundell (2012) show that it can be related to
physical quantities of the plasma lobes such as the energy and magnetic field
strength.

S, = Sy e’ (2.2)

Fitting of each model is performed in Python using the CURVE_FIT module; fitted
models are presented in Figures 2.5a—2.5j. Additionally, we calculate a Bayesian
Information Criterion (BIC) for each model. To compare each model, we calculate
a ABIC = BIC; —BIC; which suggests a preference towards the second model for
ABIC> 0 (and similarly, a preference towards the first model if ABIC< 0).
Weak model preference is implied by the following range 0 < |ABIC— < 2,
whereas a model is strongly preferred if [ABIC— > 6. In Table 2.4, we calculate
ABIC = BICower—taw —BICcurved—power—law-
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Fig. So16 LAS Score Power-law Curved power-law ABIC
MIDAS Name
(m1y) (") (plybeam=l) | Qe Xiq | Ot q Xoed

J225522-341807 2.5a  24.7+1.9 100 <73 -1.4040.09 2.2 | -1.5040.10 -0.114£0.08 1.5 | -13.2
J225607-343212  2.5b  18.34+2.0 83 <72 -1.1040.04 1.2 | -1.2040.01 -0.073+£0.01 0.1 3.1
J225608-341858 2.5¢  14.7+2.0 60 <72 -0.86+0.05 0.3 | -0.914+0.1  -0.04+0.07 0.3 2.2
J225337-344745 2.5d 170.6 5.8 105 <74 -0.924+0.05 12.1 | -0.894+0.02 -0.12+0.02 0.8 23.8
J225543-344047 2.5e 192.7+5.8 84 < 117 -0.87+£0.01 0.4 | -0.8740.02 -0.003+£0.01 0.5 2.8
J225919-331159 2.5f 36.6+2.0 70 < 60 -0.86+£0.02 1.0 | -0.8940.02 0.035+0.01 0.5 6.9
J230054—-340118 2.5bg 113.4+6.7 106 < 86 -0.73+0.03 2.8 | -0.7240.03 -0.027+0.02 2.5 -4.1
J230104-334939 2.5h 554+22 37 < 57 -0.7240.03 2.0 | -0.6940.04 -0.023+£0.01 2.0 2
J230321-325356 2.5 153.6 £6.0 93 < 74 -0.86+£0.01 0.9 | -0.854+0.01 -0.019+£0.01 0.5 6.4
J230442-341344 2.5) 198.1+6.1 50 < 84 -1.0040.02 1.2 | -140.02  -0.008+0.02 1.5 -1.3

Table 2.4: Summarized radio properties of the selected remnant candidates. So14 gives the 216 MHz integrated flux density.
LAS gives the largest angular size measured from EMU-ES. S.,.. gives the 5.5 GHz upper limit placed on the radio core peak
flux density using GLASS. ag; denotes the spectral index fitted by each model. The curvature term modelled by the curved
power-law model is represented by ¢q. As per Sect. 2.3.3, the ABIC is calculated between each model and presented in the
final column. A reduced chi-squared (x2,) is also evaluated for each model.



2.4 Remnant radio galaxy candidates

We present and discuss each of the 11 candidate remnant radio galaxies below.
Seven are found to display hotspots in GLASS. Image overlays and the radio
continuum spectrum are presented in Figure 2.5. General radio properties are

presented in Table 2.4.

2.4.1 Remnant candidates without hotspots
2.4.1.1 MIDAS J225522-341807

Radio properties. Figure 2.5a shows extremely relaxed lobes and an amorphous
radio morphology. No compact structures that would indicate hotspots are ob-
served. The average 154 MHz surface brightness is ~ 32mJy arcmin—2, satisfying
the low SB criterion (SB < 50 mJy arcmin™2) employed by Brienza et al. (2017).
The diffuse radio emission is undetected by the uGMRT observations, NVSS,
GLASS, as well as the 2.1 GHz and 9 GHz ATCA follow-up observations. Unsur-
prisingly, we find that the source spectrum appears ultra-steep at low frequencies,
and demonstrates a curvature (¢ = —0.11) across the observed range of frequen-
cies. The radio properties point towards an aged remnant.

Host galaxy. Identification of the host galaxy is rather challenging here as
the amorphous radio morphology provides little constraints on the host position.
No clear host galaxy is seen along the centre of the radio emission, however this
can easily be explained if the radio lobes have drifted. We approximate the
central position of the radio emission by taking the centre of an ellipse drawn to
best describe the radio source. G1 (z, = 0.474) is located 10.2” from the radio
center, corresponding to a 61kpc offset. G2 (z, = 0.433) is located 14.1” from
the radio center, corresponding to a 80kpc offset. G3 (z, = 0.294) is located 23"
from the radio center, corresponding to a 102 kpc offset. Without any additional
information, we take G1 as the likely host galaxy. We note that G4 (z, = 0.41)

shows compact radio emission at 887 MHz, however it is unclear whether this is
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related to the extended structure. We include the radio spectrum arising from
G4 in Figure 2.5a, and note that it contributes approximately 5% to the total
radio flux density at 887 MHz. If G4 is unrelated, its radio spectrum should be
subtracted from the integrated spectrum of MIDAS J225522-341807.

2.4.1.2 MIDAS J225607-343212

Radio properties. Figure 2.5b shows a pair of relaxed radio lobes, with a dif-
fuse bridge of emission connecting each lobe along the jet axis. The 154 MHz
average surface brightness is calculated as ~ 26mJy arc-minute 2, satisfying the
low surface brightness criterion. The edge brightened regions likely represent the
expanded hotspots of the previously active jet, similar to what is observed in
B2 0924430 (Shulevski et al., 2017). The source is undetected by the uGMRT
observations, GLASS, as well as the ATCA follow-up at 2.1 GHz and 9 GHz.
Curvature is evident in the spectrum, which becomes ultra-steep above 1.4 GHz.

Host galazy. Along the projected centre of the jet axis, a collection of three
potential host galaxies exist within a ~ 7” aperture. The redshift of each host,
Gl (zs = 0.31307), G2 (2, = 0.361), G3 (z; = 0.27867), suggests they are all
at similar redshift, and thus would not result in an appreciable difference to the
corresponding physical size and radio power. We take G1 as the most likely host

as it lies closest to the projected centre of the radio lobes.

2.4.1.3 MIDAS J225608-341858

Radio properties. Figure 2.5c¢ shows two relaxed, low surface brightness lobes
that are asymmetrical in shape. The flattened ‘pancake’-like morphology of the
Northern lobe can be explained by the buoyant rising of the lobes (Churazov et al.,
2001). The surface brightness of each lobes is approximately 43 mJy arcmin™2,
satisfying the low SB criterion employed by Brienza et al. (2017). The source
is undetected by the follow-up 2.1 GHz and 9GHz ATCA observations. The

spectrum seems consistent with a single power law (o« = —0.86), and the detection
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at 5 GHz is too weak to determine whether spectral curvature is evident at higher
frequencies.

Host galazy. G1 (z, = 0.57) lies 4.8” away from the radio center, correspond-
ing to a 32kpc offset. G2 (z, = 0.321) lies 13" away from the radio center,
corresponding to a 61 kpc offset. This assumes that the lobes are equidistant
from the host, which is not always the case. However, we retain G1 as the likely

host galaxy.

2.4.2 Candidates with hotspots
2.4.2.1 MIDAS J225337-344745

Radio properties. Figure 2.5d shows a typical low-resolution FR-II radio galaxy
as evidenced by the edge-brightened morphology. The average 154 MHz surface
brightness is 160 mJy arcmin=2. The source is firmly detected by the ATCA
follow-up at all frequencies, revealing that the spectrum is highly curved (¢ =
—0.12) over the observed frequency range and only becomes ultra-steep at v =
2GHz. An evaluation of its spectral curvature reveals SPC = 0.78 4+ 0.17, sug-
gesting the lobes are remnant. The properties of the spectrum strongly suggest a
lack of energy supply to the lobes, however, GLASS 5.5 reveals compact emitting
regions at the edges of each lobe that may suggest recent energy injection. We
divert a detailed analysis of this source to Sect. 2.5.3.

Host galary. The radio lobes are unambiguously associated with galaxy G1

(zs = 0.2133) based on the close proximity to the geometric centre of the lobes.

2.4.2.2 MIDAS J225543-344047

Radio properties. Figure 2.5e demonstrates an elongated, ‘pencil-thin’, radio
galaxy with an edge-brightened FR-II morphology. GLASS detects only the
brightest and most compact emitting regions, and misses the lower surface bright-

ness emission seen at 887 MHz. The radio source is detected in all but the 2.1 GHz
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ATCA follow-up observations. The radio spectrum is well modelled by a power-
law (o = —0.87), and shows no evidence of a curvature up to 9 GHz.

Host galary. G1 (z, = 1.054) lies closest to the projected radio center.
G2 (z, = 1.019) and G3 (z, = 1.342) are also likely, however the difference in
implied redshift would not result in an appreciable change to the derived physical

size and radio power.

2.4.2.3 MIDAS J225919-331159

Radio properties. Figure 2.5f demonstrates a pair of lobes with compact emitting
regions seen by GLASS. The radio spectrum is well approximated as a power-law
(v = —0.86) with no evidence of a spectral curvature over the observed range of
frequencies.

Host galaxzy. G1 (%, = 0.504) is taken as the likely host galaxy due to its

central position between each lobe.

2.4.2.4 MIDAS J230054-340118

Radio properties. Figure 2.5g shows a peculiar radio morphology; while the west-
ern lobe shows bright emitting regions in GLASS, the counter lobe is completely
diffuse and does not show a hotspot. It is unclear what is causing this.

Host galazy. The galaxies G1 (z, = 0.32) and G2 (2, = 0.306) are consid-
ered as host candidates, given their position between each lobe. We find that
G2 is not associated with any galaxy group; if the lobe asymmetry is due to an
environmental effect, we would not expect a field galaxy host. We can not com-
ment on whether G1 is associated with a group, given the lack of a spectroscopic

confirmation.

2.4.2.5 MIDAS J230104-334939

Radio properties. Figure 2.5h shows a typical FR-II radio galaxy, as implied
by the edge-brightened morphology. The source exhibits clear hotspots in each
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lobe, as seen by GLASS 5.5 and GLASS 9.5. The source is detected in all but
the 2.1 GHz ATCA follow-up. Modelling the radio continuum spectrum gives a
spectral index of approximately a = —0.7, revealing no significant energy losses.
The ABIC offers tentative evidence for some spectral curvature, however this may

just be a result of a poorly constrained spectrum at low (< 215 MHz) frequencies.

Host galazy. The radio source is unambiguously associated with G1 (z; =

0.312), which almost perfectly aligns with the projected centre of the source.

2.4.2.6 MIDAS J230321-325356

Radio properties. Figure 2.51 shows two distinct radio lobes with compact emit-
ting regions observed at 5.5 GHz and 9.5 GHz. The spectral index is approxi-
mately o = —0.86 showing no significant evidence of spectral ageing. The ABIC
does indicate a preference towards the curved power law model, however any
real curvature in the spectrum is marginal (¢ ~ —0.02) and does not necessarily
require an absence of energy injection. Host galaxy. Three likely host galaxies
are identified by their alignment along the projected jet axis; G1 (z, = 1.327),
G2 (%, = 0.622) and G3 (2, = 0.775). We assume G1 is the true host, due to its

smaller separation from the projected radio center.

2.4.2.7 MIDAS J230442-341344

Radio properties. Figure 2.5j . Both lobes are detected in GLASS 5.5, however,
only the southern lobe shows emission in GLASS 9.5. It is unclear what is causing
this; both components are resolved by GLASS and show similar morphologies,
so it is unlikely they are unrelated. The radio spectrum is well approximated by
a power-law (o = —1), with no evidence of a spectral curvature. Host galazy.
Gl (2, = 0.9) is a favourable host galaxy candidate, due to its small angular
separation from the projected centre between the lobes. G2 (z, = 0.8075) is

located further off centre towards the South, at a similar implied redshift.
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(a) MIDAS J225522—-341807. EMU-ES contour levels: [3,4,5,7,10]xo. GLASS 5.5
contour levels: [3,4,5]xo. GLASS 9.5 contours are not presented due to an absence of
radio emission above 30. Compact component at RA=22"55"25.5%, Dec= -34°18'40" is
unrelated. The radio spectrum of the compact radio component, G4, is demonstrated
by the blue markers. Radio emission from G4 is undetected by GLASS 5.5, we thus
present a 3o upper limit.
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(b) MIDAS J225607—-343212. EMU-ES contour levels: [3,4,5,7,10,12,15,20]x0.
GLASS 5.5 contour levels: [3,4,5]xo. GLASS 9.5 contours are not presented due to
an absence of radio emission above 30. Compact component at RA=22"56™03%, Dec=
-34°32'55" is unrelated.
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Figure 2.5: Left: Plotted are the remnant candidates presented in Sect. 2.4.
Background image is a VIKING K; band cutout set on a linear stretch. Three
sets of contours are overlaid, representing the radio emission as seen by EMU-ES
(black), GLASS 5.5 (orange) and GLASS 9.5 (blue). Red markers are overlaid
on the positions of potential host galaxies. Right: The radio continuum spec-
trum between 119 MHz and 9 GHz. The integrated flux densities at 5.5 GHz
come from the low-resolution ATCA observations (Sect. 2.2.1.7) not the lower
resolution GLASS images. A simple power-law (Eqn 2.1) and curved power-law
(Eqn 2.2) model are fit to the spectrum, indicated by the purple and blue models,
respectively.
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(c) MIDAS J225608-341858. EMU-ES contour levels: [3,4,5,7,10]x0.
GLASS 5.5 contour levels: [3,4,5]xo. GLASS 9.5 contours are not presented
due to an absence of radio emission above 3o.
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(d) MIDAS J225337—-344745. EMU-ES contour levels: [4,5,10,30,50,70] x o,
GLASS 5.5 contour levels: [3,4,5,6]xo. GLASS 9.5 contours are not presented
due to an absence of radio emission above 3o.
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els: [3,4,5,7,15,30,100] x o, GLASS 5.5 contour levels: [3,5,10,20] xo. GLASS 9.5
contour levels: [3,5,10,20] xo
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Figure 2.5: — continued.
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(f) MIDAS J225919-331159. EMU-ES contour levels: [5,10,20,40,60] x 0o,
GLASS 5.5 contour levels: [3,4,5,6,10,20]x0. GLASS 9.5 contour lev-
els: [3,4,5,6]xo
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(g) MIDAS J230054—-340118. EMU-ES  contour  lev-

els: [3,4,5,7,15,30,100,300] xo, GLASS 5.5 contour levels: [3,5,10,20,30]x0.
GLASS 9.5 contour levels: [3,5,10,20] xo
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(h) MIDAS J230104-334939. EMU-ES contour levels: [5,8,15,35,50]x0,

GLASS 5.5 contour levels: [3,5,7,9,11|x0. GLASS 9.5 contour lev-
els: [3,4,5,6]xo
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Figure 2.5: — continued.
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(i) MIDAS J230321-325356. EMU-ES contour levels: [5,10,30,100,300]x 0,
GLASS 5.5 contour levels: [3,5,10,20,30,40,50]x0. GLASS 9.5 contour lev-
els: [3,5,10,20] x o
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(j) MIDAS J230442-341344. EMU-ES contour levels: [5,10,30,100,300]x0o,
GLASS 5.5 contour levels: [3,5,10,20,30,40,50]xo. GLASS 9.5 contour lev-
els: [3,5,10,20] xo
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Figure 2.5: — continued.
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2.5 Discussion

2.5.1 Sample properties
2.5.1.1 Core prominence distribution

To understand the limitations imposed by our selection criteria, we investigate
the core prominence distribution across our sample. We define the core promi-
nence (CP) as the ratio of core to total flux density, i.e. CP = Sore/Stotalr The
total integrated flux density is measured at 216 MHz. We take the GLASS 5.5
measurement of the radio core flux density, and re-scale to 216 MHz assuming the
spectrum of the radio core is a flat spectrum (o = 0) (e.g; Hardcastle & Looney,
2008). For the selected remnant candidates, we present upper limits on their CP
by using the 30 upper limits on their core peak flux density. Our results are

presented in Figure 2.6.

Sources with radio cores show a wide distribution in their CP, varying within
the range 107! — 107*. The median CP of the sample is ~ 1 x 1072, almost two
orders of magnitude larger than the median CP reported by Mullin et al. (2008)
for the 3CRR sample (e.g. ~ 3 x 107%). This can be expected given the most
powerful radio galaxies are preferentially selected by 3CRR. Instead, comparing
our CP range to the LOFAR-selected sample compiled by Mahatma et al. (2018)
— e.g. see their Figure 4 — we find the ranges are consistent. Although the reader
should note Mahatma et al. (2018) compute their CP at 150 MHz, meaning a
Av = 66 MHz frequency shift should be accounted for if a direct comparison is

made.

As discussed in Sect. 2.1, the ‘absent radio core’ criterion only selects rem-
nant candidates. Genuine remnant radio galaxies will not display a radio core,
meaning their CP should approach null. In fact, the CP in such sources should be

lower than any active radio source in which a radio core is present. This implies
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that a clean separation should exist between active and remnant radio galaxies,
however, this is not what we see in Figure 2.6. Instead, we find that the CP up-
per limits imposed on the remnant candidates overlap with core-detected radio
galaxies. This comes as a result of our sample criteria. Given the GLASS detec-
tion limit (~ 75uJy beam™!), only remnant candidates brighter than ~ 500 mJy
will show CP upper limits below what is observed for core-detected radio galaxies
(e.g. log(CP) < —3.7). This result indicates that it is still possible for some of
the selected remnant candidates to display a faint radio core that is missed by
GLASS. For remnant candidates without hotspots this is less of a concern, as we
have additional information that would suggest the jets have switched off. How-
ever, for those with hotspots, decreasing the upper limits on their CP is required
to confidently assert whether their AGN has switched off. As such, these sources

must retain their remnant candidate classification.

A low core-prominence criterion is indeed necessary to classify recently switched
off remnants. However, we find that the three remnant candidates with the weak-
est constraints on their CP upper limits are also those without hotspots, two of
which have ultra-steep spectra, e.g. see Sect. 2.4.1. While the sample size is
rather small, this observation would suggest that aged remnants may be prefer-
entially deselected if only a low (< 107%) CP criterion is used. This observation
echoes the results of (Brienza et al., 2017), who show that none of their ultra-
steep spectrum remnants are selected by low CP (e.g. < 0.005), and, only 3/10

morphologically-selected remnants are selected by low CP.

2.5.1.2 Spectral index distribution

The integrated spectral properties of our sample are explored over two frequency
ranges. The integrated flux densities at 119, 154, 186, 216 and 399 MHz are used
to develop a low-frequency spectral index, a3}5. To compute correct fitting un-

certainties, we fit power-law models to the data in linear space. A high-frequency
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Figure 2.6: 216 MHz CP distribution of radio sources (see Sect. 2.5.1.1). Core-
detected radio galaxies are represented by light-green markers. 30 upper limits
are placed on the remnant CP, denoted by the left-pointing arrows. Purple and
orange colored arrows are used to indicate remnant candidates with and without
hotspots, respectively. The vertical dot-dashed black line represents the value
above which the distributed CP is complete across the sample. The red dot-
dashed line traces the lowest CP that can be recovered at the corresponding total
flux density. Uncertainties on the CP are propagated from the uncertainties on
the total and core flux density. A histogram of CP is presented in the top panel.
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Figure 2.7: The high-frequency spectral index o252 is plotted against the low-
frequency spectral index 375. A third color-bar axis is over-plotted to show the
largest angular size in arc-seconds. Solid black line represents a constant spectral
index across both frequency ranges. Dashed black line represents a spectral cur-
vature of SPC = 0.5. The red dotted and dot-dashed lines represent a @ = —1.2

spectral index across the low- and high- frequency range, respectively.
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Sample OT15, med  O110, mean O%87med  O887,mean  JUSlow  JUS, high
Core-detected -0.60 -0.63 -0.66 -0.67 0/94 3/94
Remnant cand. (with hotspot) -0.69 -0.69 -0.84 -0.88 0/7 1/7
Remnant cand. (without hotspot) — -1.27 -1.29 -1.27 -1.38 /3  (2-3)7/3

Table 2.5: Spectral index statistics calculated based on data represented in Figure 2.7. The median and mean spectral index,
indicated by med and pean subscripts, are presented for the low oy and high ag3?° frequency ranges. fus low and fus, nigh
represent the low- and high-frequency ultra-steep fractions, respectively.

T A range is given here, as it is unclear whether MIDAS J225608—341858 (Fig. 2.5¢) is ultra-steep at high frequencies.



. . . log10(Sss7/S :

spectral index, aga?’, is computed using o = %, and an associated un-
: _ 1 ASssr)2 ASs500 )2

certainty Aa = (887 /5500) \/ ( S ) + ( ol ) . We populate our results onto

an a — « plot, e.g. Figure 2.7, and summarize our results in Table 2.5.

Despite the access to high frequencies (v = 5.5 GHz), we find that the se-
lected remnant candidates with hotspots show similar spectral properties to radio
galaxies with an active radio core. At low frequencies, remnant candidates with
hotspots display spectral indices that are consistent with continuous injection.
The high frequency spectral index does appear to be steeper than for the bulk of
remnant candidates with hotspots, however, this is also observed for core-detected
radio sources and simply reflects the preferential ageing of higher-energy elec-
trons. No remnant candidates with hotspots display an ultra-steep low-frequency
spectral index, and only one such source (e.g. Sect. 2.4.2.1) demonstrates a high-
frequency ultra-steep spectral index. Regarding these remnant candidates with
non ultra-steep spectra, their position on the a — « plot can be explained if these
are young, recently switched off remnants. However, their spectral properties
can just as easily be explained if these are active radio galaxies in which the
radio core is below the GLASS detection limit. We can not rule out either of
these possibilities based on their spectra alone, and as such they must remain as
remnant candidates. We note that Mahatma et al. (2018) also report on a large
overlap in the observed spectral index (150 MHz-1.4 GHz) between their active
and candidate remnant radio galaxies. Only one of their remnant candidates
display hotspots at 6 GHz with the Very Large Array telescope, meaning it is
not necessarily only the remnant candidates with hotspots which display similar
spectral indices as active radio galaxies. A great example of this is the remnant

radio galaxy Blob 1 identified by Brienza et al. (2016).

We also find a small fraction (3/94) of core-detected radio sources which
demonstrate an ultra-steep spectral index. The angular size of these sources

is well below the largest angular scale that GLASS can recover at 5.5 GHz, sug-
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gesting the curvature is genuine. This tells us that ultra-steep selection will not
only select radio galaxies in which the AGN has switched off, however it is inter-
esting to note these sources also do not display GLASS hotspots. It is possible
these sources represent restarted radio galaxies in which the ‘core’ represents a
newly-restarted jet.

Unsurprisingly, we find that the remnant candidates without hotspots also
display steeper spectra than those with hotspots. The absence of compact fea-
tures in their morphologies implies a lack of recent jet activity, and is supported
by their ultra-steep spectra which implies significant spectral ageing within the
lobes. Our low fraction of ultra-steep spectrum remnant candidates echoes the
result of Brienza et al. (2016) who discuss the bias of preferentially selecting aged

remnant radio galaxies via their ultra-steep spectra.

2.5.1.3 Power-size distribution

We investigate the sample distribution in redshift, total radio power, and largest
linear size, given the host galaxy identifications. We stress that many of the
selected remnant candidates have uncertain host galaxy associations, presenting
a major challenge in analysing their rest-frame properties. An additional uncer-
tainty comes from the photometric redshifts, which make up 60/104 (57%) of the
sample. In addition, 14 active radio galaxies do not have an optical identification,
meaning photometric redshift estimates can not be attained. If we assume their
host galaxies are at least 101%°Mg), e.g. the lowest stellar mass reported by Best
et al. (2005) to host a radio-loud AGN, we can apply the K — z relation (e.g.
see; Longair & Lilly, 1984; Rocca-Volmerange et al., 2004) to estimate the low-
est redshift for which a 10'°5M, galaxy will be undetected below the VIKING
K -band AB magnitude limit (Sect. 2.2.2.1).

The absent detection from the VIKING K-band suggests that the host galax-
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Figure 2.8: 216 MHz radio power against the largest linear size. Core-detected
radio sources (blue markers), remnant candidates with hotspots (orange markers)
and remnant candidates without hotspots (red markers) are displayed. Circular
and square markers are used to denote spectroscopic and photometric redshifts,
respectively. Lower limits on the 14 radio sources without host identifications
are denoted by green arrows. Plotted also are the largest linear sizes that would
result in a 50 detection at 216 MHz at z = 0.3 (black) and z = 1 (red). Limits
are calculated assuming a uniform brightness ellipse, and a lobe axis ratio of 2.5
(solid line) and 1.5 (dashed line). Aged remnants often display low axis ratios,
e.g. MIDAS J225522—341807 (Sect. 2.4.1.1).
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Sample N Zmed Zmean Pmed Pmean LLSmed LLSmean

logio(WHz™!) logio(WHz™!)  kpe kpc
Full sample.
Core-detected 80 0.519 0.59 25.2 25.2 277 379
Core-detected' 94 0.549 0.651 25.3 25.3 294 388
Remnant candidates 10 0.504 0.619 25.5 25.8 435 512
Spectroscopic redshifts.
Core-detected 25 0.303 0.290 25.1 25.2 171 322
Remnant candidates 3 0312 0.279 25.2 25.1 351 299

Table 2.6: Derived distribution averages from Sect. 2.5.1.3. The number of radio sources included in each category are denoted
by N. The redshift, z, radio power, P, and largest linear size (LLS) are presented. The subscripts med and mean refer to the
median and mean values. In the upper half of the table, we consider the entire sample of 104 radio sources. In the lower half,
we consider only those with spectroscopic redshifts.

f Including the 14 core-detected radio galaxies with z > 1 lower limits.



ies of the 14 radio galaxies are likely above z = 1. The caveat here is that Best
et al. (2005) investigate local (z < 0.3) radio-loud AGN samples, whereas here
we are assuming higher redshift. Figure 1 of Smolci¢ et al. (2017) shows a hint of
a decline in stellar mass with redshift, however, our assumption of the minimum
stellar mass seems valid up to z ~ 1. For each radio source, we calculate the
total radio power following: P = 47SD3(1 + z)~*!, where Dy, is the luminos-
ity distance. For the 14 radio galaxies without optical identifications, the radio
power is calculated assuming z > 1. Our results are presented in Table 2.6 and

Figure 2.8.

Assuming radio lobes continue expanding once the jets switch off, which at
least appears to be the case for FR-II radio galaxies as shown by Godfrey et al.
(2017), an expectation of this is for remnants to display larger physical sizes
with respect to their active radio galaxy progenitors. Interestingly, our results
suggest that the largest linear sizes of core-detected radio galaxies and remnant
candidates are similar. This may be explained by the observational bias against
remnant radio galaxies of large linear size; such sources will preferentially fall
below a fixed detection limit due to their lower surface brightness profiles. Since
the linear size and age of a radio galaxy are correlated, for a fixed jet power and
environment, it is not unreasonable to suggest that these ‘missing’ remnants also
correspond to older remnant radio galaxies, which in turn would imply our sample
predominately comprises of young remnants (see also Mahatma et al. 2018). If so,
this result is consistent with the low fraction of ultra-steep remnants discussed
in in Sect. 2.5.1.2. We do however caution this analysis since seven remnant
candidates have ambiguous host galaxy associations, as well as the uncertainties

surrounding the photometric redshift estimates.

We instead consider the sample of 28 spectroscopically-confirmed radio galax-

ies to see whether we can draw the same conclusions as above. Within this
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‘spectroscopic sample’, we can be confident not only of the sample redshifts, but
also of the three remnant candidates (e.g. see Sect. 2.4.1.2, 2.4.2.1, and 2.4.2.5)
which have unambiguous host galaxy associations, meaning we can be confident
of their positions on the power-size diagram. As demonstrated in Figure 2.8,
the absence of remnant radio galaxies of large linear size becomes quite clear in
the ‘spectroscopic sample’, and is consistent with the previously-discussed con-
clusions. Our limiting factor here is the small sample size, however this will be
addressed in future work where we can expect a factor ~ 6 increase in the sam-
ple size of radio galaxies in GAMA 23. The additional benefit here will be the
GAMA 23 group catalogue, which provides group/cluster associations for galax-
ies with spectroscopic redshifts, as well as virial estimates for the group mass.
This will allow us to begin decomposing the degeneracy between radio power,

linear size and environment.

2.5.2 Constraining a remnant fraction
2.5.2.1 Remnant fraction upper limit

The fraction of remnant radio galaxy candidates identified in this work provides
an upper limit to the genuine fraction of remnant radio galaxies, fiem, present
within this sample. Of 104 radio galaxies, 10 are identified as remnant radio
galaxy candidates, resulting in a fiem ~ 10% upper limit on the remnant frac-
tion. Saripalli et al. (2012), Brienza et al. (2017) and Mahatma et al. (2018)
each constrain a remnant fraction from radio observation and their results are
presented in Table 2.7. At face value, the remnant fraction obtained in this
work is consistent with that of Brienza et al. (2017) and Mahatma et al. (2018),
and shows a considerable increase over the fraction constrained by Saripalli et al.
(2012). The apparent inconsistency with Saripalli et al. (2012) may very well be a
result of their selection. Their sample was selected at 1.4 GHz, where ultra-steep

remnants may potentially be missed, and they also excluded sources without a
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Ref. Sky coverage Flux limit Sample frequency 6., Sample size frem
(deg?) (mJy) (MHz) ()

1 7.52 1 1400 30 119 < 4%

2 35 40 150 60 158 < 11%

3 140 80 150 60 127 < 9%

4 8.31 10 216 25 104 4 < frem S 10%

Table 2.7: Remnant fractions constrained by previous authors. Each column, in ascending order, represents the cited study,
the sky coverage over which the sample is compiled, the flux limit across the sample (or the faintest source in the sample), the
frequency at which the flux cut is made, the angular size cut of the sample, the number of radio galaxies within the sample,

and the resulting remnant fraction.

References. (1) Saripalli et al. (2012), (2) Brienza et al. (2017) and Jurlin et al. (2020), (3) Mahatma et al. (2018),

(4) This work.



radio core but hotspots still present within the lobes. It is interesting to note
that despite the difference in the flux limit and angular size cut compared to
the samples complied by Mahatma et al. (2018), Brienza et al. (2017), and Jurlin
et al. (2020), the upper limits on the remnant fraction appear consistent. Shabala
et al. (2020) show that the remnant fraction predicted by constant-age models,
e.g. those in which the jets are active for a constant duration, is highly sensitive
to observable constraints, e.g. the flux and angular size limit. On the other hand
the remnant fraction predicted by power-law age models, e.g. those in which the
duration of the active phase is power-law distributed, shows little dependence
on observable parameters. It is therefore possible that the similarity in remnant
fractions implies a preference towards power-law age models that describe AGN

jet activity, although this needs to be pursued in more detailed future work.

2.5.2.2 Remnant candidates without hotspots

As presented in Sect. 2.4, the lobes of seven remnant candidates display compact
emitting regions in GLASS, potentially indicating a hotspot formed by an active
jet. As discussed in Sections 2.5.1.1 and 2.5.1.2, these sources could be interpreted
either as recently switched off remnants, or, active radio galaxies with unidentified
radio cores. We thus propose a lower limit to the remnant fraction, by considering
the limiting case where each remnant candidate with a hotspot is an active radio
galaxy. This would suggest a frem = 4/104 (= 4%) lower limit on the remnant
fraction, consistent with the value reported by Saripalli et al. (2012). As discussed
in Sect. 2.5.3, an appreciable fraction of genuine remnants with hotspots can

potentially be expected.

2.5.3 Evolutionary history of MIDAS J225337-344745

A particularly interesting source to examine is MIDAS J225337—344745, which
as mentioned in Sect. 2.4.2.1, demonstrates two seemingly contradictory features:

the higher-frequency ultra-steep (o < —1.52) spectrum of the lobes, suggesting
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Figure 2.9: Modelled integrated spectrum of MIDAS J225337—344745. Fig-
ure 2.9a models the spectrum assuming a continuous injection model (CI). Fig-
ure 2.9b models the spectrum assuming a continuous injection model with an ‘off’
component, encoding a jet switch-off (CI off). In each model, a 20 uncertainty
envelope is represented by the violet shaded region. As discussed in Sect. 2.5.3,
the model uncertainties take into account only the uncertainties on the flux den-
sity measurements, and do not reflect the underlying uncertainties due to an
inhomogeneous magnetic field. For reference, a best-fit to the data using single
power-law model is represented by a blue line.

Table 2.8: Summarized properties of MIDAS J225337—344745 spectral modelling
(Section 2.5.3). A reduced chi-squared (x%,) is provided to assess the quality of
fit. The injection index a,j, observed-frame break frequency 1, and quiescent
fraction T are presented for the fitted continuous injection (CI) and continuous
injection-off Cl-off models. We quote a ABIC calculated between the two models.

Model X%, Qi v T ABIC
fitted GHz
CI 3.43 -0.608 1.60£0.08 — 9.1

Cl-off 0.64 -0.55 2.240.09  0.28+0.004
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Figure 2.10: A ‘MIDAS J225337—344745" type remnant radio galaxy is modelled
by assuming a jet power @ = 1031 W, an injection energy index of s = 2.1, an
equipartition factor of B/B., = 0.22, and a total source age of 71 Myr of which
50 Myr is spent in an active phase, and a further 21 Myr is spent as a remnant.
The shaded blue bar corresponds to the time during which the source is active,
after which the jets are switched off and the hotspots/lobes begin to fade. The
evolution of the synchrotron emission from the lobes (solid black tracks) and the
hotspots (dashed tracks) are shown as a function of the total source age. The
assumption that the hotspot magnetic field strength is a factor five greater than
the lobes (colored in orange) comes from Cygnus A, however we also assume
a factor ten increase in the hotspot magnetic field strength (colored in red) to
consider shorter fading timescales. We explore this in terms of the peak flux
density, as this ultimately decides whether the emitting regions are detected in
observations. The vertical drop in the flux density tracks reflects the depletion of
electrons capable of producing emission at 5.5 GHz. As expected, the synchrotron
emission evolves faster in the hotspot, however, their fading timescale is non-
negligible in comparison to that of the lobes.
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energy losses consistent with an aged remnant radio galaxy, and the compact
5.5 GHz emitting regions in GLASS, which may in turn suggest current or recent
energy injection. It is unclear whether these are genuine hotspots; the north-
eastern lobe is detected just above the noise level and thus demonstrates many
‘hotspot-like’ features. A singular, bright ‘hotspot’ is evident in the south-western
lobe, however, the emitting region is clearly resolved at a physical resolution of
7 x 14kpc (the physical resolution of GLASS 5.5 at z = 0.213), and so it is
unclear whether this ‘hotspot’ is formed by an active jet, or, whether it is the
expanding hotspot of a previously-active jet. It is also possible that the compact
emitting region is a combination of the lobe and hotspot. Fortunately, the radio
continuum spectrum appears to preserve the original spectrum at low frequencies,
while also encoding the energy losses evident at higher frequencies. This allows
us to model and parameterise the spectrum in terms of physically meaningful
parameters, allowing us to probe the energetics along with the dynamics. Our
ultimate objective here is to determine whether the compact emitting regions can

be expected within a remnant radio galaxy. Our analysis is laid out as follows.

We model the radio source using the Radio AGN in Semi-analytic Environ-
ments (RAISE) code which considers, amongst other things: (i) the evolution
of the magnetic field strength; (i) the adiabatic losses contributing to the ra-
dio luminosity evolution of the lobes; and (iii) the Rayleigh-Taylor mixing of the
plasma contained within the remnant lobes. These processes are described by the
dynamical (Turner & Shabala, 2015) and synchrotron emissivity (Turner et al.,
2018b) models for lobes FR-II radio lobes, which follow the continuous injection
model (CI model; Kardashev, 1962; Pacholczyk, 1970; Jaffe & Perola, 1973). The
remnant spectrum follows the continuous injection ‘off” model (Cl-off; Komis-
sarov & Gubanov, 1994) alternatively known as the KGJP model, which Turner
(2018) parameterise with two break frequencies. A jet power Q= 1031 W, mag-
netic field strength B = 1.08 n'T, and total source age 7 = 71 Myr are constrained
by the method of Turner et al. (2018b). The synchrotron spectrum is modelled
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by the method of Turner (2018) which, provided sufficient spectral sampling, al-
lows the injection index ajy;, break frequency v, and quiescent fraction'® T' to be
uniquely constrained. Our results are shown in Figure 2.9. Both models con-
strain an injection index that is consistent within their typically observed range
of —1.0 < aupj < —0.5 (see Table 2.8). The discrepancy between the modelling
becomes evident at the highest frequencies, for which the CI model begins to
over-predict the integrated flux density. On the other hand, the Cl-off model is
able to comfortably reproduce the observed spectral curvature. We calculate a
reduced chi? (x%,) for each model, and a ABIC= 2.1 (by BICc; — BICcr_og)
which demonstrates a preference towards the Cl-off model (see Table 2.8). Al-
though the distinction between the two models is ultimately driven by the 9 GHz
measurement, Cl-off provides a better model of the observed spectrum suggest-
ing these are remnant lobes. Modelling the spectrum as a remnant suggests the
source spends approximately 21 Myr in a remnant phase.

Turner et al. (2018b) showed that the CI model provides a statistically signif-
icant fit to the broad frequency radio spectra of over 86 per cent of FR-IIs in the
Mullin et al. (2008) sample of 3C sources (typically 12 measurements between
0.01 and 10 GHz from Laing & Peacock 1980; but see Harwood 2017). Further,
despite the non-physical CI model assumption of time-invariant magnetic fields,
Turner et al. (2018b) find that CI model is an excellent fit to the simulated spec-
tra of lobed FR-II which do consider magnetic field evolution, and are able to
recover the source dynamical age.

As a final sanity check on the duration of the remnant phase fitted above (by
the integrated Cl-off model), we constrain the age of the most recently acceler-
ated electron populations which we assume are located near the ‘hotspots’. We
convolve the radio observations at 399 MHz, 887 MHz and 5.5 GHz images to a
common 11” circular resolution and measure the integrated flux density within an

aperture centered at the southern ‘hotspot’. We fit the spectrum with a Tribble

13The quiescent fraction is defined as T' = tog /7, where t,g is the duration of the remnant
phase, and 7 is the total age of the radio source.
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JP model assuming the magnetic field derived previously in our RAiSE modelling.
We arrive at a remnant age of o,z = 1315 Myr, consistent with the tog ~ 21 Myr
derived from the integrated CI-off model. We stress that the observations are not
properly (u,v) matched, and thus are not necessarily seeing the same radio emis-
sion; e.g. at 5.5 GHz, the flux density is likely underestimated due to resolving
out the extended radio emission. We leave a more detailed analysis of this source

to future work.

Next, we model the hotspot to better understand its typical fading timescale.
We model a ‘MIDAS J225337—344745 like’ radio galaxy, meaning we adopt the
same values for the jet power, active age, lobe axis ratio, energy injection index
and equipartition factor. By the method of Turner et al. (2018a) we forward
model the 5.5 GHz lobe spatial emissivity (without the hotspot) and convolve the
output map with the GLASS 5.5 synthesized beam. We consider the GLASS 5.5
beam with the largest integrated flux (e.g. the maximum peak flux density), as
this ultimately determines whether the youngest emitting regions of the lobes
are detected. The hotspot is modelled assuming a JP spectrum (Jaffe & Perola,
1973) for the same initial properties as the lobe, but for an increased magnetic
field strength. Cygnus A displays a factor five increase in the hotspot magnetic
field strength, in comparison to that of the lobes (Carilli & Barthel, 1996). We
make the same assumption for MIDAS J225337—344745, however also consider
a case where the hotspot magnetic field strength is a factor 10 greater than
the lobes. We also assume the same ratio of hotspot to lobe volume as that
measured in Cygnus A; this only shifts the spectrum along the log-frequency
log-luminosity plane and does not influence the spectral shape (i.e. the slope).
Our results are presented in Figure 2.10. As expected, the hotspot fades rapidly
once injection switches off. Bright radio emission from the hotspot is driven
by the freshly injected electrons which have a short lifetime at high frequencies
due to the strong magnetic field. Despite the hotspot fading rapidly, its fading

timescale is non-negligible when compared to the characteristic active and rem-
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nant ages. It is not unreasonable to suggest that recently switched off remnants
may still display hotspots, and that some of the selected remnant candidates
with hotspots (Sect. 2.5.2.2) may indeed be such cases. The main result of Fig-
ure 2.10 is that the hotspots of a recently switched off jet should not be visible
in MIDAS J225337—344745, assuming a t.g ~ 21 Myr remnant phase. At the
implied age of the remnant, the modelled emitting regions of the lobes range be-
tween 100-150 kpc in size. This is consistent with the observed emitting regions
in GLASS, which demonstrate a projected linear size of ~ 96kpc. This indi-
cates that the bright features in GLASS are entirely consistent with the youngest

plasma regions, and are not necessarily the hotspots of an active jet.

As such, the interpretation of this source is challenging for the following rea-
sons. Modelling the spectrum suggests these are the lobes of a remnant radio
galaxy. While hotspots will remain visible for a non-negligible period of time
after injection is switched off, they should not be visible in this source assuming
the remnant age is correct. The two pieces of evidence are consistent with one
another if the bright GLASS features are just the youngest emitting regions of the
lobes. If we alternatively assume MIDAS J225337—344745 is an active source, the
RAISE modelling of Turner et al. (2018b) finds a comparable age (7 = 100Myr) to
the remnant case but a substantially lower jet power of @ = 103¢:" W is required
to match the relatively low observed flux density. This jet power is typically
associated with an FR-I morphology for the known host galaxy mass (e.g. Led-
low, 1994; Best, 2009), potentially resulting in a broad flare point rather than
compact hotspots at the end of a jet. This morphology may explain the large
spatial extent of the GLASS 5.5 GHz observations, however does not resolve the

discrepant spectral curvature.

Finally, the result presented in Figure 2.10 makes a rather interesting predic-
tion for the observed properties of genuine remnants. As discussed in Sect. 2.5.2,
the upper limit on the remnant fraction is frem ~ 10%. For a characteristic

active lifetime of ~ 100 Myr, our observed remnant fraction would thus sug-
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gest an observable remnant phase lasting ~ 10 Myr. The modelling of a ‘MI-
DAS J225337—344745 like’ radio galaxy shows that the hotspot can persist for
at least several Myr before fading out completely. As such, we can expect an

appreciable fraction of remnants to still display hotspots.

2.6 Conclusions

Within a sub-region of 8.31 deg? of the GAMA 23 field, we have compiled a sam-
ple consisting of 104 extended, low-frequency selected (216 MHz) radio galaxies.
Using the 5.5 and 9.5-GHz GLASS survey, we have adopted the ‘absent radio
core’ criterion to search for remnant radio galaxy candidates. Our conclusions

are summarized as follows:

e We identify 10 new remnant radio galaxy candidates, thereby constraining
an frem < 10% upper limit on the fraction of radio galaxies with quiescent

AGN. Our upper limit is consistent with that proposed by previous authors,

and suggests that remnants must have a short observable lifetime.

e Seven remnant candidates show compact emitting regions in GLASS, an
observation that can only be explained if the jets have recently switched
off. A much smaller fraction (3/10) show relaxed, hotspot-less lobes, and
only one displays an ultra-steep spectrum across the entire frequency range.
This implies remnants are detected soon after switching off, suggesting a

rapid fading during the remnant phase.

e The small fraction of ultra-steep (o < —1.2) remnants is likely a result of

the oldest remnant lobes escaping detection due to their expansion.

e At present, the upper limits placed on the remnant core prominence are
too weak to confidently rule out the presence of AGN activity. Those with
compact hotspots and a non ultra-steep spectrum must therefore retain

their remnant candidate classification. Considering the limiting case in
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which all these are active radio galaxies, we would expect a fiem =~ 4%

remnant fraction.

e MIDAS J225337—344745 represents an interesting object for future study.
Modelling the integrated lobe spectrum shows consistency with a remnant
radio galaxy. We find that although the hotspot has a non-negligible fading

timescale, we do not expect to see hotspots in this source.

e By modelling the synchrotron spectrum arising from a ‘MIDAS J225337—344745-

like” hotspot, we show that the hotspot can persist for 5—10 Myr at 5.5 GHz
after the jets switch off. This would imply that the presence of a hotspot
in radio maps may not necessarily reflect an active jet, and by extension
we can expect an appreciable fraction of genuine remnants to still display

hotspots.
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Chapter 3

A novel simulation-based method
for selecting and modelling

remnant radio galaxies

In the following chapter, we present our second major contribution of work un-
dertaken during this thesis. The contents of this chapter have been published
as “Selecting and Modelling Remnant AGNs with Limited Spectral Coverage”
(2022) in the Monthly Notices of the Royal Astronomical Society, volume 514,
10.1093/mnras/stac1328 (Quici et al., 2022). The accepted manuscript is re-
produced, with permission, in full in this chapter. Minor typographical and gram-

matical changes have been make to ensure consistency with the rest of the Thesis.

Abstract

Quantifying the energetics and lifetimes of remnant radio-loud active galactic
nuclei (AGNs) is much more challenging than for active sources due to the
added complexity of accurately determining the time since the central black
hole switched off. Independent spectral modelling of remnant lobes enables the

derivation of the remnant ratio, Riem, (i.e. ‘off-time/source age’), however, the
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requirement of high-frequency (2 5GHz) coverage makes the application of this
technique over large-area radio surveys difficult. In this work we propose a new
method, which relies on the observed brightness of backflow of Fanaroff-Riley
type II lobes, combined with the Radio AGN in Semi-Analytic Environments
(RAISE) code, to measure the duration of the remnant phase. Sensitive radio ob-
servations of the remnant radio galaxy J2253-34 are obtained to provide a robust
comparison of this technique with the canonical spectral analysis and modelling
methods. We find that the remnant lifetimes modelled by each method are consis-
tent; spectral modelling yields Ry = 0.2340.02, compared to Rien = 0.264+0.02
from our new method. We examine the viability of applying our proposed tech-
nique to low-frequency radio surveys using mock radio source populations, and
examine whether the technique is sensitive to any intrinsic properties of radio
AGNs. Our results show that the technique can be used to robustly classify
active and remnant populations, with the most confident predictions for the rem-
nant ratio, and thus off-time, in the longest-lived radio sources (> 50 Myr) and

those at higher redshifts (z > 0.1).

3.1 Introduction

The supermassive black holes (SMBHs) residing at the heart of most galaxies
(Magorrian et al., 1998; Haring & Rix, 2004; Giiltekin et al., 2009), play a pro-
found role in the evolution of their host galaxies and large-scale (intergalactic) en-
vironments. Accretion onto the SMBH powers an active galactic nucleus (AGN),
which, when radio-loud, drives a pair of jets comprising relativistic plasma. The
jets inflate synchrotron-emitting lobes in the surrounding atmosphere, which act
to heat up and expel the surrounding intergalactic gas, and eventually halt ac-
cretion onto the SMBH (e.g. see reviews by; McNamara & Nulsen, 2007; Fabian,
2012; Alexander & Hickox, 2012). This jet mode of AGN feedback is needed to
quench star formation in the most massive galaxies (Croton et al., 2006), and to

suppress cooling flows in the cores of massive clusters (Fabian et al., 2003) at low
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redshifts (z < 2 — 3; Fabian, 2012).

Prescriptions for these feedback mechanisms require more than just the en-
ergetics and lifetimes of the jetted outbursts (Binney et al., 2007); the manner
by which the jet power couples with the surrounding gas is equally as important
(Tadhunter, 2008; Alexander & Hickox, 2012). The lifetime of the active jet phase
has a large influence on the mechanism coupling the jet power to the environ-
ment; e.g. through shock-heating driven by the global expansion of the lobes
(Worrall et al., 2012), versus the clearing of gas through the late buoyant rise
of jet-inflated bubbles (Churazov et al., 2001). This active lifetime also strongly
maps to the radio source linear size (Kaiser & Alexander, 1997), which deter-
mines the cluster radius of interaction where the energy deposition takes place.
The duration of a quiescent phase, in which there is either no or reduced jet
activity, can additionally be constrained from the active lifetime when combined
with measurements of the duty cycle. The duty cycle can be directly constrained
for “double-double radio galaxies” (DDRG; Schoenmakers et al., 2000) and some
remnant radio galaxies (Turner, 2018), or estimated on a population level from
the radio-loud fraction (e.g. Best et al., 2005; Shimwell et al., 2019). Feedback
mechanisms can therefore be examined by considering the spatial and temporal
scales over which the energy deposition takes place; i.e. does the cluster environ-
ment have sufficient time to reach its equilibrium state before jet activity resumes

(e.g. Turner & Shabala, 2015).

The feedback mechanisms that regulate the supply of the surrounding gas are
thought to give rise to an intermittency in jet activity, and the observed “rem-
nant” and “restarted” radio galaxy populations (e.g. see reviews by; Kapinska
et al., 2015; Morganti, 2017a); the latter representing those in which jet activity
has renewed prior to the remnant lobes fading from view. Importantly, remnant
radio galaxies offer valuable constraints on the active lifetimes of AGN jets, a
necessary step towards our general understanding of AGN jet feedback. Shabala

et al. (2020) demonstrate that models describing the global distribution of jet
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lifetimes and duty-cycles can be inferred from the observed fractions of remnant
and restarted radio sources (relative to active ones). On a per-source basis, rem-
nants offer direct constraints on the total duration of the jet phase. The age
measured for an active radio galaxy represents only the age at which the source
is observed, sampling only some fraction of the true jet phase. In contrast, rem-
nants, marking the conclusion of the active phase, encode the true lifetime of the
jet. For these reasons, methods to select and model remnant radio galaxy lobes

need to be robust.

Methodologies for selecting remnant radio galaxies are explored by many au-
thors, particularly since the advent of the Low Frequency Array (LOFAR; van
Haarlem et al., 2013). The overall consensus, as first proposed by Brienza et al.
(2016), is that a combination of morphological- and spectral-based methods are

needed to select a representative sample of remnant radio galaxies.

It is possible to select remnants based on an ultra-steep (e.g. a > 1.2; Cordey,
1987), or highly curved (e.g. Aa > 0.5; Murgia et al., 2011) radio spectrum
criterion. These methods rely on sufficient fading (ageing) at the highest observ-
ing frequency, and will therefore miss recently switched-off remnants in which
the break frequency lies beyond this frequency; this is confirmed based on ob-
served and mock radio source populations (e.g see; Godfrey et al., 2017; Brienza
et al., 2017; Mahatma et al., 2018; Shabala et al., 2020). The bias associated
with these spectral-based methods can be mitigated through the inclusion of a
morphological-based selection, where remnant lobes are selected based on diffuse,
low surface-brightness, amorphous lobes (e.g. Blob 1; Brienza et al., 2016), how-

ever such methods may be less effective for recently switched-off remnants (e.g.

3C 28; Harwood et al., 2015).

Upon cessation of the jets, a bright radio core is expected to disappear rapidly
(< 0.1 Myr). The selection of remnant radio galaxies can therefore also be made
based on the absence of compact radio emission from the core (e.g; Mahatma

et al., 2018; Quici et al., 2021), however we note the recent results of Jurlin et al.

104



(2021) who demonstrate the co-existence of faint radio emission from the core
together with ultra-steep remnant radio lobes for a handful of objects. Their
results suggest radio emission from the core, alone, may not necessarily deter-
mine whether the radio galaxy is active, and that high-frequency (v 2 5GHz)

observations are needed to confirm whether radio galaxy lobes are truly remnant.

High frequency radio observations are also critical to modelling the energetics
of both active and remnant AGNs (Turner et al., 2018b). Ageing of the lobe
plasma results in a spectral steepening due to the preferential radiating of high-
energy electrons (Kardashev, 1962; Pacholczyk, 1970), and is characterised by an
optically-thin break frequency that can be related (given a lobe magnetic field
strength) to the plasma spectral age. However, a major challenge in modelling
the dynamical evolution of remnant AGNs comes from the unknown time since
the jets switched off. Turner (2018) show that this problem can be resolved by
modelling the fractional duration of the remnant phase, based on the observed
steepening in the integrated lobe spectrum, reducing the required model complex-
ity to that of active radio sources. However, this method requires a well-sampled
radio spectrum, where high-frequency (v 2 5 GHz) observations are often needed

to properly characterise the observed spectral curvature.

Sensitive, wide-area radio surveys conducted with telescopes such as LOFAR,;
the Karoo Array Telescope (MeerKAT; Jonas & MeerKAT Team, 2016); the Aus-
tralian Square Kilometre Array Pathfinder (ASKAP; Johnston et al., 2007); and
eventually the Square Kilometre Array (SKA), are expected to offer an unprece-
dented view of the radio galaxy life-cycle. In principle, such surveys enable the
compilation of large samples of active, remnant and restarted radio sources, which
will offer invaluable constraints on mechanisms describing the jet-triggering and
AGN feedback. However, it is unrealistic to expect matching, high-frequency
(v 2 5GHz) sky coverage which, at present, is needed to robustly confirm the
status of remnant lobes (Jurlin et al., 2021), and tightly constrain their energetics

(Turner, 2018).
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In this work, we therefore explore whether measurements of the off-times
of remnant lobes can be made based on their surface brightness distributions.
To do this, we collect new data for the remnant radio galaxy J225337-344745
(J2253-34 hereafter), originally discovered by Quici et al. (2021), which data
are needed to conduct various spectral and dynamical modelling of the source
(Sect. 3.2). In Sect. 3.3, we apply an established spectral ageing method to
provide an independent measurement of the off-time in J2253-34. In Sect. 3.4,
we develop a new dynamical model-based method that uses the observed lobe
backflow to measure the off-times in remnant radio galaxies. Here, we apply
our method to J2253-34, and validate the estimate of its off-time against that
derived previously from its radio spectrum. In Sect. 3.5, we use mock radio
source populations, simulated at 150 MHz and 1.4 GHz, to examine whether the
off-times in a wide range of remnants can be constrained by this method. Final

discussions and conclusions are summarised in Sect. 3.6.

The ACDM concordance cosmology with €, = 0.3, Q4 = 0.7 and Hy =
70km s~ Mpc™! (Komatsu et al., 2011) is assumed throughout the paper.

3.2 Data

In this section, we describe the observations taken as part of this work, or larger
observing projects, for J2253-34, and the methods used to image these data.
We make use of new data collected by the Australia Telescope Compact Array
(ATCA; Frater et al., 1992), MeerKAT, and the upgraded Giant Meterwave Ra-
dio Telescope (uUGMRT), together with several ancillary data products. A multi-
wavelength view of J2253-34 using these new data can be seen in Fig. 3.1. All

measurements of the integrated flux density are reported in Tab. B.1.
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Figure 3.1: The remnant radio galaxy J2253-34 and its intergalactic environment.
The background image is an RGB composite constructed from mid-infrared K
(red), H (green) and J (blue) bands, respectively (e.g. see; Quici et al., 2021).
The host galaxy is indicated by a cyan-coloured ‘x’ marker. A 5.5 GHz view
of J2253-34 with 4” resolution is superimposed onto the background. Coloured
contours show the 1.42 GHz radio emission (‘sub-band 3’ in Sect. 3.2.2), with
levels increasing uniformly in log-space by 0.2 dex between [3,80] xo. Ellipses in
the lower-left corner denote the shape of the restoring beam at 1.42 GHz (orange)
and 5.5 GHz (blue).
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Date t Bmin - Bmax 9max,5.5 emax,g

PI Project code Config.
dd/mm  (h) (m) () ()
C3335 H75 03/06 8 31 - &9 6.0 3.7
C3335 H168 22/07 5.9 61 — 185 3.1 1.9
Benjamin Quici 3402 750C 14/02 12 46 — 704 4.1 2.5
C3402 1.5A 03/01 12 153 — 1469 2.4 1.5
C3402 6C (12,15)/11 10 337 — 5939 1.2 0.7

Table 3.1: Summary of the new ATCA observations in different configurations described in Sect. 3.2.1. In order, columns
denote: the principal investigator; the project code; the ATCA configuration; the date of observation, each conducted during
the year 2021; the total integration time; the range of shortest to longest baseline lengths; and the largest recoverable scales
at 5.5 GHz and 9 GHz. We note, B.x quoted for all but the 6C configuration excludes baselines formed with the ~6km
outrigger antenna (CA06), due to the gap in (u,v) coverage.



3.2.1 ATCA data

Pointed observations of J2253-34 were awarded through a series of observing
proposals (Tab. 3.1). Observations were conducted within the 4 cm—band, which
allows simultaneous observing over two 2 GHz-wide bands which were centered
at 5.5 GHz and 9 GHz. The collection and reduction of these data are presented

below.

To produce images with high spatial-resolution and sensitivity to large-scale
structure, coverage of the (u,v) plane was maximised by observing in various
ATCA configurations (see Tab. 3.1). Baselines ranged between 31-5939 m, en-
suring an appropriate sampling of the largest angular scale of J2253-34 (6 ~ 100”).
The combined integration time on the target was 39.5 hours. At the beginning of
each observation, we observed PKS B1934-638 for 10 minutes to derive bandpass,
gain and flux calibration solutions. 12 minute scans of J2253-34 were interleaved
with two-minute scans of PKS B2255-282; a source used to calibrate the time-
varying gains.

Data reduction was performed using the Multichannel Image Reconstruction,
Image Analysis and Display (MIRIAD; Sault et al., 1995), and closely followed the
method outlined by Huynh et al. (2015, 2020); we used the primary scan to solve
for the shape of the bandpass, the secondary scan to calibrate for the time-varying
gains and the polarization leakages, and then transferred the solutions to J2253-
34 where the gain solutions were averaged over a two-minute interval (the length
of each phase calibrator scan). Throughout all these steps, channels known to be

contaminated by radio frequency interference (RFI) were automatically flagged.

Calibrated data-sets associated with each unique observation, with equal
weighting, into a single data-set. To improve the imaging dynamic range, three
rounds of phase-only self calibration were conducted using a Robust 0.0 Briggs
weighting (Briggs, 1995), corresponding to an image resolution of approximately
3" x6". For each round, gains were solved over 2, 1, and 0.5 minute time intervals,

respectively. We refer to this data below as the ‘calibrated data-set’, and discuss
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the synthesis of our science-ready images in Sects. 3.2.1.1 & 3.2.1.2. For these
data, we assume a 3% calibration uncertainty in the ATCA flux density scale

(Reynolds, 1994).

3.2.1.1 Low-resolution imaging

We first produced images with lower spatial resolution to improve constraints
on the high-frequency, integrated, spectral energy distribution (SED). This was
done by splitting each 2-GHz band of the calibrated data-set into four 512 MHz
sub-bands. Each sub-band was imaged in MIRIAD using a Robust 0.0 Briggs
weighting, with an additional 30” Gaussian taper on the visibilities so as to reduce
contribution and noise from the longer baselines. The data were CLEANed to
an initial depth of 3o, after which a deeper CLEAN to 1o was performed around
pixels already in the model. Images were corrected for attenuation of the primary
beam.

To extract the photometry, we used POLYGON_FLUX', which uses the shape
of the restoring beam to evaluate a background-subtracted integrated flux den-
sity corresponding to a user-defined region (e.g. see Hurley-Walker et al. 2019).
Measurement uncertainties were calculated by multiplying the RMS noise by the
square-root number of beams corresponding to the region volume, which we added

in quadrature with the absolute calibration uncertainty.

3.2.1.2 High-resolution imaging

We further produced images with high spatial resolution so we could map the ra-
dio spectrum across the lobes (in conjunction with our data at other frequencies).
To maximise signal-to-noise, we imaged the entire 2 GHz bandwidth available in
each wide-band. To produce these images, we used a uniform Briggs weighting
and applied a 8" taper to the visibilities; although it was possible to improve

the spatial resolution beyond Opwnn = 8”, this corresponded to the best possible

https://github.com/nhurleywalker/polygon-£flux
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circular resolution that could be achieved across all radio images presented in
this work. To demonstrate this in Fig. 3.1, we present a higher-resolution view
of J2253-34 at 5.5 GHz by instead applying a 4” taper to the visibilities. The
data were CLEANed to an initial depth of 3o, after which a deeper CLEAN
to 1o was performed around pixels already in the model. After correcting im-

ages for the frequency-dependent primary beam attenuation, they achieved a

1 1

mean root mean square (RMS) sensitivity of 11 uJy beam™" and 13 pJy beam™
at 5.5 GHz and 9 GHz, respectively. We refer to these images as ‘high-resolution

ATCA images’.

3.2.2 MeerKAT data

We obtained 3.5 hours of time to observe J2253-34 on the MeerKAT radio tele-
scope (PI: B. Quici, project code: MKT 20212). Observations took place in
the ‘L-band’ (0.89-1.71 GHz), thus offering sensitive, high spatial-resolution ob-
servations at an intermediate frequency range. To collect the data, we used
PKS 1934-638 to calibrate the bandpass, and PKS 2259-37 to calibrate the time-
varying gains. The MeerKAT bandpass response is stable to within 3% over
2-3hours. As such, the observations were conducted in two ‘blocks’ by visiting
the bandpass calibrator twice; once at the beginning of the observation, and again
1.5 hours later. Each bandpass calibrator scan lasted 10 minutes. Observations of
J2253-34 were carried out by interleaving a two minute gain calibrator scan with a
15.5 minute target scan. In total, the target received 2.6 hours of exposure time.
Using the calibrated measurement set made available from the South African
Radio Astronomy Observatory (SARAO) Web Archive?, we performed a single
round of RFI flagging using AOFlagger (Offringa et al., 2012). We identified four
frequency ranges as having RFI-clean, unflagged visibilities, and we refer to these
as ‘sub—bands’ (see Tab. B.1).

Imaging was conducted using WSClean (Offringa et al., 2014). Each sub-

2The SARAO Web Archive is found at https://archive.sarao.ac.za/
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band was imaged independently by blindly CLEANing the data down to a depth
of 30, followed by a deeper CLEAN down to a 1o level around the model. Imag-
ing of sub-bands 1-4 was performed using an image weighting of robust -1.0,
-0.6, 0.0 and +0.25, respectively. In this way, all but the lowest sub-band
achieved an image resolution of fpwuy < 8”. All imaging was performed us-
ing the multiscale option, which enables multi-scale deconvolution (Offringa &
Smirnov, 2017). Each sub-band was then corrected for the frequency-dependent
primary beam attenuation. Finally, images associated with sub—bands 2-4 were
convolved to a circular 8” resolution, in order to match the resolution in the high-
resolution ATCA images. The image associated with sub-band 1 was excluded
from this final step, as the restoring beam exceeded 8”. A 5% calibration un-
certainty is assumed throughout this work. Following the method as described
in Sect. 3.2.1.1, the integrated flux density of J2253-34 (and associated measure-

ment uncertainty) was measured from each sub-band using the same user-defined

polygon.

3.2.3 uGMRT data

We finally made use of two low-frequency, high-resolution radio images, cre-
ated using data collected with the upgraded Giant Meterwave Radio Telescope
(uGMRT), which contained J2253-34 within their fields of view. Observations
were conducted in band-3 (250—500 MHz; proposal code 37-057, PI: Ross Turner),
and in band-4 (550 —900 MHz; proposal code 35022, PI: C. H. Ishwara Chandra).
The data was reduced using the CAPTURE Pipeline (Kale & Ishwara-Chandra,
2021), which uses the Common Astronomy Software Applications (CASA; Mec-
Mullin et al., 2007) package. After the initial gain calibration, the data was
channel averaged to keep the bandwidth smearing negligible. Using a Briggs
weighting of robust 0.0, the channel averaged source data was subjected to four
rounds of phase-only self-calibration followed by 4 more rounds of amplitude and

phase self-calibration. A final band-3 image, centered at 417 MHz, was produced
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using a robust 0.0 weighting, resulting in a native resolution of ~ 8"’ x 5”. A final
band-4 image, centered at 682 MHz, was produced using a robust 0.0 weighting,
resulting in a native resolution of ~ 5” x 3”. The resolution in each image was
convolved to a circular beam of § = 8", achieving a local RMS of 52Jy beam ™!

and 43uJy beam~! at 417 MHz and 682 MHz, respectively.

3.2.4 Ancillary data

To fill out the sampled integrated radio spectrum of J2253-34, particularly at
frequencies not covered by our new data, we take several measurements previ-
ously compiled by Quici et al. (2021). We take their integrated flux densities
reported at: 119 and 154 MHz, measured from the Galactic and Extragalactic
All-sky Murchison Widefield Array (GLEAM; Hurley-Walker et al., 2017) survey;
887 MHz, measured from the Evolutionary Map of the Universe (EMU; Norris,
2011); 1.4GHz, measured from the NRAO VLA Sky Survey (NVSS; Condon
et al., 1998), and; 2 and 2.868 GHz, measured using pointed observations col-
lected in the LS-band (A = 4cm) of ATCA (see Tab. B.1).

3.3 Spectral modelling of remnant lobes

Before we develop a new method to measure the off-time in remnant radio sources,
we must ensure that our result can be verified against an established method. The
off-time can be derived from the rapid steepening of their high-frequency spectrum
due to the cessation of the jet activity and the subsequent lack of freshly shock-
accelerated synchrotron-emitting electrons. In Sect. 3.3.1-3.3.3, we outline the
theory of several literature-established spectral ageing models, and discuss their
applications to radio lobe spectra. In Sect. 3.3.4, these models are applied to a
combination of low- and high-resolution radio observations, in order to tightly
parameterise the spectral ageing observed for J2253-34. Further, in Sect. 3.3.2,

we briefly describe a PYTHON package we developed as part of this work to model
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synchrotron spectra for a diverse range of applications in astrophysics.

3.3.1 Synchrotron emissivity

The total emissivity of a synchrotron-emitting plasma, J(v), can be found by
integrating the single-electron emissivity (e.g. j(v); Longair, 2011) over the dis-
tribution of electron energies, N(F); and the probabilistic distributions of the
magnetic field strength, pp, and pitch angle, pe (Equation 4 of; Hardcastle, 2013)

J(v) = /OO /7r N MF(x)N(E)pngdEdgdB, (3.1)
o Jo Jo

8m2egcm,

where B gives the magnetic field strength; & the pitch angle; ¢ the speed of light;
e the electron charge; ¢ the permittivity of free space; and m, the electron mass.
Rybicki & Lightman (1979) define F'(z) as the shape of the single-electron radia-
tion spectrum, where x represents a dimensionless parameterisation of frequency,
magnetic field strength, and electron energy, F, through:

v drmicty

L e P 3.2
v, 3eE2?2Bsing’ (32)

T =

where 1, is the break frequency above which (i.e. at higher frequencies) the
spectrum steepens due to energy losses associated with the plasma ageing. Im-
portantly, for a given magnetic field strength, the break frequency is related to

the plasma spectral age through:

vB!/? ~1/2
T = WB%C(Vb(l + Z)) s (33)

where Bijc = 0.318(1 + 2)?nT gives the magnetic field equivalent of the cosmic
microwave background at redshift z, and v is a constant of proportionality (see
Equation 4 of Turner et al. 2018b).

Parameterisation of meaningful attributes, such as 14,, demands appropriate

treatment of N(E), pp, and pe. Kardashev (1962) initially proposed a model
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with no pitch angle scattering, giving p; = 1, however a more realistic model
assuming an isotropic distribution for the pitch angle was subsequently suggested
by Jaffe & Perola (1973), giving pe = %siné’ : we assume the latter probabilistic
distribution for the pitch angle in this work. Meanwhile, it is common to assume
a locally-uniform magnetic field, such that pg = 1, however, this assumption is
likely not physical due to the turbulent mixing of lobe plasma. Tribble (1991)
provide an alternative treatment for a turbulent (non-uniform) magnetic field, in

which the field strength is drawn from a Maxwell-Boltzmann distribution; here,

_— \/gBQ eXp(—B2/2a2), (3.4)

a3

pp is satisfied by

where a = By/+/3 for mean magnetic field strength, By (Hardcastle, 2013). These
assumptions can be paired together with an appropriate treatment of the elec-
tron energy distribution of the underlying plasma, N(E) (described below), to
create a range of spectral ageing models; these are referred to as either the “stan-
dard” (uniform B) or “Tribble” (Maxwell-Boltzmann distribution B) forms of

each spectral ageing model.

3.3.1.1 Impulsive injection models

The radio spectrum arising from an impulsively-injected electron population is
modelled as an ensemble of equal-age electrons [t, ¢+ dt] injected at t = 0 (Karda-
shev, 1962; Jaffe & Perola, 1973). Electrons are injected with an initial power-law
distribution of energies, e.g N(E) = NoE~*, where the power-law energy index, s,
is related to the injection spectral index, ayj, through s = 2a;,; + 1. Synchrotron
and inverse-Compton (IC) radiative losses, the latter due to up-scattering of Cos-
mic Microwave (CMB) photons, occur as the electron packet ages; the resulting
effect on the energy distribution is well understood (e.g. see; Pacholczyk, 1970;

Longair, 2011). In the case of a uniform magnetic field, we follow the method of
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Turner et al. (2018b) to remove the dependence on B by recasting N(E) to:

(@2 — 22 g >y
N(z)=z"Y? (3.5)

0 r <

where ((v,£) = v/(1, sin £) assuming an isotropic distribution for the pitch angle,
as proposed by Jaffe & Perola (1973). Here, the total synchrotron emissivity is

thus evaluated as:
w/2 0
Jw)=Jy V(ls)/z/ sin(s+3)/2§/ F(x)N(z) dr de, (3.6)
0 0

where .Jy acts as a frequency-independent constant. In this work, we refer to this
impulsively-injected spectral ageing model as the “standard” Jaffe-Parola (or JP)
model. Importantly, parameterising the shape of this standard JP spectrum in
this way only requires knowledge of the injection index and break frequency.
By comparison, the shape of a “Tribble” Jaffe-Parola (or TJP) model spectrum
additionally requires knowledge of B.

Considering some small region across a radio galaxy lobe (e.g. bounded by the
FWHM of a restoring beam), it is reasonable to suspect that the plasma contained
here will have been injected at approximately the same age. This means that the
associated radio spectrum is likely that of the JP model, however we note the
results of Turner et al. (2018a), Mahatma et al. (2020) and Yates-Jones et al.

(2021, 2022) who show that mixing of plasma ages may violate this assumption.

3.3.1.2 Continuous Injection models

The above assumption of an impulsively-injected packet of electrons breaks down
when considering the integrated spectrum of a radio AGN, which comprises mul-
tiple, or on-going, such injections throughout the lifetime of the source. A con-
tinuous injection model describes a radio spectrum arising from a time-averaged

population of continuously-injected electron packets; that is, a mixed-age plasma
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population with ages ranging within [0,7]. In the simpler and more common
case, the CI model assumes continuous injection via an active jet throughout the
entire lifetime of the source (e.g, the ‘CI-on’ or CIJP? model). To model remnant
AGNs, Komissarov & Gubanov (1994) present an extension to the CI model,
known as the ‘Cl-off” or KGJP model, by instead assuming some fraction of the
total source age, Riem = trem/T, is spent in a remnant phase; we refer to Riem
as the remnant ratio, where the total source age, 7, is given by the sum of the
active and remnant durations, 7 = to, + trem. As with the JP model, the effect
of ageing on the plasma energy distribution is well understood (e.g. see; Longair,
2011). In the case of a uniform magnetic field, the recast form of N(FE) is given

by (Equation 3 of; Turner, 2018)

(
(I—l/Q _ Cl/?)s—l _ (:51/2 _ [/1/2)5—1 €T > L

N(gj) — x71/2 (751/2 _<1/2)571 C S xT S L (37)

0 r<(

\

where ((v, &) = (v, &) R?

rem*

The total synchrotron emissivity of a CI spectrum is

thus derived by:
/2 00
JWw) = Jy 1/_5/2/ sin(5+4)/2§/ F(z)N(x) dx dE, (3.8)
0 0

In the limiting case where R, = 0, the CI-off model reduces to the simpler
Cl-on form. For simplicity, we thus refer to the general form as the CI model.
In this way, parameterising the shape of a standard CI spectrum requires only
the injection index, break frequency, and remnant ratio. As with the TJP model,
the shape of a “Tribble” Continuous Injection (or TCI) spectrum additionally

requires knowledge of B.

Due to their assumption of a mixed-age plasma, the CI models are relevant

3Here, the ‘JP’ reflects only the isotropic distribution for the pitch angle proposed by Jaffe
& Perola (1973), not their assumption of an impulsively-injected plasma.
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for deriving the plasma spectral age from the integrated spectra of radio lobes
(e.g; Parma et al., 2007; Murgia et al., 2011; Shulevski et al., 2012; Brienza
et al., 2016; Turner, 2018; Duchesne & Johnston-Hollitt, 2019). However, it
is worth mentioning that the CI model assumes no temporal evolution in the
magnetic field, which we know not to be true for expanding lobes. Using synthetic
radio source populations, for which all radiative losses and temporal evolution
of the magnetic field were considered, Turner et al. (2018b) demonstrated that
the radio emissivity reflects only the most recent ~ 10% of the magnetic field
history. Importantly, their results showed that the spectral age derived using the
break frequency, parameterised by the CI model, together with the present-time
magnetic field strength, was in agreement with the dynamical age. As such, we
can be confident that the quantities parameterised by the CI model are physically

meaningful.

3.3.2 Spectral model fitting

We now discuss our approach taken to numerically implement the spectral ageing
model described in the previous section, and to fit these spectra to observed
data points. The code we developed to achieve this is expected to be highly
valuable to the broader astrophysics community (e.g. synchrotron spectra from
active galaxies, supernovae remnants, etc.), and so we have released it as the
publicly-available synchrotron spectral fitter (SYNCHROFIT)* PYTHON library.
Principally, SYNCHROFIT offers a suite of routines that: 1) implement the JP and
CI spectral ageing models described in Sect. 3.3.1.1 and 3.3.1.2, and 2) fit these
models to real radio data.

For computational efficiency, the standard spectral ageing models are evalu-
ated by numerically integrating over the electron energy and pitch angle, follow-
ing the reduced dimensionality parameterisation of J(v), first presented by Nagai

et al. (2006, JP), Turner et al. (2018b, Cl-on) and Turner (2018, Cl-off). The

‘https://github.com/synchrofit
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Tribble spectral ageing models are evaluated in a similar fashion, however involve
an additional numerical integration over the magnetic field strength, and as such
incur a considerable cost to the computation time. An injection index and break
frequency are required to parameterise the shape of the JP spectrum, with an
additional normalisation to scale the fit appropriately. The shape of a CI spec-
trum is additionally parameterised by the remnant ratio, noting that Ry, = 0
in the case of the Cl-on model. Tribble forms of the spectral ageing models are
parameterised similarly, however additionally require the redshift and magnetic

field strength.

Fitting of these models is conducted using a grid-search informed by an adap-
tive maximum likelihood algorithm. Discrete samples in s, logv, and Re, are
created by uniformly sampling their allowed ranges, which are used to construct a
three-dimensional parameter grid. A spectral model is evaluated for each unique
parameter combination, where a corresponding normalisation is optimised fol-
lowing So = Y1 (So, X 07) — Y01 (Sp, X 03)/ > 04, where n is the number of
spectral measurements, S,; and S}, are the observed and predicted flux densities
in logarithmic space, and o; is the measurement uncertainty for the th datum.
The quality of fit is evaluated using the lowest value of the Akaike information
criterion (AIC; Akaike, 1974) following AIC = 2k — 21In £, where k is the number
of model parameters®. The likelihood function, £, is defined through:

1 (zi — ,Ui)Q
L(p,0)= exp < — —) 3.9
o) =11 - (39
which, for each unique measurement, i, takes into consideration the observed
value, x;, measurement uncertainty, o;, and the corresponding predicted model
value ;. Across all grid realisations, the set of parameters providing the optimal
spectral fit are defined as those that minimise the AIC. The relative quality of each

AICZ _AICbcst)/

spectral fit is found using p; = e! 2 where p; is the probability that

5For the standard JP and Cl-on models, k = 3. For the standard CI-off models, k = 4. In
the case of the Tribble forms, k increases by 1 due to the magnetic field.
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the i" spectral model provides a better fit to the observations than the selected
‘best’ model. Provided the marginal probability density functions (PDFs) in each
model parameter are pseudo-Gaussian, the fitted uncertainty in each parameter
is taken as the standard deviation, and the peak in the PDF as the approximate
location of the global maximum. In order to increase the precision of the best
estimate in each free parameter, a grid of points is then re-sampled around the
global maximum; in this work, we repeat this over three iterations. We note,
Gaussianity may not necessarily always hold for these PDF's, as this will depend

upon the spectral fit, hence we make sure to inspect these throughout this work.

3.3.3 Effect of inhomogeneity in the local magnetic field

The standard form of the spectral ageing models have a considerable computa-
tional advantage over the (likely more physically accurate) Tribble forms in our
implementation (due to the lower number of numerical integrations). We there-
fore investigate if the standard form can be used to reasonably approximate the
Tribble form for either spectral ageing model, or for any range of magnetic field
strengths.

Both the standard and Tribble forms of the spectral ageing models offer a
physically-meaningful parameterisation of observed radio spectra. Due to the
consideration of a variable magnetic field, the shape of the expected synchrotron
spectrum differs to that in which the magnetic field is uniform. For example,
Hardcastle (2013) show a significant departure of the TJP model from the stan-
dard form, notably due to the sharper spectral turnover around the break fre-
quency in the TJP spectrum. Turner et al. (2018b) explore the consequence of
using the standard spectral ageing models to parameterise simulated Tribble spec-
tra; their results demonstrate an over-estimation of the break frequency, which
appears to be more appreciable for the JP model as compared to the CI model.

The assumption of a locally uniform magnetic field will be at least somewhat

violated in radio AGN lobes due to turbulent flow; the Maxwell-Boltzmann mag-
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Figure 3.2: Comparison between standard (solid lines) and Tribble forms (broken
lines) of the JP (top panel) and CI (bottom panel) spectra. SYNCHROFIT is used
to simulate radio spectra for s = 2.2 and 1, = 2.1 GHz. Tribble models are shown
for B = 0.1nT (dot-dashed), B = 1nT (dotted), and B = 10nT (dashed). CI
models are shown for R, = 0 (orange) and R, = 0.5 (purple). We note
that the Tribble models almost exactly overlay each other and hence can not be
distinguished.
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netic field distribution of the Tribble spectral ageing models may provide a more
realistic description, however this in turn requires knowledge of By which, unless
independent X-ray data is available, would require dynamical modelling.

As such, we seek to explore the dependence of the shape of the Tribble spectral
ageing models on By. We use SYNCHROFIT to simulate standard and Tribble
forms of the JP and CI models, assuming s = 2.2, and 1, = 2.1 GHz. Tribble
models are simulated for By = 0.1nT, 1nT and 10nT, in order to cover a broad
range of acceptable values. These are shown in Fig. 3.2.

As a consistency check with Hardcastle (2013), Harwood et al. (2013) and
Turner et al. (2018b), we reassuringly find that integrating over a Maxwell-
Boltzmann magnetic field modifies the shape of the predicted spectra to that
in which the magnetic field is uniform. However, our results show that the shape
of the predicted Tribble spectra are largely insensitive to values of the mean mag-
netic field strength. We find that electron packets with magnetic strengths in the
exponential tail of the Maxwell-Boltzmann distribution (i.e. B > 1/3/2 By) con-
tribute the vast majority of the total synchrotron emission at all radio frequencies.
Importantly, the mean magnetic field strength has no effect on the shape of this
exponential portion of probability density function, albeit modifies its normalisa-
tion. As a result, the shape of the radio spectrum remains largely unaffected for
moderate changes in the mean magnetic field. The implication here is it is possi-
ble to accurately parameterise the injection index, break frequency, and remnant
fraction (in the case of the CI models), using the Tribble spectral ageing mod-
els without explicitly requiring knowledge of By; an informed guess of the mean

magnetic field strength is sufficient (e.g. By ~ 0.1-10nT).

3.3.4 Modelling the radio spectrum of J2253-34

We are now equipped with the tools needed to derive a robust measurement of
the off-time from our observations J2253-34. However, we choose not to directly

fit the integrated spectrum with the Cl-off model as the three parameters are
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Figure 3.3: The injection index optimised for J2253-34. Panels a) and b) show
the observed radio emission at 1.32 GHz and 5.5 GHz, respectively; each image
is presented on a square-root stretch, and is normalised between the minimum /-
maximum pixel values. A solid dark-orange contour denotes the 5o brightness
of the source at 9 GHz. Circular markers of an 8" aperture (the FWHM of the
restoring beam) are used to represent independent regions from which a radio
spectrum is extracted and used as a constraint on the injection index. Aper-
tures overlaid on the south-western lobe are colour-coded and numbered based
on aperture number, and are highlighted in panels ¢) and d); to avoid clutter
in the figure we do not plot the spectral fits for apertures in the north-eastern
lobe. Panel ¢) demonstrates fits of the TJP model (By = 0.1nT) optimised to
their associated spectrum. Panel d) demonstrates the probability density func-
tion associated with each spectral fit, marginalised with respect to the injection
index; these are also represented by the box and whisker plots, where the box is
constrained by the 25" - 75" percentiles. A global optimisation for the injection
index is found by multiplying the PDFs associated with each lobe (dot-dashed
black curve), which is then approximated by a 1D Gaussian (solid red curve) in
order to characterise the peak probable value and uncertainty: s = 2.25 £+ 0.03
(or alternatively, the injection spectral index; a;,; = 0.625 £ 0.015).
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somewhat correlated, and may be misfitted if our observations include moder-
ate systematic uncertainties. Instead, we independently constrain the injection
index by considering the spectra arising from narrow regions across the lobes;
it is reasonable to assume these spectra can be described by the JP model (see
Sect. 3.3.1.1). Assuming a constant injection index throughout the lifetime of the
source, the JP models can be jointly fit to these spectra, resulting in a precise
measurement of the injection index optimised across the lobes. The integrated
spectrum can now be fitted using the CI model for a known injection index, re-
ducing any potential systematic errors in estimates for the break frequency and
remnant ratio; the latter mapping directly to the duration of the remnant phase

for any given source age. This is described in detail below.

3.3.4.1 Modelling the injection index

To model the injection index, we use the 8” beam-matched radio maps described
in Sect. 3.2. We use MIRIAD to create a 2D cutout of J2253-34 from each image,
and regrid the cutouts to have a common pixel scale (df = 1”) and projection
(SIN). To efficiently sample the resolved radio spectrum, we extract the radio
spectra arising from individual circular apertures arranged in a hexagonal config-
uration across the lobes. The full width half maximum (FWHM) of each aperture
is set to Opwim = 8” to reflect the size of the restoring beam. The integrated flux
density within each aperture is then calculated following S, = Z?:l Spi X d6? /9,
where n is the number of pixels contained within each aperture, S, ; is the value
of the i*® pixel in Jy beam™!, df is the pixel angular scale, and (2 is the beam solid
angle defined as 02y X 7/(41n2). Given the spectra are extracted from exactly
one resolution element, the measurement uncertainty is evaluated as the quadra-
ture sum of the RMS noise in the observations and their absolute calibration
uncertainty.

Following this method, the radio spectra are extracted from all regions across

the lobes with 9 GHz radio emission above the 50 noise level. This restriction is
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Figure 3.4: The spectral emissivity of J2253-34. Blue markers are used to display
measurements of the integrated flux density. Error-bars represent 1o measure-
ment uncertainties. Overlaid is the fit of the TCI model, assuming By = 0.1nT
and s = 2.25+0.03 (Sect. 3.3.4.1). The optimal fit of the TCI model (Sect. 3.3.4.2)
is displayed using a solid black line. Also shown in light-gray are all plausible
spectral fits within a 99.7% (30) confidence interval. The spectral break frequency
and remnant ratio are fitted as v, = 1.26700¢ GHz, and Ry = 0.23 & 0.02,
respectively.
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done so as to maximise the number of observing frequencies contributing to the ra-
dio spectrum. The spectra arising from each aperture are independently fit using
the JP (and TJP) models; importantly both the break frequency and the injection
index are free parameters in their corresponding aperture spectral fit. In light of
the results in Sect. 3.3.3, we use Equation 2 of Miley (1980) to calculate a crude
approximation of the lobe equipartition magnetic field strength as Beq ~ 0.35nT.
Given that radio galaxy lobes generally exhibit sub-equipartition conditions, as
demonstrated by Ineson et al. (2017) through X-ray inverse-Compton and radio
synchrotron measurements, along with Turner et al. (2018b) through dynamical
radio source modelling, we fit the TJP model assuming By = 0.1nT, 0.35nT and
1nT.

Spectral models are evaluated by uniformly sampling the injection index
within a range corresponding to [2.01, 2.99] and an initial grid spacing of As = 0.05.
For each aperture spectral fit, a corresponding PDF is found by marginalising
across the fitted injection index. Each PDF is then multiplied together to deter-
mine which value for the injection index provides an optimal fit across all aperture
spectra; this assumes no correlation between the spectra arising from adjacent
apertures, and also assumes a constant injection index throughout the lifetime of
the source. Following this method, we optimise an injection index by considering
the spectra arising from both lobes, which we present in Fig. 3.3. Importantly,
we found that the optimal injection index modelled using the standard JP model
is found to be s = 2.10 £ 0.05 (or; @iy = 0.550 £ 0.025). For the Tribble model,
we found an optimal value of s = 2.25 £ 0.03 (or; aup; = 0.625 £ 0.015).

3.3.4.2 Modelling the break frequency & remnant ratio

We compile an integrated radio spectrum for J2253-34 using the two decades of
radio-frequency data described in Sect. 3.2. The raw spectrum is presented in
Fig. 3.4, and demonstrates a clear spectral curvature owing to the losses associated

with an inactive jet; this is evidenced by an ultra-steep high-frequency spectral
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index of a = 1.7, computed between 4.5-9.5 GHz. With the injection index
estimated in Sect 3.3.4.1, we seek to model the break frequency and remnant
ratio of J2253-34 by parameterising the observed curvature using the CI spectral

ageing models.

Similar to the resolved modelling to determine the injection index, we model
the integrated spectrum using both the standard and Tribble forms of the CI
model. For consistency, we use the injection indices estimated using the stan-
dard and Tribble JP models as inputs to the standard and Tribble CI models,
respectively. Similarly, TCI models are evaluated for the same values of By used
in Sect. 3.3.4.1. To account for the small uncertainty in the injection index previ-
ously fitted by the JP models, we treat ‘s’ as a free parameter in the CI models,
but apply a tight Gaussian prior based on the fitted uncertainty. We find that
fixing the injection index offers no appreciable difference to our results, unsur-
prising considering the uncertainties on the injection index are small. The CI

model fitted to the integrated spectrum is shown in Fig. 3.4.

Results of the fitting are summarised as follows (see also Tab. 3.2). Modelling
the integrated radio spectrum using the CI model gives a break frequency of
v, = 1.787517 GHz, and a remnant ratio of Rye, = 0.2340.02. Using instead the
TCI model, gives a marginally different break frequency of v, = 1.26700° GHz,
and remarkably, a remnant ratio of Ry, = 0.23 £ 0.02, consistent with the value

constrained from the standard CI model.

Finally, it is important to mention that the precise measurements of the
break frequency and remnant ratio of J2253-34 are only made possible by the
independently-fitted injection index. By inspecting the marginal distribution
of the fitted break frequency and remnant ratio, we find that their PDFs are
Gaussian-like, and importantly do not demonstrate any parameter degeneracy
worth consideration. These results are in stark contrast to those found by blindly
fitting each parameter of the CI models from the integrated radio lobe spectrum.

Here, we find that a single precise measurement of the injection index can not
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Table 3.2: The spectral modelling attributes of J2253-34, described in Sect. 3.3.4.
Using the 8” radio images, the radio spectra arising from small regions across the
lobes are jointly fit by the JP models, in order to optimise the injection index. The
broadband integrated radio spectrum is then fit by the CI models, propagating
the fitted injection index and uncertainties through a Gaussian prior, to estimate
the break frequency and remnant ratio.

Model Injection index Break frequency Remnant ratio

Jp 2.10 £ 0.05 - -
TJP 2.25 + 0.03 — —
CI - 1.787017 GHz 0.23 4 0.02
TCI — 1.2679 08 GHz 0.23 4 0.02

be found; e.g. for the standard CI model, the fitted injection index can plausi-
bly range anywhere between s ~ 2.1-2.3. Consequently, this introduces major
uncertainties onto the fitted break frequency and remnant ratio, which become
largely degenerate with one another; e.g. for the standard CI model, the break
frequency demonstrates frequent local minima/maxima between 1, ~ 2-5 GHz,
and the PDF of the fitted remnant ratio is heavily asymmetric about its peak
probable value of R, ~ 0.38. It is interesting that these results are found even
for an integrated radio spectrum as well-sampled as that of J2253-34, and thus

reinforce the approach described in this section.

3.4 Dynamical modelling of remnant lobes

In the following section, we present a new dynamical model-based method that
measures the off-time in remnant lobes, and is capable of identifying candidate
remnant radio galaxies from observations. In Sect. 3.4.1, we present the dynam-
ical model that underpins this work. In Sect. 3.4.2, we justify why the backflow
of lobe plasma holds valuable constraints on the off-time, and necessarily de-
vise a tool to parameterise the surface brightness distribution of radio lobes. In
Sect. 3.4.3, we then outline the constraints necessary to model the energetics of

lobed radio-loud AGNs. Finally in Sect. 3.4.4, we implement our new method to
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constrain the energetics of J2253-34, which we then independently verify against

the remnant ratio previously measured in Sect. 3.3.

3.4.1 Radio AGN in semi-analytic environments

Throughout this work, the Radio AGN in Semi-analytic Environments (RAISE;
Turner & Shabala, 2015; Turner et al., 2018a; Turner & Shabala, 2020) code is
used to model the dynamics of ‘lobed’ Fanaroff & Riley type-I and type-11 (FR-
I1/I; Fanaroff & Riley, 1974) remnant lobes. Remnants associated with ‘flaring
jet” FR-Is, which exhibit the prototypical smoke-like plumes (e.g. 3C31; Leahy
et al., 2013), are not considered by this analysis since their dynamics are outside
the scope of the RAISE model. In this work, we employ RAISE both as a tool
to model the radio-loud AGN energetics, and to simulate mock radio source

populations.

3.4.1.1 The RAISE model

The RAISE code consolidates models describing the expansion of lobed FR-II/I
sources together with an observation-based treatment of the environments within
which the jets expand; RAISE has been tested to show consistency with hydro-
dynamical simulations, is able to reproduce the observed relationship between
radio luminosity, morphology and host galaxy properties, is consistent with ob-
served spectral ages maps of radio lobes, and is able to reconcile the discrepancy
between spectral and dynamical ages in powerful radio galaxies. In this way, the
temporal evolution of a radio source can be modelled for, amongst other intrinsic
properties, any combination of source age, jet kinetic power, and intergalactic
environment (forward modelling hereafter).

Quantifying an AGN environment requires knowledge of the distribution of
gas in the associated dark matter halo. Ideally this is done by constraining a
gas density and temperature profile through X-ray observations, however such

observations are largely unavailable across the majority of haloes, especially at
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higher redshifts. Turner & Shabala (2015) showed that estimates of the halo mass
of the intergalactic environment can alternatively be inferred from the optically-
observed stellar content based on outputs of semi-analytic galaxy evolution mod-
els (e.g. SAGE; Croton et al., 2006); however, the shape of the gas density profile
remains unconstrained by this method. RAISE therefore quantifies the inter-
galactic environment in one of two ways: 1) by directly specifying a gas-density
profile; or 2) by providing a mass of the dark matter halo, distributing the to-
tal gas mass based on an observationally-based gas density profile reported by
Vikhlinin et al. (2006). In the latter example, this can be done based on either
the mean profile or by randomly sampling a distribution of environment profiles

from a galaxy formation model.

RAISE implements a lobe emissivity model that considers radiative losses due
to synchrotron radiation and the inverse-Compton up-scattering of CMB photons,
as well as the adiabatic losses related to the expansion of the lobes. This emissiv-
ity calculation is applied to small packets of electrons that are shock-accelerated
at different points in the evolutionary history of the lobe. As a result, RAiSE
considers the temporal evolution in the magnetic field; i.e. from the time elec-
trons are shock-accelerated to the time they release their energy as synchrotron
radiation. The magnetic field strength is derived from the lobe dynamics by as-
suming a constant ratio between the energy densities in the magnetic field and

particles; referred to as the equipartition factor.

Over the past decade, models describing these processes have been incremen-
tally added to the RAIiSE code. Turner & Shabala (2015) provided the original
implementation of a radio source model within a semi-analytic environment, and
correspondingly modified the synchrotron emissivity model for the lobes. Turner
et al. (2018a) used hydrodynamical simulations to spatially map the synchrotron
emissivity across the lobes, allowing them to produce surface brightness maps of
simulated radio sources; their model implemented tracer particles from hydrody-

namical simulations to probe the average locations and ages of injected particles.
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Turner (2018) extended the dynamical and synchrotron emissivity models to ac-
count for the remnant phase during which the jets are inactive. Of relevance
to this work, the dynamics presented by Turner & Shabala (2020) offer a slight
modification to include the effect of a shocked gas shell.

The latest version of the RAISE code®, as used in this work, is informed by
the dynamics of Turner & Shabala (2020), and implements the method of Turner
et al. (2018a) to produce intensity maps based on tracer particles from the higher-
resolution hydrodynamical simulation of Yates-Jones et al. (2022). By using
individual hydrodynamical simulation particles rather than population averages,
this enables RAISE to synthesise hydrodynamical-based, high-resolution maps of
the radio lobes at any observing frequency (e.g. see Fig. 3.5).

3.4.1.2 Constraining a RAiSE model

The RAISE model is characterised by a variety of model parameters that represent
intrinsic parameters of a radio source. These parameters are constrained in one
of three ways: 1) through a direct measurement (e.g. injection index); 2) a
prior probability distribution based on measurements of well-studied objects (e.g.
ambient density profile); or 3) by way of a parameter inversion based on simulated
observable attributes (e.g. jet power and age from size and luminosity).
RAiSE-based parameter inversions have been implemented by several previous
authors to constrain the energetics of radio-loud AGNs. Turner & Shabala (2015)
demonstrated the ability to recover the jet powers and lifetimes of radio sources
using only their observed physical size and monochromatic radio luminosity; in
their work, halo masses for each source were inferred from the stellar masses
of their hosts using SAGE, and intrinsic parameters such as the equipartition
factor and injection index were fixed to typical values. Turner et al. (2018b) were
additionally able to recover the lobe equipartition factors by including the break

frequency as an observational constraint. Turner et al. (2020) demonstrated that

Shttps://github.com/rossjturner/RAiSEHD
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Figure 3.5: Intensity maps predicted by RAISE for a redshift z = 0.1 radio source
with a jet-power of Q = 103 W, source age of 7 = 100 Myr, and a remnant ratio
of Ryem = 0.25. The radio source is shown for 150 MHz (left panels) and 1.4 GHz
(right panels), each of which is shown for a native resolution corresponding to
1.024 x 10® particles (upper panels) and for a convolved 10” image (lower panels).
The pixel scale in the convolved image is 1”. Following the method outlined in
Sect. 3.4.2.2, the observed surface brightness distribution is optimally fit by a
skewed two-dimensional Gaussian; this is shown by a solid black contour, which
represents the edge bounding 95% of the Gaussian volume. Images of each fitted
Gaussian are truncated at the core, resulting in the apparent abrupt cut-off at
150 MHz.

using only a reference flux density, angular size and width, break frequency and
injection index, the cosmological redshift of radio sources can be constrained from

the present epoch to the early-universe.

These results underline that the constraining power of the RAiSE-based pa-
rameter inversion is primarily limited by the input set of observational constraints.
It is worth nothing that previous such applications of the RAiSE model have used
attributes measured from observations with poor resolution. The capabilities of
the current RAiSE model create a new opportunity to constrain intrinsic ra-
dio source parameters using additional attributes related to the observed surface
brightness distribution of radio lobes. In the following sections, we exploit this

opportunity to explore a new method for modelling the energetics of remnant

AGNSs.
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3.4.2 The surface brightness distribution of radio lobes

In the absence of detailed spectral modelling, alternative constraints are needed to
aid the modelling of the energetics of remnant AGNs. Here, we propose that the
backflow of plasma in radio galaxy lobes offers such constraints, and subsequently
develop a tool to parameterise the observed surface brightness distribution of

radio lobes.

3.4.2.1 Constraints embedded in the lobe backflow

The plasma contained within FR-II radio lobes is injected throughout the active
phase at the hotspot, and is carried away from the hotspot by the backflow (e.g.
Turner et al., 2018a). This leads to a gradient in age across the lobes, generally
in the form of an approximately linear increase in spectral age away from the
hotspot. The dynamics of the bulk plasma flow of lobed FR-Is is similar to that
of FR-1IIs. Although the flow of plasma through the jet spreads closer to the core
at a flare point, the accelerated plasma reaches the lobe-shocked shell contact
discontinuity and flows backwards as for an FR-II. While the structure of FR-I
jets may pose more discernible differences with FR-IIs during the active phase
of the jet, the rapid fading of the jet relative to the diffuse lobe plasma makes
these differences far less important in the remnant phase. Consequently, for both
lobed FR-Is and FR-IIs, the observed shape of the emitting regions will vary
depending on observing frequency; the low-frequency radiation produced by older
electrons results in wider emitting regions along the jet-axis and transverse-axis,
whereas at higher frequencies the bias towards observing younger electrons results
in narrower emitting regions localised near the injection site. This is demonstrated
in Fig. 3.5. Importantly, the manner by which the observing frequency modifies
the observed spatial distribution of synchrotron-emitting electrons, should depend
on factors such as the plasma age distribution and lobe magnetic field strength.
In the absence of spectral modelling, it is therefore reasonable to suggest that

well-resolved observations of remnant radio lobes should offer the constraints
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necessary to help disentangle their active and remnant timescales.

3.4.2.2 Skewed two-dimensional Gaussian lobes

We require attributes to describe the observed surface brightness distribution of
radio lobes, which can be compared between observations and simulations. We
note that the reproduction of fine details is neither important nor captured by
the RAISE simulations (e.g. knots in the jets, or slight bending of the jets).
Implementing a skewed Gaussian in two spatial dimensions is appropriate for the
following reasons: 1) a Gaussian is able to describe the fall-off in brightness as
a function of position; 2) in two dimensions, a Gaussian is able to characterise
a measure of length of the lobe along the jet-axis, as well as a width along the
transverse-axis; 3) introducing a ‘skew’ term along the major axis handles the
asymmetry in brightness along the jet-axis (e.g. emission is typically brightest
near the hotspot and falls off asymmetrically in each direction). In this way, the
vastly different morphologies of, for example, a high-powered radio source (with
a sharp fall-off in brightness away from the hotspot) and a low-powered aged
remnant (with relatively smooth surface brightness profiles) can be characterised
in a manner that is consistent.

To fit the skewed Gaussian to the observed surface brightness distribution of

a radio lobe, the following free parameters are necessary:

e 5y, the amplitude of the Gaussian;

e & g, the coordinates of the peak amplitude in each dimension;

o, & o,, the standard deviation in each dimension;

0, the major axis position angle;

Bs, the skew term along the Gaussian major axis.

Since RAISE simulates a jet in an known orientation and positions the SMBH

at the center of the image, the angle of rotation (¢ = 0) and p, are set by
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default (and therefore do not need solving). A simple least-squares algorithm is
used to optimise the fit by minimising the residuals between the radio lobe surface
brightness distribution and Gaussian model. For stability, regression is performed
to the square-root of the input image; this ensures fitting to the general shape,
and down-weights bias towards the brightest pixels. The resulting Gaussian fit
can then be used to parameterise key attributes related to the observed surface
brightness distribution of a radio lobe (see Sect. 3.4.3.1 below). We make this

code publicly available on GitHub'.

3.4.3 Radio source attributes

In this work, radio source attributes refer to the observable quantities that de-
scribe either the spatial, photometric, or spectral properties of radio galaxy lobes.
By implementing these attributes in a RAiSE-based parameter inversion, they fa-
cilitate the comparison between observed radio sources and those simulated by
the RAISE model. However, images of real radio sources are ‘degraded’ by the
sensitivity and resolution of the observations; degrading simulated images with
these same observing limitations therefore enables a more meaningful comparison.
In the following section, we describe the methods for measuring these attributes

from observed and simulated images.

3.4.3.1 Spatial attributes

Spatial attributes are measured based on the Gaussian fitting method described
in Sect. 3.4.2.2. We do this by first considering the boundary of the 2D ellipse
formed by slicing the fitted Gaussian at some critical brightness level (e.g. see
Fig 3.5). We define this critical level as Spe™2, above which 95% of the Gaussian
volume is contained. We stress that the arbitrary selection of this value does not
matter; instead, what is important is that the same value is used when comparing

both observed and simulated radio images, such that the resulting attributes are

"https://github.com/benjaminquici/skewed-gaussian-lobes
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Figure 3.6: Schematic showing the key quantities necessary for computing the
spatial attributes described in Sect. 3.4.3.1. The semi-transparent purple emis-
sion represents the right lobe of the 1.4 GHz convolved image from Fig 3.5. A
skewed two-dimensional Gaussian is fit to the lobe surface brightness distribution
following the method outlined in Sect. 3.4.2.2, where Sy gives the amplitude of
the fit. A solid black contour denotes the fitted Gaussian at a critical brightness
level of Spe=2, and bounds 95% of the Gaussian volume.
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Table 3.3: Spatial attributes evaluated using the quantities shown in Fig. 3.6

Spatial attribute Symbol Expression Limit

linear size D Dlobel | plobe2 —
observed axis ratio A D/ R > 1
extent 1 E D,/ D, 0-1
extent 2 E Seore/ S0 0-1

measured consistently. The following distances are measured by considering the
boundary of the 2D ellipse (Fig. 3.6): the length of the lobe, D;; the visible
length of the lobe, D;; and the radius of the lobe, R;. We consider the backflow
in each lobe separately, and thus bound the visible lobe length as 0 < D; < D;.
From here, we define four key spatial attributes, including the linear size, D, and

observed axis ratio, A, as shown in Tab. 3.3.

Importantly, to constrain the duration of the remnant phase we develop two
new measures of “extent”, which parameterise the observed backflow of lobe
plasma. The “extent 1”7 attribute, E, considers what fraction of the total lobe
length, parallel to the jet axis, is visible; e.g. how far back the lobe visibly sweeps
towards the core. Lobes with emission localised near the hotspot will measure
E — 0, which is expected if a majority of the lobe plasma energy is stored in the
most freshly injected electrons. Conversely, £ — 1 implies the observed radio
emission sweeps all the way to (and beyond) the core, which is expected if a
majority of the lobe plasma energy is stored in the older synchrotron-emitting
electrons. The “extent 27 attribute, £, considers how bright the lobes are at the
core, relative to their peak brightness. We expect this attribute to be particularly
useful at disentangling sources with backflow observed all the way to the core,
where the measurement of the “extent 1”7 attribute will likely just reflect its upper

limit of F¥ = 1.
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3.4.3.2 Photometric attributes

A total radio luminosity, L,,, offers a powerful constraint on radio source energet-
ics. For an observed radio source, the total radio luminosity can be derived from
the total radio flux density by integrating over a region of the source bounded
by a minimum brightness criterion; e.g. the region of the source above some
signal to noise threshold. This means that, for a fixed sensitivity, the measured
integrated flux density will depend on the surface brightness distribution of the
lobes. The surface brightness maps produced by the RAISE model allow us to
include the effect of instrumental noise in the computation of the integrated flux
density, thus accounting for this systematic bias. This is done by populating the
simulated surface brightness maps with a Gaussian noise term, then the total
observed radio luminosity is calculated considering only pixels brighter than 3o
(where o represents the level of Gaussian noise). This process of adding the noise
is repeated over 16 iterations to sample a mean integrated flux density, and to
characterise an uncertainty, dL,, based on the standard deviation across each

evaluation.

By measuring the integrated flux density over two observing frequencies,

vy and vy, a two-point spectral index can be calculated through:

a = log(Ly,1/Lyo)/log(vi /1), (3.10)

which has an uncertainty corresponding to:

da = (1/1(s0/11)) /(dLu0/Luo)? + (AL /Lun)?. (3.11)

With at least three observing frequencies a spectral curvature, SPC, can be cal-

culated through: SPC = ay — a3, which has an uncertainty corresponding to

dSPC = /(dap)? + (day)?.
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Radio source attribute  Symbol Measurement Scale FULL FIT SPECTRAL SPATIAL IN BAND

radio luminosity Ly (6.48 +£0.25) x 10* WHz™! logy, v v v v
(measured at 1.42 GHz)

largest linear size D4 326 kpc log;, v v v v
(measured at 1.42 GHz)

break frequency Vb 1.2675:58 GHz logy,

observed axis ratio Aqy, Ass 24+0.1,27+0.1 linear v v v v
(1.42, 5.50 GHz)

extent 1 Ei 4, Ess 0.9 4+ 0.05, 0.8 £0.05 linear v X v X
(1.42, 5.50 GHz)

extent 2 E1.4, E’5.5 0.76 £+ 005, 0.65 £ 0.05 linear v X v X
(1.42, 5.50 GHz)

spectral index ati2o 0.64 +0.03 linear X X X v
(150—1420) MHz

spectral curvature SPC32° 0.53£0.04 linear X X X v

(150—1420—5500) MHz

Table 3.4: The measured radio source attributes of J2253-34, which are measured following the methods outlined in Sect. 3.4.3.
In Sect. 3.4.4.2 these attributes are compared with corresponding RAIiSE model outputs, using the scale shown in column 4,
to constrain the energetics via a parameter inversion. To explore the constraints embedded in the lobe backflow, attributes
are compared in four different combinations (columns 5-8). Tick (v') and cross (X) markers represent whether the attributes
are included or excluded from the fitting, respectively.



3.4.3.3 Spectral modelling attributes

The injection index and remnant ratio attributes, derived from observations by
modelling the spectra of remnant radio galaxy lobes (Sect. 3.3), represent intrin-
sic parameters of the RAiSE model. On the other hand, a break frequency can
be predicted by the RAISE model, which offers valuable constraints on the lobe
equipartition factor. While it is possible to measure a RAiSE-predicted break
frequency by modelling a simulated radio spectrum, the computational cost of
simulating a radio source at many different frequencies makes this method inef-
ficient. For any given set of model parameters, the RAiSE code uses the lobe
pressure and equipartition factor to compute the lobe magnetic field strength. In
turn, the field strength is used through Eqn. 3.3 to calculate the corresponding
RAiSE-predicted break frequency, where the redshift and source age are those
used as RAISE model inputs. By modelling the spectra of RAiSE-simulated ra-
dio sources, Turner et al. (2018b) showed that the break frequency computed
from the magnetic field strength is consistent with that derived by modelling

their synthetic radio spectra (e.g. see their Fig. 3).

3.4.4 Modelling the energetics of J2253-34

We are now equipped with the tools needed to model the energetics of J2253-34.
To begin with, we model the energetics closely following the dynamical model
based method presented by Turner (2018). Here, the remnant ratio is already
known (e.g. from Sect. 3.3.4.2), whilst the jet power, source age, and equipartition
factor are principally constrained from a radio luminosity, physical size, and break
frequency. We compare this established technique to our proposed method using
the spatial attributes of the lobes (namely extent) to additionally constrain the
remnant ratio. Finally, we provide our most precise constraints on the energetics
by combining both the spectral and spatial attributes to best understand the
physics of J2253-34.
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Table 3.5: The intrinsic parameters of J2253-34, constrained via the four separate
methods outlined in Tab. 3.4.
T parameterised by the CI model.

Param. FULL FIT SPECTRAL SPATIAL IN BAND

Q . . .
(x10% W) 3.987040  3.98M04%  6.32774  1.0-7.9

oty 96.27F8 5627392 501742 31-158

agbon  LOSTUIS 1ggtOI0  g1t00 9oy

Reem  10.237005  10.237005 0267005 0.1-0.3

3.4.4.1 Observed properties of J2253-34

The radio galaxy J2253-34 was classified as a remnant by Quici et al. (2021)
based on the absence of radio emission from the core, and further supported by
the observed steepening in the integrated radio spectrum. In that work, the radio
source was unambiguously associated with a z = 0.2133 host galaxy, for which a
halo mass of My = 103 My, was inferred based on the stellar mass of the host.

The radio source attributes of J2253-34 are measured following the methods
outlined in Sect. 3.4.3, and are summarised in Tab. 3.4. All spatial attributes
are measured from the 8” images presented in Sect. 3.2, and we use the injection
index, break frequency, and remnant ratio fitted in Sect. 3.3.4 by the Tribble
spectral ageing models (e.g. row 2 & 4 of Tab. 3.2). In the following section, we
implement these attributes to constrain the energetics of J2253-34 via a parameter

mversion.

3.4.4.2 RAIiSE-based parameter inversion of J2253-34

RAISE can model the temporal evolution of radio lobes for any set of intrinsic
radio source parameters, and subsequently generate mock images to make predic-
tions for their respective radio source attributes. The intrinsic parameters of any
radio source can therefore be estimated via a RAiSE-based parameter inversion;

observed radio source attributes are compared to a corresponding set of mock
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attributes generated over a multi-dimensional set of intrinsic parameters (e.g as
is done by; Turner & Shabala, 2015; Turner et al., 2018b; Turner, 2018; Shabala
et al., 2020).

For a fixed redshift of z = 0.2133 and halo mass of My = 10'3° M, a grid
of RAISE models are created from the two-sided jet kinetic power, @); the dy-
namical source age, 7; the equipartition factor, ¢ (which parameterises the ratio
of energy densities in the magnetic field and particles; Turner et al., 2018a); the
initial supersonic phase value of the axis ratio, A;; the remnant ratio, Remn; and
the injection index, s. We use the results of Turner et al. (2018b), who fit the
intrinsic properties of 3C radio sources, to ensure our model grid covers plausi-
ble parameter values. In this work, RAiSE models are evolved between 10 Myr
to 1 Gyr, recording outputs at every A(log7) = 0.05dex. We uniformly sample
log @ between [37,40] with a precision of 0.05 dex; log ¢ between [—2.7, —0.7] with
a precision of 0.05dex; A; between [2,8] with a precision of 0.25; Ryen between

[0, 5] with a precision of 0.01; and s between [2.01,2.61] with a precision of 0.1.

To explore the constraining power of the extent attributes, we perform the
parameter inversion based on four separate combinations of the radio source at-
tributes, summarised in cols. 5-8 of Tab. 3.4. The SPATIAL method tests a sce-
nario where detailed spectral modelling (e.g. Sect. 3.3.4) can not be performed;
here, each intrinsic radio source parameter is explicitly fit via the RAiSE-based
parameter inversion, and the break frequency is omitted as a constraint. To inde-
pendently verify results of this method, the fitted energetics are compared with
that fitted by the FULL FIT and SPECTRAL methods; here, the injection index
and, importantly the remnant ratio, are fixed to known values, and the strong
constraint from the break frequency is included. The IN BAND method considers
a limiting case where no constraints on the duration of the remnant phase are

available.

To conduct the parameter inversion (for any of the above methods), simulated

images are used to measure the same attributes as those measured for J2253-34,
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ensuring that the images are degraded by the same set of observing constraints.
Attributes are compared with model outputs through Eqn. 3.9, and we follow the
same process described in Sect. 3.3.2 to select the best-fit model, and to estimate

the uncertainty in each parameter.

The values fitted for the intrinsic parameters using each of these methods are
presented in Tab. 3.5. Consistent with the results of Turner (2018), we find that
the jet-power/age/equipartition-factor triplet, fitted by the SPECTRAL method, is
tightly constrained by the observed radio-luminosity /linear-size /break-frequency.
We inspect the marginal distributions of each fitted parameter to find approx-
imately Gaussian-like PDFs centered about the peak probable value; i.e. the
fitting appears stable and not degenerate. By including constraints from the ex-
tents, we find that the energetics constrained by the FULL FIT method do not
change. This suggests that the break frequency is the dominant observable in

this fitting process.

Using the source age constrained by FULL FIT method, together with the
remnant ratio fit previously by the TCI model, the duration of the active and
remnant phases in J2253-34 are calculated as t,, = 43.3 £ 4.3 Myr and t.o, =
12.9 4+ 1.2 Myr, respectively. Importantly, through this method we demonstrate
the ability to accurately measure the duration of the active phase, and to place

a weak upper bound on the AGN jet duty cycle (0 <1 — Rien = 0.77).

Remarkably, we find that the energetics modelled by the SPATIAL method are
consistent with those derived by the previous methods. Uncertainties in each
parameter are comparatively greater, as expected considering the constraints are
relaxed and an additional free parameter is solved for, however inspecting the
marginal distributions reveals similar Gaussian-like PDFs. What is particularly
of interest is that the dynamically-modelled remnant ratio, R, = 0.26 £ 0.02,
is consistent with that parameterised by the TCI model within a level of 1o.
Together with a source age of 7 = 50.1753 Myr, the SPATIAL method therefore

estimates the duration of the active and remnant phases as t,, = 37.2 & 4.3 Myr
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and e = 13.1£1.5 Myr, respectively. These timescales are consistent with those
fitted by the FULL FIT method, suggesting that the surface brightness distribution
of the lobe backflow can in fact be used to constrain the dynamics of the remnant
phase.

Finally, we find that the stability of the model fitting breaks down severely
with the IN BAND method (when only a few radio photometric points are avail-
able). Inspecting the marginal distributions reveals a large degeneracy in the fit-
ted parameter space, where multiple unique values of equal likelihood are found
over a wide range of parameter values. We quote these ranges in Tab. 3.5, by
considering their minimum /maximum values. This tells us that the spectral in-
dex and curvature, alone, do not offer the constraining power needed to tightly

constrain the energetics of J2253-34.

3.5 Mock radio source populations

The ability to measure the off-time in remnant radio galaxies, using attributes
measured exclusively below ~ 1.4 GHz, is particularly attractive considering the
parameter space unlocked by wide-area sky surveys such as the LOFAR Two-
metre Sky Survey (LoTSS; Shimwell et al., 2019, 2022), the MeerKAT Interna-
tional GHz Tiered Extragalactic Exploration (MIGHTEE; Jarvis et al., 2016)
survey, the APERture Tile In Focus (Apertif Oosterloo et al., 2010) survey, and
EMU. However, the generalisability of this new method is currently unclear, as
we do not know whether the constraining power of the spatial attributes, mea-
sured using telescope-degraded images, deteriorates for certain intrinsic source
parameters; e.g. lower jet powers, older sources, or denser environments. In
Sect. 3.5.1, we use our method to perform a parameter inversion of mock radio
source populations simulated at 150 MHz and 1.4 GHz. In Sect. 3.5.2, we com-
pare the input and recovered parameters to examine the internal consistency of
our method within the RAiSE model; e.g. does the method recover the input

parameters. In Sect. 3.5.3 we then examine whether the remnant ratio fitted by
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Figure 3.7: Results of the parameter inversion of the z = 0.1 (upper row) and
z = 0.5 (lower row) mock catalogues are shown. Each plot demonstrates the
fitted (vertical axis) versus mock (horisontal axis) parameter for the jet power
(first column), source age (second column), equipartition factor (third column),
and remnant ratio (fourth column). Each marker represents a unique mock radio
source, where unfilled markers represent sources fainter than S50 = 100 mJy or
smaller than 6 = 60”. A solid black line is shown to represent a 1:1 relation
between the fitted and mock quantities.

this method can be used to confidently select between active and remnant radio

lobes.

3.5.1 Constructing mock radio source catalogues

For this analysis, mock radio source populations are simulated using the RAiSE
model. We allow the following set of intrinsic parameters to vary over a wide

range of values, typically associated with FR-IIs:

o jet power: Q € [10%7, 10%] W, to represent those typically associated with
FR-II jets (Turner & Shabala, 2015)

e source age: T € [107, 10®°] yr. Younger sources will likely fall below
extended source criteria (see Fig. 3.7), and a genuine dearth of old (>
400 Myr) radio sources has been reported by Shabala et al. (2020) in LOFAR
data.
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remnant ratio: Ryem € [0, 0.5], consistent with the observational bias
towards selecting recently switched-off remnants (Mahatma et al., 2018;

Turner, 2018; Jurlin et al., 2020; Shabala et al., 2020; Quici et al., 2021).

equipartition factor: q € [107%7, 107°7], which is approximately Gaussian-

distributed about log g ~ —1.7 (e.g. see; Turner et al., 2018b).

initial axis ratio: A; € [2.5, 4.5], reflecting a subset of typical values for

the 3C sample (e.g. see; Turner & Shabala, 2015).

injection indez: s € [2.01, 2.61], where the lower limit comes from predic-
tions of first-order Fermi acceleration (Kardashev, 1962; Pacholezyk, 1970),
and the upper limit from a;,; not being too steep. We note that injection in-
dices steeper than the selected upper limit have been demonstrated through
resolved spectral age studies (e.g. Harwood et al., 2013). It is unlikely how-
ever for the outcomes of this analysis to differ for this unexplored region
of the parameter space, considering that measurements of a low-frequency

spectral index should help to constrain the injection index.

Two separate mock catalogues are created at redshift z = 0.1,0.5 (hereafter

the z = 0.1 and z = 0.5 catalogues). For each catalogue, 5000 mock radio sources

are forward modelled using pseudo-random values for the intrinsic parameters.

We use a representative My = 103 My, halo mass (e.g. a typical environment

of an FR-II, Turner & Shabala 2015), and simulate a random gas-density pro-

file based on a prior distribution of environment profiles (as per discussion in

Sect. 3.4.1.1).

A corresponding grid of RAISE models is simulated with known values for

each intrinsic parameter, so that a parameter inversion can be performed on each

mock radio source catalogue. Our model grids are bound by the parameter space

limits of the mock sample, however with uniform spacings as follows: A(log Q) =

0.05dex; A(log7) = 0.025dex; ARyem = 0.01; A(logq) = 0.05dex; AA; = 0.25;
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Figure 3.8: The fitted (vertical axes) versus input (horisontal axes) remnant
ratio of the z = 0.1 (upper panel) and z = 0.5 (lower panel) mock catalogues.
Each column represents a log-uniform source age bin. Gray regions represent
a lo uncertainty in the scatter, corresponding to the unflagged sources (filled
markers). A tightening in the scatter is seen as the source age increases, likely
reflecting the greater magnitude of radiative losses discussed in Sect. 3.5.2. The
dearth of sources with higher values of R,., in the z = 0.5 sample arises due
to the complete depletion of electrons capable of producing emission at these
frequencies (e.g. see Fig. 4 of Turner 2018).
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Table 3.6: The set of observing conditions used to sample mock radio source
populations simulated in Sect. 3.5.1.

Survev tvpe Freq. Sensitivity Resolution
vp (MHz) (uJybeam™1) @)
LOFAR-like 150 70 6

(wide-band)

oy ke 130 100 6

MeerKAT-like 1400 6 10

and As = 0.1. Sources are simulated for the same halo mass, however here we
take the mean of the environment profiles.

Bayesian parameter estimation is conducted as follows. Images are synthesised
at 150 MHz and 1.4 GHz, and degraded by a set of survey limitations shown in
Tab. 3.6. This is done both for mock radio sources and those stored in the grid
as model outputs. Telescope-degraded images are then used to measure the radio
source attributes shown in Tab. 3.7. Following the parameter inversion described
in Sect. 3.4.4.2, the attributes measured for mock radio sources are compared with
those used as model outputs, in order to constrain their intrinsic parameters.
Here, we simultaneously fit for the pseudo-randomly sampled parameters, and
treat the redshift and halo mass as known.

Sources are flagged if their angular size falls below 6 = 60", or if their 150 MHz
integrated flux densities fall below Si50 = 100mJy. This decision is motivated
by the typical current observational constraints used to construct complete radio
galaxy samples (e.g; Brienza et al., 2017; Godfrey et al., 2017; Mahatma et al.,
2018; Jurlin et al., 2020; Quici et al., 2021). The results of this parameter inversion
are explored in the following sections.

Finally, we note that the Karl G. Jansky Very Large Array Sky Survey
(VLASS; Lacy et al., 2020) represents a high-frequency (2—4 GHz), high-resolution
(2.”5), all-sky (decl.> —40°) radio survey, which is expected to achieve o =
70pJy beam™! sensitivity. Despite marginally increasing the frequency leverage

over 1.4 GHz, we do not consider a VLASS-like observation due to the compar-
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Table 3.7: The set of radio source attributes used to constrain the energetics of
the mock radio source populations described in Sect. 3.5.1.

Attribute Scale
150 MHz radio luminosity log;,
largest linear size log;,
observed axis ratio (150, 1400) MHz  linear
extent 1 (150, 1400) MHz linear
extent 2 (150, 1400) MHz linear
(150 — 1420) MHz spectral index linear

(150 — 1420) MHz spectral curvature linear

atively poorer surface brightness sensitivity to extended radio emission; without
a handle over the fainter (older) lobe electrons, we expect the observed backflow

to be much less constraining on the remnant off-time.

3.5.2 Fitted energetics

We expect that the parameter inversion may be less effective for some sets of pa-
rameters due to the non-linear application of radiative losses across our parameter
space. In particular, the two extent attributes, and to a lesser degree the lobe
width attribute, rely on the surface brightness distribution of ageing synchrotron-
emitting lobe plasma. The ageing is quantified through the time-derivative of the
Lorentz factor of a given packet of synchrotron-emitting electrons, v, as follows

(Kaiser et al., 1997):
dy  ay 4orv? (up + uc)

=1 12
dt 3t 3mec ’ (3.12)

where the first and second terms encode adiabatic and radiative losses respec-
tively. Here, the derivative is taken with respect to the age of the injected plasma,
t, where a; gives the exponent with which the volume of the lobe grows adiabati-
cally, o is the cross section for Thompson scattering, and ug & uc are the energy
densities of the magnetic field and CMB respectively.

Comparisons between their mock and fitted intrinsic parameters are presented
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in Fig. 3.7 for the two mock catalogues described in Sect. 3.5.1. Firstly, although
with varying degrees of confidence (as indicated by the scatter), we find that
the fit of each parameter broadly closely matches the 1:1 relation with its mock
equivalent. The jet power and source age are fit with greater confidence than the
equipartition factor and remnant ratio, demonstrating the former two property’s
dependence on observable parameters; e.g. the jet power and source age are
tightly constrained by the radio luminosity and linear size respectively, at least
for active lobed sources (Turner & Shabala, 2015). However, it is encouraging to
find that the equipartition factor and remnant ratio are generally recovered as

well.

The jet power is less confidently predicted using the RAiSE-based parameter
inversion for lower-powered sources, as shown in Fig. 3.7. This is unlikely a
selection effect, in which the stochastic perturbations due to instrumental noise
are more significant for fainter sources associated with lower-powered jets, since
the same sizeable broadening is observed in the z = 0.1 (brighter) catalogue.
Instead, this is likely due to the strong correlation between jet power and the lobe
magnetic field strength, and thus energy density up (e.g. see Eqn. A5 of Turner
et al. 2018a). The rate of energy loss from the synchrotron-emitting electrons is
therefore expected to be much greater in higher jet power sources (Eqn. 3.12),
thus leading to a greater rate of change in the extent attributes as the remnant
ages. Qualitatively this is consistent with the results of Turner (2018), who find
a rapid dimming in higher-powered remnants in stark contrast to lower-powered

sources whose flux density is maintained over a greater duration (see their Fig. 4).

We also find that the energetics of the z = 0.5 sample are fit with greater
confidence (see also discussion in next paragraph). Again referring to Eqn. 3.12,
this result is unsurprising; the energy density of the CMB scales with redshift as
ue. % 2%, meaning the magnitude of the energy losses sustained throughout the

remnant phase will be greater.

We investigate if the sizeable scatter in the remnant ratio is partially due
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to one of the other model parameters. In particular, we expect the radiative
losses in the remnant phase will be related to the off-time, rather fractional time
spent in the remnant phase (e.g. integrating Eqn. 3.12 for constant volume; i.e.
a; = 0). As a result, we expect the synchrotron losses to reduce the extent
attributes in approximate proportion to the time spent in the off-phase. The
ability of the RAiSE-based parameter inversion to constrain the remnant ratio is
therefore expected to correspondingly be much less effective in young sources (i.e.
the off-time is smaller for a given remnant fraction). To consider this potential
sensitivity in our method, we group the mock catalogues into four source age
bins uniformly-spaced in log 7. The fitted remnant ratio, in each source age bin,
compared to the mock remnant ratio is presented in Fig. 3.8. We find that the
scatter in the predicted remnant ratio reduces considerably for the older source
age bins, as expected from the above discussion.

Overall, the results presented here show promise for modelling the energetics
of remnant AGNs, and notably, using spatial attributes of their lobes to constrain
the remnant phase. The predictive power of this technique improves when the
magnitude of the energy losses sustained during the remnant phase are greater;
this is unsurprising, as the technique relies on the reduction in extent to constrain
the ageing during this phase. The method makes reliable estimates of the remnant
ratio associated with older sources, in contrast to young sources for which the

fitted remnant ratio is less trustworthy:.

3.5.3 Identifying remnant radio galaxies

As we have demonstrated the ability of our method to estimate the remnant ratio
with reasonable accuracy, this raises the question of whether we can use the same
method to select remnant radio galaxies. Part of the difficulty here is ascertaining
a definition for active and remnant sources based on the fitted remnant ratio
parameter; logically, active sources would only correspond to Ryem = 0 (i.e. zero

off-time), however in practice it would be impossible to distinguish a very recently
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Figure 3.9: Normalised count representing the distribution of fitted remnant
ratios of mock samples with R, = 0 (black), Rem = 0.1 (purple), and
Riem = 0.2 (blue). We set the bin size in each distribution to AR, = 0.01,
to reflect spacings in the grid. Each sample is simulated at redshift z = 0.1, and
only the oldest source-age bin (133 < 7 < 316) Myr is shown. Solid and dotted
vertical lines are shown to represent the 68" and 95" percentiles in each sample,
respectively; these represent upper bounds for the active population, and lower
bounds for the remnant samples.
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Mock sample Active Remnant (Ryen = 0.1) Remnant (Ryen = 0.2)
Redshift ~ Source age (Myr) (681 perc.) (95 perc.) (68" perc.) (95 perc.) (68 perc.) (95" perc.)

10.0 < 7 < 23.7 <0.00 <0.05 >0.07 > 0.02 >0.15 > 0.08
23.7 < T < 56.2 <0.00 <0.12 >0.07 > 0.01 >0.15 > 0.06

ST e <r <130 <0.01 <0.10 >0.07 > 0.01 >0.16 > 0.06
133.0 < 7 < 316.0 <0.01 <0.05 >0.07 > 0.03 >0.18 >0.12

10.0 < 7 < 23.7 <0.00 < 0.05 >0.06 > 0.01 >0.14 > 0.03

23.7 < T < 56.0 <0.00 <0.03 > 0.08 > 0.05 > 017 > 0.13

ST e << 130 <0.01 <0.03 >0.09 > 0.06 >0.19 > 017
133.0 < 7 < 316.0 <0.00 <0.02 >0.09 > 0.08 >0.19 > 0.18

Table 3.8: The recovery rate of active and remnant radio sources simulated in Sect. 3.5.3. Three mock radio source catalogues
(N = 5000) are created at z = 0.1 and z = 0.5, with remnant ratios fixed to Rem = 0,0.1,0.2, respectively. For each redshift
(column 1) and source age bin (column 2), the 68" and 95" percentiles of the fitted remnant ratio distribution are reported
(columns 3 — 8).



switched-off source from an active source.

By creating mock radio source catalogues with known remnant ratios, we
can use the distribution in the fitted remnant ratio to quantify the probability
that: 1) an active radio source is fit with a non-zero remnant ratio; and 2) an
“unambiguous” (i.e. Ryem > 0.1) remnant radio source is fit with Ryen, = 0. To do
this, we follow the method outlined in Sect. 3.5.1 to create three mock catalogues
per redshift. Each catalogue contains 5000 sources, and the remnant ratios are
fixed at R.em = 0,0.1,0.2, respectively. For each redshift and source age bin, we
characterise the 68" and 95" percentiles of the fitted remnant ratio distribution;
these serve as upper bounds for the R, = 0 catalogue, and lower bounds for
the Riem > 0.1 catalogues. An example of this is demonstrated in Fig. 3.9 for the
highest source age bin at z = 0.1, and we summarise our results in Tab. 3.8 for

all the redshift and source age bins.

We find that the recovery rate of active radio galaxies is high; in 95% of
the cases, the fitted remnant ratio is Rem < 0.1 (the actual value being 0%),
which is true across all redshift and source age bins (column 4 of Tab. 3.8).
We conclude similar results for the R, = 0.1 remnant radio galaxies; in 95%
of the cases, the fitted remnant ratio is Rem > 0.01 (column 6 of Tab. 3.8),
meaning that active sources are not contaminated by Ry, = 0.1 remnants, at
this level. For example, if examining a sub-catalogue of z = 0.1 radio source
with fitted ages of 133 to 316 Myrs, we can confidently (at 20 level) say that
those with remnant ratio R.., < 0.03 will not have significant contamination
from “unambiguous”-remnants and can therefore be classified as active sources.
Conversely, those objects with fitted remnant ratios Ry, > 0.05 will not have
significant contamination from active sources and can be classified as remnants.
We examine the same statistics for the Ry, = 0.2 sample, and reassuringly find

no contamination of active sources from this population.
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3.6 Conclusions

This paper investigates a new technique to constrain the energetics of remnant
radio galaxies based on the backflow of their lobe plasma. We employ obser-
vations of the remnant radio galaxy J2253-34 together with mock radio source
populations, in order to verify the method and examine its applications and limi-
tations. The approach taken to explore this technique, and the insights gathered,
are summarised below.

First, we use established spectral ageing techniques to derive a precise mea-
surement of the off-time in J2253-34; this is needed to independently validate the
results of our new method. To do this, we collect new radio observations using
the MeerKAT, ATCA and uGMRT telescopes (Sect. 3.2). The injection index is
tightly constrained by jointly fitting the JP spectra arising from narrow regions
across the lobes (Sect. 3.3.4.1). We then make precise measurements of the break
frequency and remnant ratio by fitting the TCI model to the integrated radio
lobe spectrum (Sect. 3.3.4.2); here, the previously-fitted injection index is used

as a model input. Our key results are summarised as follows:

e We develop a PYTHON implementation of synchrotron spectral ageing mod-
els, as well as algorithms to fit these models to observed radio data. We
release this code, the SYNCHROFIT library, to the broader astrophysics com-
munity for its relevance to modelling the synchrotron spectra from active

galaxies and supernovae remnants (Sect. 3.3.2).

e To place the tightest constraints on the break frequency and remnant ratio,
the injection index should be independently fit and used as an input on the
CI model; this can be done by considering individual JP spectra across the

lobes (cf. Shulevski et al., 2017).

e The shape of the Tribble spectral ageing models is (at most) weakly depen-
dent on the average magnetic field of the underlying Maxwell-Boltzmann

distribution (Sect. 3.3.3). These models, which likely provide a more re-
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alistic treatment of a turbulent magnetic field, can therefore be fit to ob-
served radio data without needing prior knowledge of the lobe magnetic

field strength.

e The remnant ratio in J2253-34 is tightly constrained as Ren = 0.23 £ 0.02.

Our new method utilises the lobe surface brightness distribution to parame-
terise the backflow of plasma, and exploits the RAISE dynamics and emissivity
model. The high-resolution hydrodynamical simulation underpinning the RAiSE
code enables the synthesis of mock surface-brightness maps, which are used to
measure predicted radio source attributes. These are compared with observations
so that the intrinsic source properties can be obtained via a parameter inversion.
We apply this method to constrain the energetics of J2253-34, and obtain the

following results:

e We propose two new attributes to quantify the spectral ageing of lobe
plasma as it flows away from the hotspot towards the core. The “extent 1”
attribute considers how far back the lobe visibly sweeps towards the core,
and the “extent 2”7 attribute considers the surface brightness of the lobe at

the core, relative to the peak surface brightness.

e We implement a RAiSE-based parameter inversion using these two new
attributes, in addition to the lobe radio luminosity, size, and axis ratio, to
constrain a remnant ratio of R, = 0.26 £ 0.02 for J2253-34. Importantly,
this is consistent at the 1o level with that constrained by our spectral
fitting, verifying our approach to constrain the dynamics of the remnant

phase based on the surface brightness distribution of the lobe backflow.

e By comparing different sets of attributes, we find that the break frequency
is the dominates the “extent” attributes fitting of the energetics; particu-
larly the equipartition factor and remnant ratio. By excluding the break

frequency and extent attributes from the fitting, we find that the spec-
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tral index and curvature, alone, do not offer enough constraining power to

uniquely fit the source energetics.

e For J2253-34, we accurately measure a two-sided jet kinetic power of () =
3.987095 x 10% W, a lobe magnetic field strength of B = 0.20 & 0.02nT,

and importantly an active and remnant timescale of t,, = 37.2 & 4.3 Myr

and trep, = 13.1 & 1.5 Myr.

We then used synthetic radio lobes, simulated for a typical 150 MHz LOFAR-
like and 1.4 GHz MeerKAT-like observation, to further examine the limitations
of our proposed method with respect to intrinsic radio source parameters. Our

key results are summarised as follows:

e The jet power, source age, equipartition factor, and remnant ratio are con-
sistently recovered, noting that the former two are constrained with high
precision. This result builds on the work conducted by Turner et al. (2018b)
for active sources only, who similarly find that the jet power, source age, and
equipartition factor are constrained from the source size, radio luminosity,

and break frequency.

e Our results show that that the parameters are more accurately fit for radio
sources with: higher redshifts, due to increased strength of IC losses; higher-
powered jets, due to increase in magnetic field strength; and for a greater
duration of the remnant phase. We therefore find that the constraining
power of our method increases when the magnitude of the energy losses,

sustained during the remnant phase, are greater.

e Remnant ratios fitted by this method can be trusted if the measured source
age is large, and conversely, is less accurate for younger sources. To interpret
the on/off-times fit by this method, one should first consider the age of the

source to determine if the fitted remnant ratio is estimated reliably.
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e We find that our method is capable of selecting active and remnant radio
galaxy candidates. At low redshift (z ~ 0.1), we find that sufficiently aged
sources (7 > 50 Myr) fitted with R, < 0.1 are active radio galaxies within
a confidence of 95%; this extends to sources as young as 7 ~ 10 Myr at
higher redshifts (z 2 0.5). Similarly, we find that sources fit with Ry, > 0.1
are true remnant radio galaxies within a confidence of 95%; these classifi-

cations are more robust at higher redshift.

We emphasise that while our mock simulations have examined a LOFAR-
MeerKAT scenario, we expect for the outcomes to remain applicable to the EMU
all-sky survey, with a few minor subtleties. In the 887 MHz band, EMU is ex-
pected to provide comparable yet slightly shallower sensitivity (o ~ 30 uJy/beam)
and coarser spatial resolution (6 ~ 10”) than a MeerKAT observation (see e.g.
Giirkan et al., 2022). As discussed in this work, high surface-brightness sensitiv-
ity is needed to minimise the observational bias towards young (bright) plasma
regions. Similarly, high spatial resolution ensures that the parameterised spatial
attributes are strongly mapped to the structure of lobes, allowing for smaller
differences to be detected between morphologically-similar sources. While it is
plausible for EMU to therefore offer less constraining power than a MeerKAT-
observation, the ability to map survey noise and spatial resolution onto synthetic
sources means that the survey limitations can be directly modelled and captured
in the fitting uncertainties. It is also worth mentioning that if survey sensitiv-
ity and resolution are limiting factors, implementing larger radio luminosity and
physical size cuts can conveniently reduce the effects of the survey limitations.
However this would come at the cost of reducing the range of observed jet powers
and lifetimes, and would limit the sample to lower redshifts.

The outcomes of this work show promising applications to studying the en-
ergetic impact of radio-loud AGNs on their environments, in particular, through
studying remnant radio galaxies. However, although this method is clearly suc-

cessful for remnants with Ry, < 0.23, for much older remnants the model as-
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sumptions in the version of RAiSE used in this work may no longer capture all
the necessary physics, for example buoyancy and Rayleigh-Taylor instability; cap-
turing these physical processes will be an important step necessary for modelling
aged remnants, e.g. Blob 1 with R, ~ 0.8. Other complexities, such as dynamic
or non cluster-centered environments, can lead to asymmetries in the radio lobe
morphologies; e.g. in jet lengths, as well as lobe luminosities. Hydrodynamical
simulations of the jet and lobe evolution in such environments already exist (see;
Yates-Jones et al., 2021), which can incorporate the calculation of the resolved
adiabatic and radiative loss processes following Yates-Jones et al. (2022). While
the direct outputs of such hydrodynamical simulations can be implemented in
the grid-based approach of this work, their synthesis is computationally expen-
sive and can realistically only coarsely sample any given parameter space. The
RAISE framework can naturally consider asymmetries by allowing its governing
differential equations for the source expansion to be applied on arbitrarily small
solid angle elements; in this manner, future work can utilise modified versions of
this code that include relevant physical processes to efficiently simulate millions

of mock sources densely throughout the intrinsic parameter space.
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Chapter 4

Constraining evolutionary jet
models with remnant radio

galaxies

In the following chapter, I present my third major contribution of work undertaken
during this thesis. The contents of this chapter are in preparation for submission
as “The jet power and lifetime function of local (0.02 < z < 0.2) remnant radio
galaxies” to the Monthly Notices of the Royal Astronomical Society. The draft

manuscript is adapted for consistency with the rest of the Thesis.

Abstract

The energy coupling efficiency of active galactic nucleus (AGN) outbursts is
known to differ significantly with factors including the jet kinetic power, duration
of the outburst, and properties of the host galaxy cluster. As such, constraints on
their jet power and lifetime functions are crucial to quantify the role of kinetic-
mode AGN feedback on the evolution of galaxies since z ~ 1. In this work, we
address this issue by measuring the energetics of a sample of 79 low-redshift (0.02

< z <0.2) remnant radio galaxies compiled from all-sky radio surveys. Remnant
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lobes directly encode the complete duration of the jet phase, making them an
excellent laboratory for investigating AGN lifetimes. The jet kinetic power and
outburst duration of each remnant are determined using the RAiSE dynamical
model based on the surface brightness distribution observed in multi-frequency
radio images. We compare the energetics constrained for this sample to those pre-
dicted for mock radio source populations — with various intrinsic functions for jet
power and lifetime distributions — to correct for survey selection biases imposed on
our sample. The intrinsic jet power and lifetime functions that yield a selection-
biased mock population most similar to our observed sample are found using
Bayesian inference. Our analysis places robust constraints on assumed power-law
indices for the intrinsic jet power and lifetime functions: p(Q) oc Q@ 15%%! and
pton) o 15,1001 respectively. We discuss the implication of these findings for
feedback regulated accretion and the self-regulating nature of jet activity. The
methodology proposed in this work can be extended to active radio galaxies in

future studies.

4.1 Introduction

In the concordance view of galaxy formation and evolution, relativistic jets associ-
ated with radio-loud active galactic nuclei (AGNs) play a critical role in regulating
the gas residing in the interstellar and circumgalactic environments. On small
(galactic) scales, the jets are capable of dispelling large amounts of molecular gas
(e.g. Nesvadba et al., 2008; Dasyra & Combes, 2011; Morganti et al., 2013; Emonts
et al., 2014; Morganti et al., 2015; Kakkad et al., 2018; Morganti et al., 2021),
and can seemingly promote (Nesvadba et al., 2008; Dasyra & Combes, 2012; Mor-
ganti et al., 2013; Mukherjee et al., 2021) or suppress (Croft et al., 2006; Tortora
et al., 2009; Crockett et al., 2012; Dugan et al., 2017) star formation. On larger
scales, the buoyant rise of jet-inflated bubbles excavate cavities in their hot in-
tracluster environments (e.g. Churazov et al., 2002), which act to suppress the

cooling flows at the centre of cool-core clusters (Fabian et al., 2003; Forman et al.,
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2005; McNamara & Nulsen, 2007; Mittal et al., 2009; Alexander & Hickox, 2012;
Fabian, 2012). Recent findings also show that ‘maintenance-mode feedback’, the
self-regulating mechanism by which the jets maintain a heating/cooling balance
in their hot atmospheres, must be invoked in galaxy formation models to explain,
in particular, the suppression of star formation in the most massive galaxies (e.g.
Bower et al., 2006; Croton et al., 2006; Shabala & Alexander, 2009; Raouf et al.,
2017).

Despite the various successes of modern galaxy formation models (e.g. Dubois
et al., 2014; Vogelsberger et al., 2014; Schaye et al., 2015), constraints from obser-
vations are still required to quantify the global energetic impact of AGNs, and to
elucidate the connection between the environment and fueling of the supermassive
black hole (SMBH). One valuable insight lies in the observed mass-dependence of
the radio loud fraction, fgry, which rises with the stellar mass of the host galaxy
(Best et al., 2005) and most likely achieves ubiquity (=~ 100%) amongst the most
massive galaxies (Sabater et al., 2019); precisely the objects in which feedback is
required the most. Treating fry as a proxy for the AGN jet duty cycle, the result
implies a clear connection between the fueling of the SMBH and the surrounding
environment. Yet, questions still remain regarding the nature of this relationship.
Principally, if it is AGN feedback that links the quenching of star formation to
the prevalence of the jets, then the energies involved must be quantified to un-
derstand how this process occurs. Additionally, the fry, cannot separate between
objects with rapid duty-cycles versus those with a large ratio of active to inac-
tive jet phases. This distinction is important considering that such objects will
have vastly different duty cycles, and will thus differ in their feedback efficiencies
(Yates et al., 2018).

Valuable constraints towards AGN feedback mechanisms can be derived by
examining the distribution of AGN jet kinetic powers and lifetimes. For a single
AGN outburst, its total energy output can be found by integrating the instanta-

neous jet kinetic power (the jet power herein) over the the duration of the outburst
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(the jet lifetime herein). Considering that the jets are ultimately produced by
accretion onto the SMBH (Lynden-Bell, 1969), we can expect each of these jet
properties to be set by the conditions of and around the black hole; namely mass
accretion rate and spin for jet power (Daly, 2009, 2016, 2021), and the underlying
accretion mechanism for the duty cycle (Novak et al., 2011; Gabor & Bournaud,
2013). It follows that the distribution in jet powers and lifetimes not only con-
strains the energies released by AGNs, but also begins to probe the underlying
mechanisms responsible for the production and fueling of the jets. Considering
also the mass-dependence of the AGN jet duty cycle, reconciling the global prop-
erties of the jets together with those of their environment are an important step

towards linking AGN fueling and feedback.

Throughout the decades, a variety of techniques have been presented to mea-
sure the jet powers and lifetimes of radio-loud AGNs. The diffuse lobes inflated
by the jets contain synchrotron-emitting plasma that forms an approximately
power-law spectrum at radio frequencies. The energy-dependent synchrotron
loss rate allows for a derivation of the plasma age based on the observed spectral
steepening in the radio spectrum (e.g. Parma et al., 2007; Murgia et al., 2011;
Brienza et al., 2016; Duchesne et al., 2020), and is referred to in the literature
as the ‘spectral ageing’ method (e.g. Myers & Spangler, 1985). A shortcoming
of this method is the requirement of the lobe magnetic field strength, which in
turn requires knowledge of the equipartition factor and the pressure in the ambi-
ent environment. By making several assumptions regarding the lobes, e.g. their
composition and minimum energy, inferences of the jet power can be made based
on their observed radio luminosity (Willott et al., 1999). Comparisons of these
estimates against more sophisticated methods shows a general agreement (e.g.
see Turner & Shabala, 2015; Ineson et al., 2017), however with an appreciable
level of scatter in part due to the departure from the underlying assumptions, but
also due to the confounding impact of the source age and environment (Godfrey

& Shabala, 2013; Hardcastle & Krause, 2013). Cavities in the hot X-ray emitting
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intracluster gas allow for robust estimates to be made of the pdV work done by
the expanding lobes; with an assumption about the source age (discussed above),
inferences of the jet power can then be made. However, this technique is generally
limited to low redshifts (z < 0.5) as the trade-off between resolution and surface
brightness sensitivity in X-ray observations prevents measurements of the shape

of the gas density profile beyond the cluster core (e.g. Turner & Shabala, 2020).

Dynamical model-based methods have increasingly proved an attractive al-
ternative for measuring the intrinsic properties of AGN jets. The current genera-
tion of analytical models (e.g. Turner et al. 2018a; Hardcastle 2018; Turner et al.
2023; see Turner & Shabala 2023 for a review) match the evolutionary histo-
ries predicted by modern relativistic hydrodynamic simulations (e.g. Hardcastle
& Krause, 2013, 2014; English et al., 2016; Yates et al., 2018; English et al.,
2019; Yates-Jones et al., 2021) whilst including a full treatment of radiative and
expansion losses in their synchrotron emissivity calculations. The energetics of
radio-loud AGNs can be constrained by comparing simulated attributes of syn-
thetic radio sources (e.g. size and luminosity) against those for the observed
objects. This comparison is typically done through a Bayesian parameter in-
version (e.g. see Turner & Shabala, 2015; Turner et al., 2018b; Turner, 2018;
Mahatma et al., 2020; Turner et al., 2020; Quici et al., 2022), allowing the in-
trinsic radio source parameters to be fitted. Such methods have the ability to
simultaneously constrain the jet power and active lifetime of a radio source, in
addition to the lobe magnetic field strength (Turner et al., 2018b) or host red-
shift (Turner et al., 2020), based on its angular size and multi-frequency radio
spectrum. Quici et al. (2022) showed that high-resolution radio images at two
frequencies (e.g. 151 MHz and 1.4 GHz; typical of large-sky surveys) can provide
sufficient constraining power in a Bayesian parameter inversion to fit at least four
intrinsic jet parameters including the duration of the remnant phase, t,g. How-
ever, such parameter inversions rely on the ability of the underlying model to

capture the necessary physics needed to explain the observation. For example,
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the analytical model of Turner et al. (2023) does not currently capture processes
such as jet precession or a bending of the jet, and may therefore be inapplicable
towards certain active radio sources; on the other hand, these issues are less crit-
ical for the remnant phase as regions of enhanced emission associated with the
jets will rapidly fade due to adiabatic expansion and radiative loss mechanisms

(e.g. see Mahatma 2023 for a review).

Recently, Jurlin et al. (2020) selected an observationally-complete sample of
radio galaxies from the LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al.,
2019, 2022). Through the application of forward modelling facilitated by the Ra-
dio AGN in Semi-analytic Environments (RAISE; see Turner et al., 2023) model,
Shabala et al. (2020) used this sample to constrain the intrinsic (or true) jet
power and lifetime functions (see also Hardcastle et al. 2019 for a similar ap-
proach). Their approach relied on the comparison between mock and observed
distributions in flux density and angular size, as well as the constraints from the
observed fraction of remnant and restarted radio sources. Their work demon-
strated that power-law lifetime models were needed to reproduce the observed
properties of their reference sample, unlike constant-age models which under-
predict the fraction of remnant radio galaxies. This study sets a solid foundation
for ongoing work in this field, however, we propose to instead constrain the ener-
getics of individual objects following the method of Quici et al. (2022) and then
directly compare the selection-biased jet power and active age distributions to

mock catalogues.

In this work, we combine and extend the approaches taken by Shabala et al.
(2020) and Quici et al. (2022) to quantify the intrinsic jet power and lifetime
functions for a sample of remnant radio galaxies. Such objects are unique in that
they allow for a direct measurement of the full duration of the jet outburst, thus
offering tight constraints on the AGN jet lifetime function. First, we identify
a sample of 79 remnant radio galaxies brighter than 0.5 Jy, with angular sizes

0 > 4', and within a redshift range of 0.02 < z < 0.2 (Sect. 4.2). Next, we adopt
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the method of Quici et al. (2022) to fit their intrinsic parameters, allowing us to
probe their observed jet power and active age distributions (Sect. 4.3). To deal
with the inherent selection biases, we construct mock remnant catalogues based
on an assumed jet power and lifetime function, and filter the resulting radio
source population by our sample selection criteria (Sect. 4.4). We test a grid
of jet power and lifetime models, and compare their predictions to our observed
sample statistics to constrain the true jet power and lifetime functions (Sect. 4.5).
Our results are described in Sect. 4.6.

Throughout this work, we assume the ACDM concordance cosmology with
Qu = 0.3, Qp = 0.7 and Hy = 70kms~' Mpc™! (Planck Collaboration et al.,
2016).

4.2 Low-redshift sample of remnants

We compile a sample of remnant radio galaxies from a range of large-sky ra-
dio surveys to form the observational basis for the later analysis in this work
(Sect. 4.2.1). The radio galaxies in this parent sample are cross-matched with
infrared identified host galaxies, which are then matched to obtain optical pass-
band photometries and redshifts (Sect. 4.2.2). From these value-added products,
we estimate the host galaxy stellar masses, and thus infer the masses of their
dark matter haloes (Sect. 4.2.3). We then use literature-established methods to
select remnant lobes from our parent radio galaxy sample (Sect. 4.2.4). Finally,
following the method of Quici et al. (2022), we measure the observable attributes

of each remnant lobe needed to constrain its energetics (Sect. 4.2.5).

4.2.1 Parent radio galaxy sample

We outline the steps followed to select a parent sample of radio galaxies from
existing large-sky surveys. We impose the selection criteria that the radio sources

are brighter than 0.5Jy at 150 MHz (Sis0mm, = 0.5Jy) and larger than four
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Survey  Frequency  Sensitivity = Resolution Declination limit

(MHZ) (mJy/beam) (”) (5J2000
GLEAM 88-216 ~ T 120 < +30°
TGSS 151 ~ 5 25 > —53°
RACS 887 ~ 0.25 ~ 25 < +30°
NVSS 1400 ~ 0.45 45 > —40°
VLASS 3000 ~ 0.12 3 = —40°

Table 4.1: Important properties of the all-sky radio surveys used in this work.
Each row represents a unique radio survey (column 1), for which the observing
frequencies (column 2), root mean square sensitivities (column 3), angular reso-
lutions (column 4), and Declination limits (column 5) are shown.

arcminutes in size (# > 4’); this ensures the measured radio source attributes are
not heavily degraded either by (relatively) poor surface brightness sensitivity or

a lack of spatial sampling across the lobe.

4.2.1.1 Radio survey availability

We consider sources selected by both the Galactic and Extragalactic All-sky
MWA (GLEAM; Hurley-Walker et al., 2017) survey and the Rapid ASKAP Con-
tinuum Survey (RACS; McConnell et al., 2020) to ensure radio images are present
at two or more frequencies, whilst maximising the potential sample of remnant
radio galaxies. These two surveys both cover the following declination range:
—85°% < Decl. < 30°. We supplement these observations with images from other
large-sky surveys with partial coverage of this region: the TIFR GMRT Sky Sur-
vey (TGSS; Intema et al., 2017), the NRAO VLA Sky Survey (NVSS; Condon
et al., 1998) and the Very Large Array Sky survey (VLASS; Lacy et al., 2019).
The properties of these surveys are summarised in Tab. 4.1. Importantly, the
observational parameter space provided by the GLEAM survey, principally the
low-frequency coverage and low spatial-resolution, minimises the deselection of

aged remnant lobes.

168



4.2.1.2 Integrated flux density cut: Si5ommu, > 0.5Jy

We begin the parent sample compilation by considering all radio components
brighter than Sisomu, = 0.5 Jy. We conduct this step using the GLEAM survey
due primarily to its enhanced surface brightness sensitivity to large-scale struc-
ture. As a preliminary step, we incorporate the GLEAM 4 Jansky catalogue
(G4Jy; White et al., 2020b,a), which offers a complete, GLEAM-selected sample
of radio galaxies brighter than 4 Jy at 151 MHz, and also offers robust host galaxy
associations. Importantly, all sources in the G4Jy catalogue meet the integrated
flux criteria of our sample, and are thus filtered through to our candidate sample.
To avoid any duplicates of these sources, we remove components comprising the
radio galaxies present in the G4Jy sample from the GLEAM catalogue prior to
further source selection. This is done using a cone search centered at the coordi-
nates of the G4Jy centroid, setting the radius of the search equivalent to reported

angular size.

We now need to identify all GLEAM-selected radio sources with an integrated
flux density of 0.5 < Sis0mu2(Jy) < 4. For each component in the GLEAM cata-
logue, we use the fitted 72 —216 MHz spectral index (a21°) and reference 200 MHz
integrated flux density (Sappst) to compute the 150 MHz integrated flux density;
we use this value over that measured from the 154 MHz GLEAM wide-band, in or-
der to reduce the measurement uncertainty due to white noise. Components with
flux densities of Si50mu, = 0.5 Jy are added to our candidate sample. However,
recognising that extended (6 > 4’) radio galaxies can appear as multiple compo-
nents even in the GLEAM catalogue (e.g. see Fig. 4.1), we must also consider
radio sources for which the sum of their component flux densities exceeds our
required threshold (even if each individual component is below that threshold).
To do this, we perform a cone search within the remaining GLEAM catalogue to
internally cross match all components within a § = 18 radius; i.e. based on the
largest angular size reported in the G4Jy catalogue. Component groups with a

total flux density Sisomm, = 0.5 Jy are also considered added to our candidate
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Figure 4.1: Example overlays used to manually inspect the GLEAM-selected ra-
dio sources. Gray-scale background images represent the AIIWISE W1 bands.
Each radio source is shown at 200 MHz as seen by GLEAM (solid black con-
tours), and as seen by RACS at 887 MHz (semi-transparent images); the shape of
their restoring beams are shown in the lower-right corner by the black and pur-
ple ellipses, respectively. For Fig. 4.1a, a close-up view around the host galaxy
coordinates, as seen at 3 GHz by VLASS, is shown in the upper-right corner. For
Fig. 4.1b, the coordinates of the host galaxy are marked by the cyan cross.

sample.
Following this approach, we identify a total of 3071 candidate radio sources

brighter with 5150 Z 0.5 Jy

4.2.1.3 Extended radio galaxy cut: 6 > 4’

We next need to identify which of our radio source candidates are: (1) extended
radio galaxies larger than # > 4’ and (2) are not comprised of components
associated with unrelated radio sources. Considering the size of this sample is
just on the limit of what can be handled manually, we perform this step largely
through a visual inspection to ensure our classifications are robust. However, we
perform two initial cuts to remove compact radio galaxies from our sample, as

we now briefly discuss.
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We use the Tool for OPerations on Catalogues And Tables (TOPCAT) soft-
ware, with a search radius of § = 2’ (i.e. the size of the GLEAM resolution at
200 MHz), to perform an internal cross match within the TGSS catalogue (for
Decl. > —40°) to search for all isolated components within this radius. We then
filter the TGSS components for sources with a integrated-to-peak flux density ra-
tio less than 1.3; i.e. definitely compact. These TGSS objects are cross-matched
with the GLEAM catalogue, and we remove the associated GLEAM components
from the sample. We perform the same internal cross match within the NVSS
catalogue to search for isolated components in this survey, and cross-match these
outputs with the GLEAM catalogue. By calculating a two-point spectral index
between 151 MHz and 1.4 GHz, GLEAM components are excluded if the measured
spectral index is greater than zero (i.e. brighter at higher frequencies). This is a
conservative cut, considering that radio galaxy lobes should have a spectral index
at least steeper than a = —0.5, and is designed to exclude compact objects such

as gigahertz peaked spectrum objects and blazars.

The remaining radio galaxy candidates are visually inspected to check that
the components are associated with an actual radio galaxy and meet the angu-
lar size cut (0 > 4’). We use the coordinates of their radio centroid to create
0.5° x 0.5° postage stamps from the GLEAM, TGSS, RACS and VLASS radio
images. For multi-component source candidates, we take the radio centroid as the
mean of the individual component coordinates. Importantly, the (relative) high
resolution and surface brightness sensitivity of the RACS radio imaging made
it possible to inspect the radio morphologies of each candidate radio source in
sufficient detail. We use the SAOImageDS9 (Joye & Mandel, 2003) software to
manually measure the largest angular size (LAS) across the lobes. Sources were
discarded if the measured LAS failed to reach the required angular size criterion.
Objects were also discarded if their GLEAM component(s) were associated with
unrelated sources. This was true for both single-component sources, i.e. where

the singular GLEAM component was in fact multiple radio sources, as well as
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multi-component sources, i.e. where the GLEAM components themselves were
revealed to be unrelated. These decisions were aided with infrared images indicat-
ing potential host galaxies locations (discussed in Section 4.2.2), and also aided
with the discarding of diffuse radio emission associated with nearby star-forming
galaxies (SFGs).

Finally, following this approach, we arrived at a parent sample of 795 radio
galaxies with Si51 > 0.5 Jy and @ > 4'. To prepare our sample for further analysis,
we compile the integrated flux densities for each source from the five GLEAM

wide-bands, RACS and NVSS (for Decl. > —40°).

4.2.2 Cross matching the host galaxies

Constraining the host galaxies of our radio sources is essential to model their
intrinsic parameters. In this section, we cross match our radio galaxy sample
to the WISE all-sky survey (Sect. 4.2.2.1), and use the WISE object IDs to
automatically cross match our sample against various online data bases in order
to obtain their optical passband photometries (Sect. 4.2.2.2), as well as their
redshifts (Sect. 4.2.2.3). Unless otherwise stated, all database cross matching

outlined in this section is performed using the VizieR catalogue service!.

4.2.2.1 The AIWISE data Release

We perform our initial host galaxy cross match with respect to the AIIWISE
Data Release (Cutri et al., 2021) publicly available on VizieR?. We choose this
survey considering it covers the full declination range occupied by our sample,
and also probes a wavelength range well suited to the detection of dust-obscured
host galaxies. Additionally, its most sensitive passband (W1, A = 3.4 ym) has a
high angular resolution of ~ 4", comparable to that of VLASS. We create similar
postage stamps to those discussed in Sect. 4.2.1.3 for the A = 3.4 um band of

"https://vizier.cds.unistra.fr/
Zhttps://vizier.cds.unistra.fr /viz-bin/VizieR ?-source=I1/328
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the Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010) survey, i.e.
the WISE W1 band from the AIWISE data release (Cutri et al., 2021). These
images were used to identify the coordinates of the likely host galaxy based on
the orientation of the radio emission with respect to the galactic environment.
For radio sources with a clear radio core and/or central jet, we took the host
galaxy as that which coincided with the origin of the radio emission. We used the
highest resolution radio data available, which at minimum was provided by RACS,
however in many cases was improved on by VLASS imaging. For radio sources
without a clear radio core, we recorded the likely coordinate of the host galaxy
based on the orientation of the diffuse lobe plasma with respect to the surrounding
galaxies. We note, although the host galaxy identification is often challenging for
remnant radio galaxies (see e.g. Brienza et al., 2017; Quici et al., 2021), we did
not encounter any cases where the host galaxy associated was ambiguous. We
obtain the WISE object ID for the candidate host galaxies identified using the
WISE W1 images (see Fig. 4.1).

4.2.2.2 Optical passband photometry

We require g and ¢ passband optical photometry of each host galaxy to estimate
the host galaxy stellar mass, however, no single survey provides coverage of our
entire radio galaxy sample. As such, we compile measurements from various sur-
veys, specifically the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS1; Chambers et al., 2016), the Sloan Digital Sky Survey Data Re-
lease 12 (SDSS DR12; Alam et al., 2015), and the Skymapper Southern Sky
Survey (SMSS; Wolf et al., 2018). Using the coordinates of the WISE object
IDs obtained in the section above, we perform a cone search of each database
using a € = 5” search radius to retrieve the best positional match for each object.
The results of our cross matching are shown in Fig. 4.2, which demonstrates the
on-sky distribution of the data available for each host galaxy. For each survey,

we obtain the AB magnitudes in the ¢ and 7 passbands. For regions below a
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declination of —40°, photometries are taken from SMSS. Photometries are oth-
erwise taken from PanSTARRS, however for a small fraction of these objects
(~ 1%), the PanSTARRS photometry is either missing in one of the passbands,
or has a poorer signal to noise ratio than that in SDSS. In these two cases, optical
magnitudes are sourced from SDSS instead.

In order to minimise any potential systematic biases that could lead to in-
consistent stellar-mass estimates from multiple surveys for the same galaxy, we
apply corrections to the SMSS and SDSS g and ¢« magnitudes to align them with
PanSTARRS, which serves as the reference due to its overlap with both sur-
veys. The galaxies in our sample that appear in the overlapping region with
PanSTARRS are used for independent corrections of the g and ¢ bands in each
survey. By comparing magnitudes between the two surveys for each band, we
derive a linear correction that is applied as a function of the PanSTARRS mag-
nitude to ensure that the bulk of the magnitudes are in agreement (see Fig. 4.3

for comparison of derived stellar masses).

4.2.2.3 Host galaxy redshifts

To obtain redshift information for our radio sources, we use the astroquery (Gins-
burg et al., 2019) PYTHON module to cross match our host galaxy coordinates
with the NASA/IPAC Extragalactic Database® (NED). For each radio source,
we perform a 6 = 2’ cone search around the coordinates of the host galaxy, and
filter the outputs for objects with catalogued redshifts in NED. Through this
approach, redshifts are found for 540 out of the original 795 host galaxies. We
also record the classification of each redshift type, whether the redshifts are spec-
troscopic or photometric, based on the original references for each catalogued
redshift. Overall, our sample contained 329 spectroscopic, and 211 photometric
redshifts. Our redshift distribution is shown in Fig. 4.4. Photometric redshifts are

indeed far less reliable than those constrained by spectroscopy; the uncertainty in

3https://ned.ipac.caltech.edu/
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Figure 4.2: Sky coverage of the broadband optical surveys cross matched to our
extended radio galaxy sample. Shown are the coordinates of the host galaxies
(black circles), together with their cross-matched positions in the SDSS catalogue
(green squares), the PanSTARRS catalogue (orange diamonds), and the SMSS
catalogue (purple pentagons).

their estimates will vary based on the method used as well as as the quality and
availability of the photometric data, however approximating a typical uncertainty
as 0, ~ 0.1 appears to be fairly representative of their confidence margin (e.g.
Oyaizu et al., 2008; Banerji et al., 2008; Lima et al., 2008). As a sample cut,
we limit the redshift distribution to 0.02 < z < 0.2, to reduce the contamination
from sources with photometric redshifts (but see also discussion in Sect. 4.3.1.2).
At z > 0.2 our photometric redshifts become more numerous than spectroscopic
which, considering the redshift is needed to perform the parameter inversion, may

introduce an unwanted systematic into the fitted energetics.

Since these redshifts are heterogeneously-selected, we can not comment on
the redshift completeness of our sample. However, we clarify that the method
undertaken for this work is not reliant upon volume-complete radio galaxy sam-
ples. In Sect. 4.4, the predictions made by forward modelling a given jet power

and lifetime model are made specific to the intrinsic property distributions of
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the selected remnant sample. This includes the redshift distribution, which in

principle means that the results should not be biased by redshift incompleteness.

4.2.3 The sample environments

The properties of the environment within which the source expands need to be
quantified to successfully model the evolutionary history of a radio galaxy. In
the RAISE model, the environment can be parameterised by the mass of the
cluster halo or galaxy sub-halo, which is related to a gas density profile based
on an assumption of a typical shape of a cluster profile and a gas mass fraction
(baryonic-to-dark ratio). Later in Sect. 4.3 we will allow for this parameter to
vary as part of the fitting of the radio source evolution. However, to help guide
this process, we will estimate the stellar masses of the host galaxies (Sect. 4.2.3.1)
to then infer their total halo masses (Sect. 4.2.3.2). This step will eliminate im-
probable halo mass values (by using a Gaussian prior) when fitting the evolution

of the radio sources.

4.2.3.1 Deriving the stellar masses

Taylor et al. (2011) demonstrated an empirical relation between the rest-frame
(g —1) colour and mass-to-light ratio (M. /L;) of a galaxy. To estimate the stellar

masses, we use their linear best fit (e.g. see their Eqn. 8):

L ) (4.1)

log[M, /Mo] = —0.68 + 0.70(g — i) — 0.4m; — 2log (10 -

where m; is the apparent magnitude in the photometric i-band (AB system),
dy, is the luminosity distance, and the 1o uncertainty corresponding to the de-
rived M, /L; is ~ 0.1dex. The stellar masses of each host galaxy are estimated
using this equation based on the photometries presented in Sect. 4.2.2.2. For
sources found in the overlap between different optical surveys, we compare their

stellar mass estimates to validate their broad agreement. Considering that we
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Figure 4.3: Consistency check for stellar masses derived using the (g — @) colors
from the PanSTARRS, SMSS and SDSS surveys. In each panel the PanSTARRS-
based mass estimate (horisontal axis) is compared to the SMSS-based mass esti-
mate (left panel) and the SDSS-based mass estimate (right panel). The standard
deviation of the differences calculated between the two mass estimates is shown
in the label for each panel, and represented by the blue-shaded region.

previously calibrated the SMSS and SDSS magnitudes against those measured
by PanSTARRS, we thus compare the SMSS-derived and SDSS-derived stellar
masses to those derived using PanSTARRS. For each comparison, we find the lin-
ear best fit to the data, and also compute a standard deviation of their residual
(see Fig. 4.3).

Reassuringly, our results demonstrate good agreement between all three stellar
mass estimates. While the scatter is clearly larger for the SMSS-PanSTARRS
comparison, both comparisons show a near 1:1 relationship, and thus do not
appear to be systematically offset. We assume the same holds true for the entire
sample (e.g. outside the overlapping regions). To account for the noisier SMSS
data, we assign a 0.32dex uncertainty (e.g. the lo deviation of the scatter) on

the SMSS-derived stellar masses.

4.2.3.2 Inferring the halo masses

Turner & Shabala (2015) converted between stellar and halo masses based on the
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mock population outputs of the semi-analytic galaxy evolution (SAGE) model of
Croton et al. (2006). The median and variance in this relationship is approxi-
mated by a broken power law fit as follows (Turner & Shabala, 2019):

(1010gM*7SHV)a % 108HW
log My =

—— £ (620 + 0212 + 62227), (4.2)
a4\ 47
(1 + (1ologM* Mcnt) >

where o = a0 + @12, = max{f.0 + [.12, fmin} and My, is given by:
My = max { (cgo + cglz + 02222 + 02323), (cio + cilz + 02222 + ci323)}, (4.3)

for the constants provided in Tab. 4.2. We use Eqn. 4.2 to infer the halo masses
for our remnant sample. The uncertainty in log My is added in quadrature with
the uncertainty on log M,, to give a final uncertainty on the halo mass estimates
(see Fig. 4.4).

In Sect. 4.3, we will fit the intrinsic parameters of our remnant sample via the
RAiSE-based parameter inversion. This will include fitting for the halo mass of
each object, partially to deal with any systematics that may exist in our stellar
and/or halo mass derivations; e.g. the small fraction of sources which appear
to have unreasonably massive haloes (My > 10 M,). The estimates we have
derived here will thus act to constrain the fitting of the halo mass by providing
a mean value and width of a Gaussian prior based on halo mass estimate and its

1o uncertainty.

4.2.4 Classifying remnant radio galaxies

To classify remnant radio galaxies, we base our methods on the results of Brienza
et al. (2017), Mahatma et al. (2018), Jurlin et al. (2020) and Quici et al. (2021),
who show that remnants can display a wide range of observed properties. In
Sect. 4.4, we will apply forward modelling to directly constrain the energetics of

the sample of remnant radio galaxies compiled here. For this reason, provided
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Parameter Value

SHy 8.88365129
SHy 10.8533119
a0 0.618427576
. 0.081724472
B0 3.016728391
B -0.868969294
Bunin 1.130765
&, 10.91946225
9, -0.03789275
A, 0.02863088
Ay -0.05209548
cly 5.94896664
cl 3.49199821
cl, -1.05060664
cly 0.12026139
820 0.29811592
621 -0.07074894
829 0.01121627

Table 4.2: Values for the parameters used in Eqn. 4.2 to infer the halo mass based
on the stellar mass of the host galaxy.
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Figure 4.4: The redshift, stellar and halo mass distributions for our parent radio
galaxy sample. The two scatter plots show the derived halo masses (upper panel)
and stellar masses (lower panel) as a function of redshift. Spectroscopic and
photometric redshift are denoted using blue and salmon colors, respectively. Each
histogram shows the one-dimensional distribution in the parameter adjacent to
the plot. Light grey bars are used to denote the full sample (spectroscopic and
photometric).
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our methods do not preferentially select, for example, the oldest/youngest rem-
nants, we prioritise our remnant selection for reliability (e.g. how confident we
are in our classification) rather than completeness (e.g. how certain we are we
have identified all the remnants in our parent sample). Furthermore, despite the
observational differences between remnant and restarted radio galaxies, the latter
are equally as valuable towards our work. Restarted radio galaxies are defined
as those in which multiple episodes of activity are observed concurrently. Impor-
tantly, the associated remnant lobes are no different to those associated with an
inactive nucleus, and thus can be modelled through a RAiSE-based parameter
inversion provided the two epochs of radio activity do not overlap spatially. With
this in mind, we use the cutouts created in Sect. 4.2.1.3 and adopt several criteria

to perform our remnant (and restarted) radio galaxy selection.

Prior to our remnant selection, for each source we calculate several flags of
remnant classification based on its observed radio properties. First, radio sources
are flagged if they do not exhibit radio emission from the core. We classify a
core detection if radio emission at the coordinates of the host galaxy is signif-
icant above the 30 level, where o denotes the local RMS noise. This step is
performed uniformly across our sample using the RACS data, but additionally
includes VLASS data for Decl. > —40° sources. The core status is flagged as
ambiguous if radio emission is present above this level, but is not unresolved by
the resolving beam as one might anticipate in the case of a restarted jet. Ad-
ditionally, using the VLASS and/or RACS data as above, sources are flagged if
they do not show compact features such as jets or hotspots. Next, we calculate
a ‘low surface brightness’ flag based on the mean 151 MHz lobe surface bright-
ness (in mJy/arcmin=2). Using the RACS data, we use the POLYGON_FLUX"
code (Hurley-Walker et al., 2019) to trace the 30 footprint of each radio source,
and thus quantify the area projected by the lobes. Together with the 151 MHz

GLEAM integrated flux density, we then evaluate an average surface brightness,

‘https://github.com/nhurleywalker/polygon-flux
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Figure 4.5: Radio luminosity—linear size distribution for our sample of 79 candi-
date remnant and restarted radio sources. Markers are used to represent spectro-
scopic (square) and photometric (diamond) redshifts. Marker colours are linearly
mapped to the source redshift, as shown by the upper-right panel. The radio lumi-
nosity is calculated at 154 MHz and includes a k-correction based on the derived
low-frequency spectral index. One dimensional distributions for each quantity
are shown in the adjacent panels, with the median value represented by a solid
black line. The median values reported by Jurlin et al. (2020) are also shown for

their candidate remnants (salmon dot-dashed line) and candidate restarters (red
dot-dashed line).

and flag sources that fall below 50 mJy/arcmin~2. We calculate an ‘ultra-steep
spectrum’ flag, based on a global spectral index fitted to the integrated lobe spec-
trum. For each source, we fit the global spectral energy distribution (between the
lowest and highest frequency available) in log-log space using a simple linear
model, and flag sources if the fitted spectral index steepened beyond oo = —1.2.
We are now able to select remnant radio galaxies from our parent sample
using the flags above described above. The ‘absent radio core criterion’ (Quici
et al., 2021, Chapter 2), in principle, can classify sources as remnant if they do
not exhibit significant radio emission at the host galaxy. However, Jurlin et al.

(2021) showed that faint radio emission from the core, perhaps due to the jets not
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completely shutting off, can still coincide with remnant radio galaxy lobes. For
sources where the core is classified as ‘ambiguous’, we adapt the ‘morphological’
criterion (Brienza et al., 2017) and classify sources as remnant if the following two
conditions are met: 1) their lobes are flagged as having ‘low surface brightness’,
and 2) the sources do not exhibit any jets/hotpots. In support of this step, we se-
lect the known remnant radio galaxy associated with NGC 1534 (Hurley-Walker
et al., 2015; Duchesne & Johnston-Hollitt, 2019), which has unambiguously rem-
nant lobes, yet also shows weak radio emission at the host galaxy. Finally, in line
with the restarted radio galaxy classification techniques of Jurlin et al. (2020),
we additionally select remnant lobes if a clear radio core is observed, however
their lobes exhibit the following properties: their lobes are flagged as ‘low sur-
face brightness’ and as ‘ultra-steep spectrum’, and do not exhibit any compact

features (jets/hotspots).

Following these methods, we obtain a final sample of 79 candidate remnant ra-
dio galaxies within 0.02 < z < 0.2. The selected candidates are shown in Fig. C.1.
We emphasise that the methods outlined in this section have been designed in
view of selecting a statistically meaningful sample of remnant radio galaxies from
which we can use population statistics to constrain our mock simulations. De-
spite this, it is important to note that the remnant classification methods used
in this work select only candidates for remnant lobes. Furthermore, as VLASS
has a declination limit of 039000 > —40°, the classification of the nature of radio
emission from the core is heterogeneous to the survey data, and thus the remnant
classification is not uniform across the sample. On the issue of sample reliability
(i.e. active radio galaxies incorrectly classified as remnant), we expect this would
impact the results by artificially steepening the constrained jet-lifetime distribu-
tion. This is because an active radio galaxy is observed part way through its
full jet phase, meaning the true jet lifetime is longer than what is constrained.
On the other hand, we expect for sample completeness (i.e. not identifying all

remnants within the parent sample) to pose less of an issue on the results, as
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we do not expect the observability of the radio core to introduce a bias towards
the age of the selected remnant. As the modelling in Sect. 4.3 depends upon the
relative shape of the observed jet power and age distributions, the issue of sample
completeness should mostly contribute simply to increased counting errors due

to smaller-number statistics.

Further in Sect. 4.5.2.2, we compare our best-fit jet kinetic power and active
age distributions to the results of Shabala et al. (2020), who perform a similar
simulation-based study using the radio galaxy sample compiled by Jurlin et al.
(2020). We must emphasize that the sample selection of Jurlin et al. (2020) differs
significantly to that of our sample; their sample is selected around a minimum
angular-size limit of § = 60”, and while there is no integrated flux density re-
quirement, sources must have a peak flux density greater than 200 uJy/beam at
150 MHz to be detected by their LOFAR observations. Furthermore, the median
redshift distribution in their sample is z &~ 0.5, and is in stark contrast to our
upper limit of z = 0.2. As such, we examine the impacts of the sample selection
biases between the two samples by deriving the 154 MHz radio luminosity and
physical size of our sources. Our results are shown in Fig. 4.5 and summarised in
Tab. 4.3. Despite the sample selection differences, the resulting radio luminosi-
ties and physical sizes are broadly comparable. Jurlin et al. (2020) are able to
achieve both higher and lower radio luminosities than that of our sample, which
is unsurprising given the superior sensitivity of their LOFAR observations. Com-
bining the redshift limits in Tab. 4.3 together with an approximation of the sky
area covered by each sample, we find that the co-moving volume of our sample is
approximately 12 times greater; this would explain the greater physical-size tail
of our sample, given that the space density of such giant radio galaxies is low

(e.g. see; Schoenmakers et al., 2001).

Despite the similarities in radio luminosity and physical size, we can not as-
sert that the two samples are drawn from the same underlying distributions in,

for example, AGN jet duty cycle, since it is unclear whether the mechanisms re-
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Table 4.3: A comparison of the range of observed radio luminosities, physical
sizes, and redshifts between the sample selected as part of this work, and the
sample of Jurlin et al. (2020). We note that without access to their raw data, the
limits shown for Jurlin et al. (2020) are approximations based on their Figures
4. and 7. This is sufficient for the purpose of broadly comparing the parameter
space probed by both samples.

Author Lisamn, (W/Hz)  Physical size (kpc) Redshift

This work 10234 < Lp < 10%° 92 < D < 3054 0.01<2<0.2
Jurlin+2020 10%5 g L $10*° 125 5D 1375 0.03 525 1.125

sponsible for triggering SMBHs evolve across cosmic times. As a result, the seed
distributions in jet kinetic power and jet lifetime, from which these samples are
selected from, may exhibit differences that can not be resolved within the present

scope of this work. This is discussed at length in Sect. 4.5.2.

4.2.5 Measuring the radio source attributes

To fit the intrinsic parameters for our selected remnant radio galaxies, attributes
are needed to constrain their evolutionary histories. In the framework for the
RAiSE-based parameter inversion, observed radio source attributes are compared
to those extracted from synthetic radio sources. Using a maximum likelihood
algorithm to compare the two attribute sets, the most probable evolutionary
history can thus be inferred through the intrinsic parameters which offer the
closest match to observation (assuming that there is no degeneracy for a set
of attributes with respect to the intrinsic parameters). It follows, then, that
the quality and number of measured radio source attributes (unique constraints)
must be adequate to the constrain the underlying parameters. For this work, we
implement the result of Quici et al. (2022), who showed that attributes related
to the observed surface brightness distribution of remnant lobes help to constrain
the duration of the remnant phase.

With this in mind, and given the quality of the radio data available to us (see

Sect. 4.2.1.1), the following radio source attributes are of particular interest to
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us:

a reference radio luminosity,

a largest linear size,

the two extent attributes, which describe the lobe surface brightness distri-

bution (e.g. Quici et al., 2022)

a low frequency spectral index,

and a measure of spectral curvature.

To measure the reference radio luminosity, L,, we use the 154 MHz integrated
flux density measured for each remnant. The decision to measure this attribute
using GLEAM data is motivated by the sensitivity to low surface brightness emis-
sion and relatively low calibration uncertainty (e.g. approximately 8%; Hurley-
Walker et al., 2017). However, for three of our selected remnants, blending with
unrelated components resulted in an uncertain measurement of their Sis4. For
these sources, we measured their reference radio luminosity at 887 MHz using
RACS data (which can be equally well predicted by RAISE).

To measure the largest linear size and the two extent attributes, we use the
method of Quici et al. (2022), who parameterise these attributes by fitting the
lobe surface brightness profiles with skewed Gaussian functions (e.g. see their
Sect. 4.2.2). As part of their analysis, they demonstrated that the extent at-
tributes are mostly affected by the spectral ageing of the oldest plasma, meaning
that higher-frequency measurements are more constraining. We therefore mea-
sure the extent attributes at 887 MHz, considering that the RACS observations
provide the optimal trade-off between frequency, sensitivity, and spatial resolu-
tion; for example, while NVSS probes higher frequencies, the restoring beam is
also larger, and thus does not offer much constraining power.

To measure the low-frequency spectral index, ay.y, we use the five GLEAM

30GHz-wide bands (ranging between 88 MHz and 200 MHz) to fit the low-frequency
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spectral energy distributions for our remnants. In the ideal case, the spectral
index is measured across all five bands. However, for a handful of cases, blend-
ing from unrelated components (which becomes increasingly worse towards lower
frequencies) makes this measurement problematic. For two such sources, the low-
frequency spectral index was measured between 154 MHz and 200 MHz. To derive
the spectral index, spectral data points were fit in log-log space (flux density and
frequency) using a simple linear fit.

To measure the spectral curvature, SPC, we measured a higher-frequency two-
point spectral index, amign, and calculated the difference with aye,. To measure
this attribute, we used one of two ways. If the radio source was detected by
NVSS, anign was calculated between 887 MHz and 1.4 GHz. Consequently, if the
radio source fell below the NVSS declination limit (Dec. = — 40°), or above
the declination limit but was undetected by NVSS, we calculated ayign between
200 MHz and 887 MHz. We found that all sources detected by NVSS were also de-
tected by RACS, which is unsurprising considering the deeper and comparatively
lower-frequency observations provided by RACS.

With this approach, the radio source attributes are measured for each remnant
in our sample. Using these attributes, we now seek to model the evolutionary
histories of our remnants, and thus constrain their energetics. This is discussed

in the following section.

4.3 Constraining the sample energetics

The energetics of an observed radio source can be constrained via a RAiSE-based
parameter inversion — a method that exploits the ability of the RAiSE model to
convert from intrinsic parameter space into observed attribute space. In the fol-
lowing section, we describe the adoption of this method to quantify the energetics
for the sample of remnants compiled in the previous section. Briefly summarised,
synthetic radio sources are generated across a multi-dimensional grid of input pa-

rameters that are expected to influence the observed properties (Sect. 4.3.1). The
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parameter space is inverted by measuring synthetic attributes from the simulated
surface brightness maps, whilst imposing the redshift and survey limitations of
each radio source. (Sect. 4.3.2.1). By comparing the synthetic and observed ra-
dio source attributes via a maximume-likelihood algorithm, and applying Bayesian
priors (halo mass and equipartition factor), the relative likelihood of each model
is evaluated across the entire parameter space. We use a grid-search approach to
fit the intrinsic model parameters and estimate their uncertainties (Sect. 4.3.2.2).
We use these results to explore the observed distributions in the fitted parameters

(Sect. 4.3.3).

4.3.1 Creating the RAiISE simulation grid

The RAISE simulations that underlie this work play a key role in both estimating
the energetics of each observed remnant (Sect. 4.3.2.2), and generating mock
remnant populations required later in this chapter (Sect. 4.4). Towards both
of these aims, we must ensure that the input parameter space covers the full
breadth of plausible values, and that the resolution in each dimension is at least
comparable to the associated fitting uncertainty. Below, a detailed setup of the

RAISE simulation is outlined.

4.3.1.1 Initial setup

To predict the evolutionary histories of a radio source, we use the Turner et al.
(2023) ‘jet+lobe’ RAISE model, for which the associated PYTHON code is pub-
licly available on GitHub®. Radio sources are simulated using the RAiSE_run
function, which generates spatially-resolved images of the lobe synchrotron radi-
ation for an set of model inputs. Two such inputs, frequency and resolution,
control the properties of the output images. For computational efficiency, we set
resolution=poor, which sets the number of Lagrangian particles used in the

surface brightness calculation equal to 1,792,000. Even in its lowest setting, the

Sgithub.com/rossjturner/RAiSEHD
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particle resolution remains sufficiently high to effectively trace the particle histo-
ries (Turner et al., 2023). To match the combined frequency coverage provided
by the GLEAM, RACS, and NVSS radio surveys, the synchrotron radiation is
synthesised at 88, 151, 200, 887 and 1400 MHz. Other input parameters, those
that control the dynamics of the lobe formation and the internal structure of the
jet, are held constant and set to default values that have been calibrated against
hydrodynamical simulations (see Tab. 1 of Turner et al., 2023). The remaining
inputs, those related to the dynamics and energetics of the lobes, represent dy-
namically relevant parameters that we will need to fit for each source and are
discussed in the following section. Finally, in these simulations we seed the ra-
dio source environments based on a halo mass, which places the radio source at
the centre of a spherically-symmetric, double-beta gas density profile. This uses
observational constraints of galaxy clusters (Vikhlinin et al., 2006) to assume
a mean shape for the gas density profile, and uses outputs of the Semi-Analytic
Galaxy Evolution (Croton et al., 2006) model to make an assumption of the mean

gas mass fraction (the fraction of the total halo mass locked in baryonic matter).

4.3.1.2 The input parameter space

The RAiSE-based parameter inversion uses attributes measured for an observed
radio source to infer its intrinsic parameters. In this approach, a hyper-dimensional
grid of order k is required to fit £ number of parameters, where each dimension is
a list of uniformly-gridded values (in either log- or linear-space). Our main goal is
to fit the energetics of each radio source, meaning we need to fit the jet power and
active age. However, we also want to account for other intrinsic properties that
will have an influence on the observed radio source properties, thus ensuring that
the fitted energetics are not systematically incorrect. These properties are: the
remnant ratio (fractional time spent in a remnant phase), halo mass, equipar-
tition factor in the lobes, and energy injection index. The intrinsic parameter

space is thus created by uniformly gridding each aforementioned parameter be-
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Table 4.4: The properties of the parameter space upon which the RAIiSE simu-
lation grid is created. Each row represents a dimension of the simulation grid,
which is gridded between an upper/lower limit (column 3) using a fixed resolution
(column 5), and comprises a total of N values (column 6). This parameter space
results in a total of 8.63 x 107 synthetic radio sources.

Input parameter  Symbol Value(s) Unit Resolution N

Redshift z 0.1 - - 1

Jet power Q 10365 - 10100 W 0.1dex 36
Active age ton 10%° - 10%°  Myr  0.05dex 41
Remnant ratio Riom 0.000 - 0.700 - 0.025 29
Halo mass My 108 - 10 Mg 0.2dex 16
Equipartition factor q 10727 -107%7 - 0.1dex 21
Injection index 5 2.2-2.7 - 0.1 6
Initial axis ratio Ay 2.5 - - 1

tween an upper/lower limit, using a specified resolution (see Tab. 4.4 for details).
Due to computation constraints, we assume a fixed value for the initial axis ratio,
Ap = 2.5, consistent with observations of 3CRR FR-II radio galaxies (Turner
et al., 2018b).

Ideally, to fit the intrinsic parameters for our remnant sample, a unique RAiSE
simulation grid would be created at the redshift of each remnant. However, for
79 observed remnants, the added cost to the total computation time makes this
approach unfavourable. Considering that the redshift range for our observed rem-
nant sample is low (0.02-0.2), and that the simulated rest frame properties (such
as radio luminosity and physical size) can be scaled by any redshift, we consider
a much-less computationally expensive option whereby the RAiSE simulation is
executed at a single redshift, z = 0.1. It is important to note that RAiSE prin-
cipally requires the redshift to correctly calculate the contribution of the inverse
Compton (IC) energy losses, due to the CMB energy density, towards the total
radiative losses. For a distribution of observed redshifts, this will introduce a

relative uncertainty into the IC calculation as follows:

UC, sim Zsim—i_1 !
§(uc) = 2 z( ) : (4.4)

U, obs Zobs 1
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Recalling that the radiative energy loss rate is proportional to v*(ug+uc) (see
Eqn. 3.12), we can therefore expect the overall uncertainty towards the calculation
of the radiative energy losses to increase under the following conditions: when the
true redshift deviates further from zg, = 0.1, i.e. as |zops — Zsim| increases; for
older and lower-powered remnants (where ug decreases); and for higher-redshift
remnants (where ue increases). However, by fixing the redshift of the simulation
to z = 0.1, we do not expect this uncertainty to dominate our results considering

the narrow redshift range of our remnant sample (0.02-0.2).

Following this approach, the RAiSE simulation grid is constructed by simulat-
ing the radio source evolutionary histories for each point in the input parameter
space. Each point contains spatially-resolved maps of the synchrotron radiation
expected at the frequencies specified in Sect. 4.3.1.1. The integrated radio lu-
minosities (for each input frequency) and the true physical size (measured from

hotspot to hotspot) are also are calculated by default for each RAiSE model.

4.3.2 Modelling the intrinsic parameters

The energetics of each remnant can now be estimated using the RAiSE simulation
as a theoretical expectation. To do this via a parameter inversion, the simulation
must first be scaled to match the redshift of the observation. Synthetic images
must be degraded to match the sensitivity and angular resolution of the radio
observations, after which the synthetic attributes can be extracted. A comparison
between the observed and synthetic radio source attributes is facilitated by a
maximum likelihood algorithm, which gives the probability of a particular model
offering the true description of the observation. Evaluating the likelihood for
each unique model constrains the energetics within the entire parameter space,
allowing for the intrinsic parameters to be estimated using a grid search algorithm.

This process is detailed in the following section.
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4.3.2.1 Inverting the RAISE simulation

To model the energetics of each remnant, the parameter space is inverted ac-
cording to the redshift and survey limitations of each remnant. To begin, the
spatially-resolved synchrotron-emission maps are recast into the frame of the ob-
served radio source using its redshift; doing so converts the pixel values from a
luminosity (W/Hz) into a flux density (Jy), and similarly converts the scale of
the pixel from a physical size (kpc) into an apparent size (). By convolving these
images to a desired resolution, simulated radio source attributes can be extracted.
However, each of these steps take up the vast majority of the total computation
time required to invert the parameter space. As such, to cut down on computa-
tion time, we applied some preliminary logic to only invert RAiSE models that
were broadly compatible with the observed radio luminosity and physical size,

e.g. as shown by:

| log(Lu,sim) - log(Lu,obs)’ < Atol

| log(Du,Sim) - 10g<Du,obs)| < btol

where the acceptable range for the radio luminosity and size is controlled by a
tolerance factor, ai, and by, respectively. We perform this cut in logarithmic
space due, to approximately-linear relation between: log@ and log L, (e.g. see
Fig. 9 of Turner & Shabala 2015); and logt,, and log D (e.g. see Fig. 7 of
Turner et al. 2018b). For this work, we set ay; = by = 0.3 (i.e. a range of
+ 0.3dex). Applying this preliminary cut avoided the unnecessary convolution
and fitting of images for which the simulated radio luminosity and size were
already incompatible with the given observation. Excluding these models is also
consistent with the result of Turner & Shabala (2015), who showed that the
observed radio luminosity and physical size offer the dominant constraints on the

underlying jet power and active age; i.e. the parameters we principally need to

fit.
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After applying this cut, synthetic images are convolved using a 2D Gaussian
kernel in order to match the angular resolution at the specified frequency (e.g. to
mimic a RACS observation, images at 887 MHz are convolved to a resolution of
25" x 25"). By dividing through by the volume of the restoring beam, the images
are converted into surface brightness maps with pixel values in units of Jy/beam.
Simulated radio source attributes, matching those measured for each remnant
(Sect. 4.2.5), are extracted from the survey-degraded (i.e. angular resolution and
sensitivity) surface brightness maps (see Quici et al., 2022, Sect. 3.4.3). Follow-
ing this approach, the parameter space is inverted for each observed remnant,
resulting in a corresponding grid of simulated radio source attributes (inverted

attribute grid).

4.3.2.2 Bayesian parameter estimation

Following Quici et al. (2022), the energetics of each remnant are fitted using a
maximum likelihood algorithm applied to the inverted attribute grid. Briefly sum-
marised, the AICS corresponding to each RAiSE model was calculated by compar-
ing the observed and synthetic attributes via the likelihood function (Eqn. 3.9).
The optimal model was selected as that which minimised the AIC, after which the
probability of each model was calculated relative to the best-fit. It is important
to note that the probabilities evaluated in this way encode only the agreement
between simulation and observation, and do not reflect the Bayesian priors that
exist for several parameters. For this work, the evaluated probabilities are multi-
plied through by two priors. First, the logarithmic equipartition factor is known
to be approximately Gaussian-distributed (u ~ —1.73, 0 ~ 0.53: Turner et al.,
2018b). Additionally, estimates of the halo masses were previously made by con-
sidering the (g—1) stellar mass. By making the assumption that the measurement
uncertainties are Gaussian-distributed in log My, and, that the stellar-mass esti-

mates did not encode any systematic offsets, a Gaussian prior was also applied

SHere, the AIC is calculated for k = 6, denoting number of free (fitted) parameters.
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on the halo mass.

Following this approach, the energetics of each remnant were constrained
within the gridded parameter space. The optimal set of parameters are evaluated
as those that maximise the probability density function. Similarly, the shape of
the probability density function characterises the uncertainty in each fitted pa-
rameter. In the following section, we use these fitting statistics to characterise

the global jet power and active age distributions fitted for the sample.

4.3.3 The observed jet-power and lifetime distributions

We have now constrained he energetics of each observed remnant using the
RAiSE-based parameter inversion. Considering the sample is specifically selected
for remnant radio galaxies, the active age fitted for each source directly constrains
the full duration of the jet outburst. In the following sections, we will generate
mock predictions for the observed jet power and active age distributions, and
compare these with observation in order to constrain the true distributions in jet
kinetic power and lifetime. As such, we must first characterise the observed jet
power and active age distributions probed by our sample of remnants.

We use Monte-Carlo statistics to characterise the shape and uncertainty in
the fitted jet power and lifetime distirbution. Each MC realisation consists of
a sample of 79 (the sample size) jet powers and lifetimes, based on randomly
sampling the probability density function in the fitted parameters. The distribu-
tions are then binned and normalised (area equal to unity) in a two-dimensional
parameter space (i.e. in jet power and active age), where the bins are set based
on the gridded parameter space of the RAISE simulation grid. Repeating this for
1000 realisations, the expectation and uncertainty at each bin is then derived by
calculating the mean and standard deviation of the simulated counts. Our results
are shown in Fig. 4.6.

Importantly, due to the selection bias, these distributions do not represent the

true underlying statistics for these variables. We can see that the observed jet
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Figure 4.6: The observed distributions in jet power (lower right) and active age
(upper left) fitted for our remnant sample. Monte-Carlo simulations are used
to build up the observed sample statistics in each parameter. A two-dimensional
grid (lower right) shows the observed sample statistics in (Q, ton)-space. A colour-
map is used to indicate the density of sources at each pixel.
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power distribution peaks at log ) ~ 38.5, and shows an observed dearth of low-
powered sources; this turn-over is likely due to Malmquist bias (see also Sect. 4.4
below), which describes the preferential selection of bright objects in sensitivity-
limited surveys. A similar effect, primarily due to the minimum angular size cut,
can be seen for the active age distribution, which peaks at logt,, ~ 8.25. In
Sect. 4.4, we will create mock remnant catalogues based on an assumed evolu-
tionary jet model, and model their selection biases to generate predictions for
their observed jet power and active age distributions; these predictions will be
compared to our observed distributions, in order to constrain the true jet power
and lifetime models. To this end, it is worth noting that although no obvious
correlation exists between our observed jet powers and active ages, binning these
distributions in (@, t,,)-space means that we are not forcing their selection to be

independent of one another.

4.4 Simulating the observed energetics

Due to selection biases in the survey, the fitted distributions of jet power and ac-
tive age for our remnant sample (see Sect. 4.3.3) will not represent the underlying
population statistics. For the observed sample statistics to offer valid constraints
on their true distributions, we must first account for the selection effects that
inherently constrain the range of evolutionary histories that may plausibly be
observed. To approach this problem, we use the synthetic radio-frequency sur-
face brightness images to determine the range of plausibly-selected evolutionary
histories. First, we generate mock remnant catalogues for an assumed jet power
and lifetime distribution, and model how the selection bias modifies the observed
energetics (Sect. 4.4.1). After the confounding variables (e.g. the distributions in
redshift, halo mass, equipartition, injection index) are controlled for (Sect. 4.4.1),
the predictions made for the observed jet power and active age distribution can

be meaningfully compared to our actual sample (Sect. 4.4.2).
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4.4.1 Modelling the selection bias

Mock catalogues of remnant radio galaxies are created by weighting the proba-
bility of the parameter space investigated in the RAISE simulation. To model
the effect selection bias has on the observed energetics, two separate weighting
schemes are required. First, the simulation needs to be weighted by an underlying
jet power and active age distribution (Sect. 4.4.1.1); we refer to this weighting
as Wiet-age, Which controls the assumed shape of the underlying distributions we
will later try to constrain. To compute the selection bias, Wgaection, @ binary
weighting is assigned to each synthetic source depending on whether or not the
source would have passed the sample selection criteria. The RAISE simulation
can then be sampled using the product of the two weighting schemes, resulting

in mock observed energetics that correctly encode the sample selection biases.

4.4.1.1 The input jet power and lifetime distributions

We begin with the assumption that a simple power-law model is sufficient to
describe the distributions of the radio-loud AGN jet powers and lifetimes. Obser-
vational constraints on the AGN radio luminosity function (RLF) show that the
shape of the RLF is a broken power law (e.g. see; Sabater et al., 2019; Franzen
et al., 2021). Considering that, to first order, the radio luminosity is correlated
with jet power (noting that the age and environment also have a confounding
impact, e.g. Godfrey & Shabala 2013; Hardcastle & Krause 2013), and that our
sample preferentially selects high-powered remnants (see Fig. 4.6), we assume
our assumption holds for the jet power distribution. On the other hand, simula-
tions of feedback-regulated black hole accretion show that the Eddington-scaled
mass accretion rate, m = MBH /Mgaaq, follows a power spectrum consistent with
pink noise (e.g. see; Novak et al., 2011; Gaspari et al., 2017). These simula-
tions predict that the jets triggered at the black hole are described by a lifetime

-1

distribution apparently consistent with a p(ton) o t-| power-law slope. We also

make the assumptions that the two distributions (jet power and active age) are
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seeded independently; that is, that no intrinsic correlation exists between these
two quantities. Future work (see also Sect. 4.5) may involve more complex model
assumptions, however given our relatively small sample size, and that the ob-
served energetics do not appear correlated (see Fig. 4.6), we will treat these as
two independent mechanisms.

With these assumptions, we can model the jet power and lifetime functions

as probability density functions described as follows:

p(Q)dQ o< Q" dQ;  plton) dton o Lo, dton; (4.5)

where a and b give the power-law indices for the jet power and active age
distributions of each jet outburst (i.e. not considering likelihood of observing),
respectively. However, as the parameter space of the RAISE simulation is uni-
formly gridded in log () and logt,,, weighting the simulation using the above
expressions would fail to account for the non-uniform grid spacing when trans-
formed to linear space. This is important considering that, for example, the bin
of sources represented by logt,, = 7.5 is an order of magnitude wider than that
represented at logt,, = 6.5. As such, the above expressions are adapted by the

bin correction as follows:

p(log Q) dlog Q o< Q*'In10dlog Q, (4.6)

p(log ten) dlog tey o< t 1In 10 dlog top. (4.7)

Considering that radio galaxies are a temporally-evolving phenomena, the
corresponding active age distribution encoded in observed radio samples (without
any selection biases present) is set by the jet lifetime distribution multiplied by
an extra factor of t,,. This extra factor comes from the direct proportionality
between the probability of observing a source and the duration of time over which
the source is active for; observing a source with ¢., = 1 Gyr will be a factor of 103

more likely than a source with t,, = 1 Myr, since the older source is active over
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a much larger window in time. This means that for a jet lifetime distribution
described by Eqn. 4.7, the corresponding active age distribution will have the
form:

p(logtoy) dlogte, o< t221n 10 dlog tey. (4.8)

The observed distribution shown in Fig. 4.6, and indeed any active age distribu-
tion constrained from observed radio galaxy samples, will encode this observing
effect. By weighting the RAiISE simulation grid using Eqn. 4.6 and 4.8, we are
now able to create mock populations for a range of distributions in jet power and
active age. However, to correctly simulate the observing of remnant radio galaxy
populations, one final modification is needed to uniformly weight the passage of

time during the remnant phase.

To construct mock remnant radio galaxy populations, we must ensure that
the temporal evolution in the post-jet phase is weighted uniformly; that is,
p(torr) dtog = constant prior to applying selection effects. In the RAISE simu-
lation grid, the temporal evolution of radio sources is uniformly gridded in logt,,
and Riem (see Sect. 4.3.1). These two quantities map together to give the duration

of the remnant phase as follows:

toff = (tonRrem)/(1 - Rrem)7 (49)

which reveals the non-uniform gridding of t,g. However, we have already cor-
rected the non-uniform gridding of t,, in Eqn. 4.9, so we only need ensure the
ratio tog /ton is uniformly spaced. For a fixed t,,, we therefore need . /ton to be
constant, such that p(ton, (torr /ton)) d(toft /ton) = constant. We derive the follow-
ing relationship:

.

d(toft/ton) = (—)2 dRrem, (4.10)

on
with which we weight the parameter space of the RAiSE simulation grid. To
determine Wiet age, the weights at each point in the parameter space are calculated

by taking the product of the individual weights calculated by equations 4.6, 4.8,
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Figure 4.7: The 2D dimensional cross section of the RAiSE simulation grid,
showing the weightings applied to the remnant ratio (vertical axis) and the active
age (horizontal axis). Three panels are shown: the left shows the weighting
applied by Eqn. 4.7 (assuming b = 0.5); the middle shows the weighting applied
by Eqn. 4.10; and the right panel shows the final weighting applied to the RAISE
simulation outputs.

and 4.10. An example of this is demonstrated in Fig. 4.7.

4.4.1.2 Applying the selection criteria

To replicate the selection biases inherent to the observed sample (Sect. 4.2.1),
each synthetic source in the RAISE simulation grid needs to be tested against
the sample selection criteria to determine whether the source would have been
selected as part of the sample. To determine whether a synthetic source meets the
sample selection criteria of our sample, three key criteria merit consideration: 1)
the minimum integrated flux density; 2) the minimum surface brightness; and 3)
the minimum angular size measured along the radio lobes. The modelling of each
selection criteria is discussed below, and is intended to replicate the steps outlined
in Sect. 4.2.

To construct the parent catalogue of radio sources, the GLEAM catalogue
was used to select radio sources brighter than 0.5Jy at 154 MHz (e.g. Sisq >
0.5Jy). For each synthetic radio source, the 154 MHz integrated flux density is

calculated based on the forward-modelled radio luminosity and the given mock
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redshift. As such, we assume that the synthetic sources fainter than this threshold
would not have made it into our sample. Considering that the GLEAM catalogue
contains only the components with a signal to noise larger than 50, where o is the
GLEAM local RMS in Jy/beam, this sets the condition for the minimum surface
brightness criteria. To do this, the synthetic 154 MHz synchrotron emission maps
are convolved to match the GLEAM resolution at 154 MHz. Using these surface
brightness maps, we assume that synthetic sources with a peak flux density fainter
than the 50 GLEAM sensitivity would not have been detected, and thus will
be missed by our selection. Finally, our sample contains radio sources with a
projected angular size greater than 6 = 4’ in RACS. To model this selection
criteria, the synthetic 887 MHz synchrotron emission maps are reprojected for a
given mock redshift, and convolved to match the RACS resolution at 887 MHz.
For this step, we assume all the observed radio sources lie in the plane of the sky.
Considering only the regions of the lobes brighter than 750 uJy/beam (=~ 30),
we use the surface brightness maps to discard sources whose largest angular size
falls below our sample threshold. To model the bias due to these sample selection

criteria, we construct a binary selection grid as follows:

1, selected
Wselection = > (4 1 1)
0, not selected

where the synthetic source is weighted either as unity (the source passes the
selection criteria), or zero (the source fails any of the selection criteria). Modelling
the selection in this way can thus be thought of as a binary ‘yes/no’ filter, where
the probability of selecting a source is unchanged if the source passes selection

criteria, but is set to zero if the selection criteria is not satisfied.

We note, the framework above only models the selection due to the parent
sample selection criteria (i.e. Sect. 4.2.1), and does not consider the potential
selection biases due to the remnant selection methods we have used. For this

work, we assume that as soon as a source switches off it will show observable
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Figure 4.8: Underlying distributions (blue bars) of the jet power (left panel)
and active age (right panel) are filtered through our sample selection criteria
(Sect. 4.2.1) to explore the bias propagated onto their observable counterparts
(black steps). The mock catalogue is simulated at z = 0.1, log H = 14.0, log ¢ =
—1.7, s = 2.2, and encodes the energetics described by p(Q) oc Q71 and p(t,,) o<
1505,

signatures consistent with a remnant radio galaxy; in other words, the remnant
radio galaxies forward modelled by our mock catalogues are ones that we should
be able to classify. This assumption may not hold for extremely young remnants,
for example those in which t.g is smaller than the light travel time along the
jet, thght_travef, however we do not expect this to be a problem for the off-times

probed by our sample selection.

Following this approach, the selection of each source is evaluated for the entire
RAISE simulation. Importantly, by evaluating Wie age and Wielection, predictions
for the observed jet power and active age distributions can be made for any
underlying assumptions and sample selection criteria. To make predictions for
the observed energetics, the RAISE simulation grid is sampled using the element-

wise multiplication of the two weighting schemes: i.e. Wiet-age © Wieelection-

As an example, a mock population of z = 0.1 remnant galaxies is generated

“For a distance of D = 100kpc, information travelling at a speed v = 0.3 ¢ would take
~ 1Myr to reach the hotspot from the SMBH
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for a jet power (p(Q) o< @~'?) and active age (p(ton) o t;*) distribution, and
filtered through the selection criteria of our remnant sample. The effect the selec-
tion bias has on the resulting observed energetics is shown in Fig. 4.8. Although
the exact nature of the observed distributions will depend on both the underlying
energetics and the selection criteria, we can comment on the broad features that
are consistent with what we expect. The bias against lower-powered and shorter-
lived sources is clearly seen: these sources are fainter and have a smaller physical
sizes, and are thus precisely the objects that would be preferentially deselected
from our sample. Higher-powered jets produce stronger lobe magnetic fields, in
turn resulting in shorter fading timescales during the remnant phase (e.g. Turner
et al., 2018b; Turner, 2018; Quici et al., 2022); this effect is likely responsible for
the observed flattening towards @ = 10%° W. Similarly, the downturn observed
towards the longest-lived sources is likely a combination of two factors: and the
expansion of the source driving down the lobe surface brightness (e.g. Turner,
2018; Shabala et al., 2020), and the decrease in the integrated radio luminosity
due to Rayleigh-Taylor mixing of the lobe plasma with the environment (e.g. see

Fig. 3 of Turner & Shabala 2015).

Importantly, these results show us survey selection biases can greatly trans-
form the observed nature of the true jet power and active age distributions.
Our approach so far, however, has neglected the impact the remaining sample
properties will have on these results. To demonstrate this impact, we take the
evolutionary jet model (a = —1.2, b = —0.5) shown in Fig. 4.8 and compute
Wiet-age © Wielection at two different redshifts (z = 0.01 and z = 0.05). We examine
how the selection biases impact the sampling in (@, to,)-space, as demonstrated
in Fig. 4.9. Unsurprisingly, this reveals that there is a redshift dependence for
the regions of the parameter space that can plausibly be observed, such that
lowered-powered and shorter-lived sources become inaccessible at higher redshifts.
Considering that our sample has a distribution in redshift, and indeed in other

variables such as environment, the confounding impact these variables have on
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Figure 4.9: A two-dimensional slice of the RAISE simulation grid, weighted based
on the underlying energetics and selection criteria used in Fig. 4.8. The selection
bias is evaluated at two redshifts: z = 0.01 (left panel), and z = 0.05 (right panel).
The weighting applied at each jet power, (), and active age t,,, is demonstrated
using the sequential colour map.

the selected jet powers and active ages needs to be modelled, in order to make
comparable predictions to the energetics fitted in Fig. 4.6. This is discussed in

the following section.

4.4.2 Controlling for the global properties of the sample

The range of plausibly-selected evolutionary histories are dependent upon red-
shift (e.g. Fig. 4.9), in addition to the ambient gas density, equipartition factor,
and injection index, albeit less significantly than the jet power and age. The
selection biases computed for our mock catalogues must therefore take into ac-
count how these parameters are distributed for our sample. To do this, we ini-
tially assume that their underlying distributions are the same as what we observe
(Sect. 4.4.2.1). After applying the sample selection biases, these distributions
will likely differ somewhat; we therefore iteratively apply small corrections to
their underlying distributions, thus controlling for the confounding variables in

our analysis (Sect. 4.4.2.2).
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4.4.2.1 Weighting the initial priors

The dimensionality of the RAISE simulation grid is increased to include a redshift
axis. Redshifts are uniformly gridded between (0,0.2) using a resolution of dz =
0.001, and simply scale the observed properties of the synthetic radio sources. As
previously discussed in Sect. 4.3.1, this assumes that the evolutionary histories
are independent of the redshift, which we know not to be true, however the

differences are expected to be insignificant across the designated redshift range.

Next, we use the observed statistics in each parameter to weight their cor-
responding mock distributions; e.g. the observed redshift distribution acts as
a prior to weight the pseudo-redshift axis. We treat the observed redshift dis-
tribution under the assumption of zero measurement uncertainty, to reduce the
computationally-intensive nature of these mock simulations. Although we ac-
knowledge that this assumption may not hold for the photometric redshifts, we
anticipate that any deviation will not significantly affect the overall properties of
the distribution. It is however worth mentioning that the Monte-Carlo underpin-
ning of these mock simulations inherently enables the propagation of the redshift
measurement uncertainty into the final model predictions, which may be an av-
enue to explore in future work. The observed redshifts are binned with respect
to the pseudo-redshift axis, after which the area under the distribution is nor-
malised to unity. In this way, each value gridded along the pseudo-redshift axis
is weighted based on the height at each bin, thus encoding the observed redshift
distribution into the mock sampling weights. We note, empty bins are assigned
a weighting of zero, meaning there is a null probability of finding a source with

that particular parameter value.

Similarly to the redshift, the observed distribution of each confounding vari-
able is built up via sample statistics. However, unlike the redshift, we employ
Monte-Carlo (MC) simulations to sample the observed distribution in each con-
founding variable; doing so respects the uncertainties on each parameter fitted

by modelling the evolutionary histories of each remnant (Sect. 4.3.2.2). For each
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Figure 4.10: Same as Fig. 4.8, but now including the prior weightings derived from
the sample distributions in redshift and confounding variables (Sect. 4.4.2.1).

confounding variable, an M x N sample of values is simulated; here, M rows
denotes the number of remnants in the sample, and N denotes the size of the
sample created for each source. As described previously for the pseudo-redshift
axis, the observed distributions in each confounding variable are then used to
weight their corresponding axis in the RAISE simulation grid.

Following this approach, each axis of the RAISE simulation grid is weighted
according to the observed statistics of the remnant sample. In Fig. 4.10, we
replicate the example shown in Fig. 4.8, demonstrating the effect of considering
the remaining properties of our sample. The most notable difference is the turn-off
towards the highest-powered jets; a feature that is also observed for our remnant
sample (Fig. 4.6). The reason for this is most likely due to higher-powered jets
being less likely to form lobes in low-density environments (i.e. balistic expansion;

Falle, 1991; Turner & Shabala, 2023).

4.4.2.2 Controlling for the confounding variables

In the previous section, we weighted the redshift and confounding-variable dis-

tributions by making the assumption that their underlying distributions are de-
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Figure 4.11: The observed redshift (left panel) and halo mass (right panel) dis-
tributions predicted for two separate mock catalogues (solid red and dot-dashed
salmon steps) created for different jet power and active age distributions (see ex-
ponents in figure label). Mock catalogues are filtered by the selection criteria of
our sample, and are weighted by the distributions observed for the redshift and
the confounding variables (filled-blue bars).

scribed by those observed for our sample. Considering that the observed at-
tributes of radio sources, and therefore their selection, is moderated by these
properties, we know that this assumption is unlikely to be true. To illuminate
the issue here, we generate two mock catalogues with different underlying ener-
getics, weight their redshift and confounding-variable distributions following the
method outlined in the previous section, and finally apply the selection criteria
of our sample. The mock redshift and halo mass distributions, resulting after

applying the selection biases, are shown in Fig. 4.11.

First of all, Fig. 4.11 demonstrates that the selection bias does indeed mod-
erate the shape of the observed redshift and halo mass distribution; we focus
on these two, as they appear to differ the most after applying the selection cri-
teria. The output distributions do not match the input, meaning that the ob-
served statistics of our remnant sample must have been selected from a currently-
unknown underlying distribution. This result also tells us that the selection bias

of these variables is dependent upon the underlying energetics, considering that
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the predicted distributions differ between the two different models. The manner
by which the outputs differ to the input is consistent with our expectation. For
each model, the output redshift distribution is skewed towards lower-redshifts; for
a fixed jet power and active age distribution, the highest redshift bin will have the
narrowest range of plausibly-selected evolutionary histories. The model with the
flatter exponents (more high-powered and long-lived sources) expectedly incurs
less attenuation with respect to redshift. As for the halo mass distribution, the
bias is evident for environments with a low ambient density. Output halo mass
distributions are under-predicted at low values of H, where high-powered jets are
less likely to form lobes. For sufficiently-steep models (more low-powered and
short-lived sources), the highest-mass bins also appear to be under-populated;

this is likely due to jets failing to grow to the required angular size.

Overall, these results tell us that the assumptions made for the underlying
distributions of these confounding variables need to be corrected, such that the
distributions predicted after the selection biases are applied match those observed
for our sample. Without this correction, predictions made by our mock catalogues
will have systematic errors when comparing to our observed sample. We note,
although the discussion above has focused on the redshift and halo mass distri-
bution, the same principle applies to the distribution in equipartition factor and

injection index.

To develop the required corrections, we modify the original weightings (Sect. 4.4.2.1)
in such a way that gives us the observed distributions after the underlying en-
ergetics are weighted and the selection biases are applied, in effect, solving for
their underlying distributions. To do this, for each variable (e.g. redshift, halo
mass, equipartition factor, injection index) we bin the distributions of the ob-
served and mock samples based on the discrete values of the RAISE simulation
grid, and normalise the area under the distribution to equal unity. For each bin,
we compute the ratio of heights between the observed and mock samples (e.g.

Nobserved/Nmock ). The ratio quantifies how significant the selection bias is at each
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Figure 4.13: Same as Fig. 4.10, but now including the selection bias-corrected
weightings applied to the distributions in redshift and confounding variables

(Sect. 4.4.2.2)
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bin, which we expect to vary smoothly across the parameter space. Mock cata-
logues are re-sampled, scaling the sampling weights of each variable by the inverse
of the ratio (see Fig. 4.12). This can be done iteratively over several iterations,
however we find that a single round of corrections is sufficient to bring the mock
distributions in agreement with our remnant sample.

Finally, with these corrections, we are able to produce mock catalogues that
are correctly weighted for their redshift and other confounding-variable distribu-
tions. The predictions made by these catalogues, e.g. see Fig. 4.13, can now
compared to the observed jet power and active age distribution of our sample, in
order to constrain their underlying distributions. This is explored in the following

section.

4.5 Results and discussion

Using the method outlined in Sect. 4.4, we can now separate the impact of selec-
tion bias from our observed jet power and active lifetime distributions, allowing

us to infer their underlying seed distributions.

4.5.1 Constraining the seed distributions

Following the methodology described in Section 4.4, we generate mock catalogs
in a two-dimensional grid defined by the power-law indices (a,b) where each cell
provides the inputs to a potential evolutionary model. The power law index
for the jet power distribution is binned into discrete intervals within a = —2.6
to —0.6, using a precision of da = 0.1. Similarly, the power-law index for the
lifetime distribution is partitioned into intervals within b = —2 to —0.5, using a
precision of b = 0.05.

We first investigate whether our mock catalogues exhibit discernible differ-
ences when influenced by the selection biases. We compare the predicted jet

power distribution between two scenarios: a steep jet power distribution with
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Figure 4.14: Smoothed predictions for the observed distributions in jet power (left
panel) and active age (right panel) made by various mock populations. The left
panel shows predictions made by a steep (a = —2.0, salmon colored) and shallower
(a = —1.0, blue colored) jet power model, evaluated for all age distributions. The
right panel shows predictions made by a steep (b = —1.0, brown colored) and
shallower (b = 0, green colored) ageing model. evaluated for all jet power models
with 1 < |a| < 2.

a = —2.0 (many low-powered jets) and a shallow distribution with a = —1.0
(fewer low-powered jets), and consider all age models within —1 < b < 0. Sim-
ilarly, we compare the predicted lifetime distribution between the following two
scenarios: a steep distribution with b = —1.0 (many short-lived jets) and a shal-
lower distribution with b = 0 (fewer short-lived jets), and consider all jet power
models within —2 < a < —1. Figure 4.14 presents our findings, which are
compared with the observed sample statistics from Figure 4.6. Encouragingly,
despite the stringent selection criteria, the shape of the predicted distributions
(after selection biases are applied) are measurably different; those corresponding
to shallower seed distributions exhibit a turn-over at approximately one order of

magnitude greater than the steeper seed distribution.

Fig. 4.14 further illustrates the intertwined relationship between the seed jet
power and active age distributions, and their selection-biased counterparts. For

a given jet power model, the shape of the observed jet power distribution is
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somewhat influenced by the underlying jet lifetime model, and vice versa. This
indicates that while the observed distribution primarily constrains its correspond-
ing seed distribution (i.e., observed jet powers constrain the jet power model,
observed active ages constrain the lifetime model), there should in principle be
weaker constraints stemming from the complementary distribution (i.e., observed

active ages aiding in constraining the jet power model, and vice versa).

To constrain the evolutionary jet model, the mock jet power and active age
distributions are binned in (Q, to,)-space to match the binning of the observed
distributions (see Fig. 4.6). The likelihood function (Eqn. 3.9) is evaluated by
considering the mock and observed constraints at each point in this parameter
space, from which we calculate the AIC for two free parameters (k = 2). This
calculation assumes that each data point (pixel) offers an independent measure-
ment on the number of sources in that particular (@, ¢,,) bin, which is not true
considering that there is a correlation between the number of sources in neigh-
bouring bins. We note however that the uncertainty on the observed (Q,ton)
distribution is estimated via Monte-Carlo simulation (see Sect. 4.3.3), and en-
codes the effect of this correlation. We select the optimal jet model as that which
minimises the AIC, and we compute the relative probability of each model as

= ¢(ACi—AlCuest)/2 Ty constrain the power-law indices, the probability density

Pi
function is mapped across (a, b)-space, and is marginalised for each distribution.

This is shown in Fig. 4.15.

The ellipsoidal shape of the probability density function shows that the mod-
elled power-law distributions for the jet power and lifetime functions are tightly
constrained in (a, b)-space, lending confidence towards the robustness of our es-
timates. Some covariance in the 2D probability density function can be seen,
implying that the quantities are not fitted completely independent of each other.
Considering that the models are seeded independently, this effect is likely driven
by the selection bias. To quantify our parameter estimates, we approximate the

1D marginal probability density functions using a Gaussian function to char-
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Figure 4.15: The relative fitting probabilities evaluated for each jet power and
lifetime model. The corresponding probability density function (PDF) mapped in
(@, b)-space is shown in the bottom left panel. A sequential colour-map is used to
indicate the probability for each model, and is shown using a logarithmic stretch.
Contours denote the 1o, 20 and 30 confidence intervals. The adjacent panels
demonstrate the PDF marginalised for a (upper left panel), and b (lower right
panel), as shown by the solid black curves. The red dot-dashed curves show the
Gaussian approximations of the marginal PDFs.

acterise the peak-probable value and the 1o standard deviation. As such, we

constrain the power-law slopes of the jet power and lifetime distributions as:

p(Q) o Q—1.5j:0.1

) 4.12
p(ton) o t—l.O:I:O.l ( )

The jet power and active lifetime distributions predicted by this model are
compared to the observed distributions in Fig. 4.16. We can see that the shape of
the mock active age distribution agrees with observation; the mock distribution

follows the same initial rise in number counts as the observed distribution towards
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Figure 4.16: Same as Fig. 4.6, but overlaying the predictions made by our best-fit
jet power and lifetime model (i.e. p(Q) ox Q1 and p(t,n) o< t,19).

longer-lived sources, and exhibits a similar turnover at t., = 10%2° Myr. Within
uncertainties, the general shape of the mock jet power distribution also appears
consistent with observation; the number density of sources at the higher and
lower-powered ends are in agreement with each other, and the turn overs in
each distributions are comparable. However, several potential inconsistencies
should be pointed out. Firstly, the turnover in the mock jet power distribution
(Q = 10 W) occurs at roughly an order of magnitude higher than that in the
peak-probable observed distribution (Q ~ 1032 W). Secondly, the rate at which
the mock distribution falls off towards low-powered sources is not as steep as what
appears to be the case for our observed sample. In fact, by manually inspecting
the predictions made our mock catalogues (but see Fig. 4.14), we find that no
model is able to simultaneously replicate each of these features. Flatter values of
a give the correct fall-off towards low ), but turn over at much higher jet powers.
Steeper values of a predict a closer turn over to what is observed, but over predict
the number density of low-powered objects.

We speculate that one potential explanation could be that the true jet power
function flattens below a certain jet power, ()., which would be expected if the

broken power-law nature of the AGN radio luminosity function is driven directly
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by shape of the jet power function. Such a model should in principle provide a
solution to the two inconsistencies outlined above; by flatting below some @),
the expected fall-off towards low-powered sources should be sharper than what
is currently shown by our mock catalogue in Fig. 4.6. Considering our relatively
low sample size (N = 79), we have chosen not to fit a broken power-law jet
power model for this work. Nevertheless, under the assumption that the jet
power function is indeed more appropriately described by a broken power law,
our results here show a promising future application for radio galaxy populations

revealed by next-generation radio surveys.

4.5.2 Comparison with literature
4.5.2.1 AGN radio luminosity functions

Historically, our strongest constraints towards the shape of the true jet power
function have come from the radio-loud AGN radio luminosity function. Exten-
sive work exists within the literature that constrains the AGN RLF, and we focus
on several recent results to examine the consistency with our model expectations.

Using the GLEAM radio survey, Franzen et al. (2021) measured the 200 MHz
radio luminosity function for local (median z & 0.064) radio galaxies. By fit-
ting their observed AGN RLF using a broken power-law model, they constrain
a power-law slope of arpp = —1.76 above a critical radio luminosity (L, =
10%7 W Hz™1). Using a theory-driven first-order approximation of the conver-
sion between radio luminosity and jet power, () o LY7 (Willott et al., 1999; Kaiser
& Best, 2007), this suggests that the power-law slope in their corresponding jet
power function is a =~ —2. Though considerably steeper than the power-law index
constrained by our method (@ = —1.50 £ 0.09), comparing these values must be
exercised with caution. Since the observed radio luminosity of a radio source is
strongly confounded by its jet power, age, and ambient environment (Hardcastle
& Krause, 2013; Shabala & Godfrey, 2013; Yates et al., 2018), the resulting scat-
ter in the AGN RLF prevents the direct inference of the jet power function. The
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effects of a selection bias may also contribute towards the apparent mismatch
between the fitted jet power slopes. Although powerful radio sources will have
bright radio luminosities, such sources will also have large physical sizes, which
may contribute to a deselection from brightness-limited radio surveys.

It is interesting to note that the 150 MHz AGN RLF measured by Shimwell
et al. (2019), who used radio sources selected as part of the first data release of
the LOFAR Two-Metre Sky Survey (LoTSS DR1; Shimwell et al., 2019), appears
flatter at the high-luminosity end as compared to Franzen et al. (2021). It is
entirely possible that this is driven by their low-number statistics at brighter
luminosity bins, since their sample probes a smaller cosmological volume at low
redshifts. However, taking their result at face value would imply a flatter jet
power distribution at high jet powers, and thus qualitatively in better agreement

with our fitted value.

4.5.2.2 Constraints from previous forward modelling

In recent years, several authors have employed forward modelling to constrain
the bulk properties of radio-loud AGNs based on the distributions in their ob-
served attributes. Hardcastle et al. (2019) used the dynamical model of Hard-
castle (2018) to apply forward modelling to radio-loud AGNs unveiled by LoTSS
DR1. As part of their analysis, they tested the validity of two different lifetime
models in which the observed active ages were distributed uniformly in either
linear age (b = 0 in this work), or in logarithmic age (b = —1 in this work).
They assumed a jet power distribution of p(Q)dQ oc Q~!. To examine the valid-
ity of their lifetime models, the linear size distributions were forward modelled
for each model assumption, and compared to the observed size distributions for
three radio luminosity bins. Their main finding (see their Sect. 4.2) is that nei-
ther lifetime distribution was able to simultaneously explain the observed size
distributions. Their linear age model gave excellent agreement with the size dis-

tributions in the brightest two bins, however vastly under-predicted the fraction
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of small (< 100 kpc) radio sources in the faintest bin. On the other hand, at the
highest two luminosity bins, their log-uniform lifetime distribution vastly over-
predicted the compact fraction, and simultaneously under-predicted the observed

size distributions. We return to these results further below.

Shabala et al. (2020) employed RAISE forward-modelling to constrain the jet
power and lifetime distributions for a LOFAR-selected sample of radio galaxies.
For a given evolutionary jet model, they forward-modelled radio galaxy popula-
tions, applied survey selection biases, and compared their predicted angular size
and flux density distributions to those observed for their sample. In particular,
they tested power-law and constant-age models, and found that both could plau-
sibly explain the observed properties of their active radio sources. To break down
the degeneracy between the two ageing models, they compared the mock remnant
and restarted fractions with observation, and found that power-law ageing mod-
els offered much better agreement. In particular, they found that a model with
p(Q) < Q7' and p(ten) o< tg! offered excellent agreement with their observed

sample, with p(t,,) o< £5.9% also offering good agreement.

Commenting on the consistency between our results and those of the two
aforementioned studies is difficult, considering that the both the methodologies
we have adopted and the radio galaxy samples we have used are different. Both
Shabala et al. (2020) and our work constrain the same optimal lifetime model
(b ~ —1), and is tentatively in agreement with Hardcastle et al. (2019). Both
these authors find considerably flatter jet power models, which may be a result
of the sample selection. In Sect. 4.5, we speculated that the true jet power
function may be more appropriately described by a broken power law, such that a
flattening would occur below some critical value. The jet powers fitted by Shabala
et al. (2020) for their sample show a peak in their distribution at @ ~ 103"7W
(see their Fig. 3), almost an entire order of magnitude lower than our sample.
We therefore speculate that the flatter jet power distribution constrained in their

work could simply be a consequence of their sample probing a lower-powered
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portion of the jet power function.

It should also be noted that the method taken for this work is considerably
different to the approaches taken by the two aforementioned authors. In our
approach, we have directly fitted the observed jet powers and active ages of
individual sources and then applied corrections for selection biases that transform
the true shape of their distributions. On the other hand, both Hardcastle et al.
(2019) and Shabala et al. (2020) inferred their intrinsic model properties based
only on the distributions of the observed radio source attributes (flux density
and/or angular size). One potential issue with this approach is that both the radio
luminosity and physical size are confounded by jet power and age, meaning their
distributions could plausibly be explained by various evolutionary jet models. For
example, while Shabala et al. (2020) find good agreement for both b = —1 and
b = —0.5, our results instead show that b = —0.5 can not be compatible with the

observed active age distribution (see Fig. 4.15 and discussion below).

As a consistency check, we filter the two models of Hardcastle et al. (2019),
and the two plausible models of Shabala et al. (2020) through our selection cri-
teria, and compare their expectations to our fitted jet power and active age dis-
tributions. This is shown in Fig. 4.17. We focus on the comparison between
the mock and observed ages, since the mismatch in the jet power distribution
has been discussed in Sect. 4.5 (see also Fig. 4.14). We can see that for their
b = —1 models, the observed active ages appear over- and under-predicted for
younger (t,, < 108 Myr) and older (t,, > 10® Myr) sources, respectively. This is
not surprising; the higher-powered jets allow for more younger sources to pass the
angular size/flux density cuts, whereas the increased radiative losses are push-
ing more aged remnants below the surface brightness/flux density limit. The
b = —0.5 model appears to compensate somewhat for this, however the model
is clearly incompatible considering the associated jet power distribution. Finally,
we find that the b = 0 model vastly over-predicts the distribution of long-lived

sources, and exhibits a sharper rise with age in comparison to observation. We
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Figure 4.17: Models constrained by Hardcastle et al. (2019, H19) and Shabala
et al. (2020, S20) are filtered by the selection biases of our sample, and their
expected jet powers and active ages are compared to our observed sample dis-
tributions. Three models are shown, each with the same assumption of the jet
kinetic power function (a = —1), but with varying lifetime functions. The model
with b = —1 is shown in red (H19, S20), that with b = —0.5 is shown in light-blue
(S20), and that with b = 0 is shown in dark-blue (H19). Model predictions are
smoothed using a 0.3 dex kernel.
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note our results here are not intended to invalidate those of the previous authors,
considering that their sample properties and selection biases are unaccounted for
in this comparison. Rather, we only propose that such models can not be true
for the intrinsic parameter space occupied by our sample, and should be resolved
in future work by using larger and more representative radio galaxy samples.
Importantly, the results shown in Fig. 4.17 highlight the advantage of the
approach taken for this work; by directly fitting to the observed jet power and
active age distributions, our results are not hampered by their confounding impact
on the observed attributes of radio sources. Finally, it is worth pointing out that
the active age distribution fitted for our remnant sample offers direct evidence
against constant age models, and is in support of the conclusions of Shabala et al.
(2020). Considering that we have directly measured the full lifetime of the jets
in these sources, we would expect the fitted active ages to occupy a single value,
within fitting uncertainties, if their underlying lifetimes were that of a constant

age.

4.5.3 Application to active radio galaxy populations

While the approach taken for this work focused solely on remnant radio galaxies,
our methods for simulating mock radio source populations can be generalised to
the wider radio-loud AGN population; e.g., to active radio galaxies, which make
up ~ 80% of the observed radio source population (e.g. see; Jurlin et al., 2020).
As mentioned in Sect. 4.1, the active age measured for an active radio galaxy
represents the age at which the source is observed, 7, not the true duration of its
jet active phase. This pushed Turner & Shabala (2015) to make an assumption
about the true lifetimes of the jets based on age fitted for each source; i.e. 7 =
ton/2, which says that on average a source will be observed halfway through its
true jet lifetime. It is however worth noting that an alternative approach to
the problem could involve directly simulating an observed 7 distribution. For a

mock radio source, 7 can be simulated by uniformly sampling, in linear space,
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the range bounded by t = 0 and ¢t = t,,. For any underlying ¢,, model, a
corresponding 7 distribution can thus be simulated and filtered by the selection
criteria, as outlined in Sect. 4.4. For a large mock catalogue, averaging over the
noise fluctuations due to random sampling, a mean expectation for the selection-
biased age distribution, e.g. (7), can be created. Importantly, by applying the
selection biases, (7) essentially characterises the distribution of 7 = topserved/2,
where fopservea gives the duration over which the source will remain detected and
selected as part of the sample. Of course, a caveat with this method is it relies
on probing the average observed age distribution, meaning that samples much
larger than that of this work will be needed to confidently measure the height at

each age bin.

4.6 Conclusion

Within the framework of radio-loud AGN feedback, the existence of remnant radio
galaxies is naturally explained by the self-regulating impact the jets have on their
supply of fuel. The active and inactive phases in the jet activity are encoded in
observations of active, remnant and restarted radio sources, and represent key
components of the underlying jet evolutionary lifecycle. Due to its profound
connection to AGN feedback, the energies injected by the jets is a topic of much
interest. In this work, we have approached this problem by constraining the
underlying jet kinetic power and lifetime functions for a sample of low redshift
(0.02 < z < 0.2) remnant radio galaxies. Our approach exploits the physics of
remnant lobes by directly measuring the full duration of their active phase, thus
placing firm constraints on the jet lifetime function.

We used all-sky multi-frequency radio data to compile sources around a fixed
selection criteria, i.e. Si54 = 0.5Jy and € > 4/, and identified remnant lobes using
variety of literature-established methods (Sect. 4.2). The evolutionary histories of
each source were then constrained using the RAiSE dynamical model. Simulated

radio source attributes were compared with observation through a parameter
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inversion, which allowed fitting of, amongst other parameters, the jet kinetic
power and active age for each remnant (Sect. 4.3). However, due to selection
bias, the fitted jet power and active age distributions do not represent their true
underlying population statistics. To combat this, we demonstrated that mock
remnant populations can be simulated for assumed (power law) models of their jet
powers and lifetimes, and filtered by the sample selection criteria. By accounting
for the observed distribution in, principally, redshift and environment, predictions
for the selection-biased jet power and active age distributions can be made for
our sample (Sect. 4.4). Using this framework, we generated mock catalogues
of remnant populations over a range of plausible power-law indices for the jet
power and lifetime functions, and produced selection-biased distributions for the
observed jet powers and active ages. The mock predictions were compared with
observation, which allowed us to constrain the optimal jet evolutionary model
(Sect. 4.5).

We summarise our results as follows:

e We constrain a jet kinetic power function described as p(Q) o< Q=15+,

and a lifetime function described as p(ty,) o< t;,10%0L.

e Our results are consistent with the expectations of feedback-regulated ac-
cretion simulations, which consistently predict a power-law spectrum in the
black hole accretion rates, consistent with a p(t,,) o< t;, lifetime distribu-

tion triggered at the black hole.

e Our constrained jet power function appears broadly consistent with the
shape of the high-luminosity end of the AGN radio luminosity function con-
strained by Shimwell et al. (2019) and Franzen et al. (2021). We speculate
that the true jet power function is better described by a broken power-law

model, in which the jet kinetic power function flattens towards lower values.

e Our jet lifetime distribution aligns remarkably well with the fitted distri-
butions of Shabala et al. (2020) and Hardcastle et al. (2019). However,
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our approach allows us to impose more precise constraints on the range
of plausible models, thanks to directly fitting the observed jet power and
lifetimes, rather than relying on the overall distribution of observed radio

galaxy properties.

Despite the focus of this work on remnant radio galaxy, our methodology is
certainly applicable to active radio galaxy populations. Considering these objects
dominate flux and volume limited samples, their statistical significance is an
attractive property that should be exploited in similar analyses. In particular,
following the method of this work, such objects represent an ideal laboratory for
constraining the underlying jet kinetic power function. The jet lifetime function
may also be constrained, however would require additional modelling to simulate
the selection of a radio source throughout its jet active phase.

Finally, we articulate that the ability to generate mock predictions, based on
any sample distributions and selection criteria, is an exciting prospect for future
work. By modelling the sample selection biases, jet evolutionary models can
be constrained from the full range of observed jet powers and ages, importantly,
including shorter-lived and low jet power sources that are preferentially deselected
from radio surveys. Considering these are precisely the objects that make up
the dominant fraction of radio-loud AGNSs, constraints on their energetics are
vital towards feedback studies. With the advent of new generation radio surveys
such as LoTSS, the Evolutionary Map of the Universe (EMU; Norris, 2011), and
eventually those produced by the Square Kilometer Array, constraints on the
global energetics of radio-loud AGNs will dramatically improve. Not only will
these surveys provide large, statistically-significant samples of radio galaxies, their
sensitivity and angular resolution will allow for much lessened selection biases.
This will allow, for example, the testing of higher-order models (e.g. double
power-law jet kinetic power models), and investigating whether the correlations
exist between the jet kinetic powers and lifetimes. Furthermore, with the inclusion

of higher-quality optical /infrared (e.g. the LOFAR-WEAVE survey; Smith et al.,
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2016) and X-ray (e.g. eROSITA; Predehl et al., 2021) data, our methodology can

be extended to explore the environmental impact on AGN fueling.
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Chapter 5

Conclusion

In this chapter, I summarise the research undertaken as part of this thesis, and

discuss the main results and implications for future work.

5.1 Research summary

In this thesis, I have investigated how remnant radio galaxies can form critical
tools to improve our understanding of AGN populations and their life-cycles. This
work is based on my initial work to create a consolidated catalogue of remnants
from multi-frequency radio observations and implementation of state-of-the-art
dynamical models to infer the physical characteristics of individual objects. My
work began by exploring the established remnant selection methods in order to
examine their viability in future radio surveys (Quici et al., 2021, Chapter 2).
Building on these results, I then developed a new dynamical model-based method
to identify remnant radio galaxies and measure their intrinsic radio source pa-
rameters (Quici et al., 2022, Chapter 3). To take advantage of this technique, I
measured the jet kinetic power and active age distributions for a sample of rem-
nant radio galaxies, and used these to constrain models for the jet kinetic power
and lifetime functions (Chapter 4). In the following sections, I summarise the

research motivations, methodologies, and results of the work presented in each
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chapter.

5.1.1 Remnant radio galaxies discovered in a multi-frequency

survey
Motivation

The subject of the remnant fraction — the fraction of radio-loud AGN observed in
a remnant phase — has gained much attention in recent years with the advent of
new-generation, low-frequency radio surveys. The remnant phase is a key com-
ponent in the evolution of radio galaxy lobes, and thus offers valuable constraints
on the physics of AGN jet evolution. In particular, Hardcastle (2018) and Sha-
bala et al. (2020) demonstrated that the observed remnant fraction allows for
constraints to be placed on the radio-loud AGN lifetime functions. Prior to the
commencement of this work, several constraints on the remnant fraction existed,
yet some inconsistency in the results appeared to exist at a level significant to the
method of Shabala et al. (2020). In this chapter of work, I exploited the sensi-
tive, high-frequency and high-resolution images provided by GLASS to construct

a uniformly-selected sample of remnant radio galaxies.

Methodology

First, I compiled an observationally-complete parent sample of radio galaxies
within a 7.62deg? area of sky. Using deep MIDAS data, I selected all radio
sources brighter than 10 mJy at 216 MHz. Using GLASS (5.5 GHz) and EMU ES
(887 MHz) data, I then selected sources with a largest angular size greater than
25". Using the near-infrared VIKING images to examine the radio source envi-
ronments, radio sources were removed if the extended radio emission traced the
optical component of a star forming galaxy. Following this approach, I selected
a parent sample of 104 radio galaxies.

I adopted the ‘absent radio core’ criterion to select candidate remnant radio
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galaxies on the basis that these sources did not show evidence of an active nucleus.
The criterion was evaluated using the 5.5 GHz GLASS data, where the detection
of a radio core was decided at the 30 level. A total of 10 remnant radio galaxies
were selected via this approach.

For each remnant candidate, I obtained low-resolution photometry (to ob-
tain total flux densities) at 5.5 and 9 GHz, and measured a low-frequency (119-
375MHz) and high-frequency (887 MHz-5.5 GHz) spectral index. In addition to
this, I estimated the 216 MHz core prominence (CP) for each source in the parent
radio galaxy sample. To do this, I re-scaled the 5.5 GHz peak flux density of the
core to 216 MHz, assuming a flat-spectrum radio core. For remnant candidates,
upper limits were instead calculated based on the 30 limit on the radio core flux

density.

Results

Within the parent sample of 104 radio galaxies, my method identified 10 remnant
radio galaxies candidates, which constrained a 10/104 (< 10%) upper limit to the
observed fraction of remnant radio galaxies. Although this result was consistent
with several LOFAR-based studies (Brienza et al., 2017; Mahatma et al., 2018),
I was unable to unambiguously confirm the remnant classification in a majority
of the selected candidates.

Of the ten selected remnant candidates, only four displayed the unambiguous
lobe characteristics of a remnant radio galaxy such as: an ultra-steep or highly-
curved radio spectrum, or; relaxed, amorphous lobe morphologies absent com-
pact features such as hotspots. In the remaining remnant candidates, compact
high-frequency emitting regions were observed in the GLASS images, consistent
with jetted-hotspots. The radio spectral energy distributions in these sources
showed no significant evidence of spectral steepening, and exhibited spectral in-
dices within —0.9 < a < —0.6, consistent with those typically found for active

radio sources. These results implied one of two scenarios. Either these remnant
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candidates are genuine, in which case the jets must have switched off recently
due to the continuing presence of compact high-frequency lobe emission, or the
sources are in-fact misclassified active radio galaxies, in which case the absent

radio core technique suffered heavy pollution from spurious contaminants.

In an attempt to ascertain the correct scenario, I investigated the 216 MHz
CP distribution as a function of the total 216 MHz flux density, and examined
whether the upper limits placed on the remnant candidates could help to solidify
their classification. I found that the remnant candidates with the highest (and
therefore weakest) upper limits on their CP were in-fact those unambiguously
classified as a remnant. I speculated that this result was due to the rapid evolution
in radio luminosity during the remnant phase, which would act to increase the
upper limit on the CP as the remnant continued to age. On the other hand,
remnant candidates with hotspots were found to exhibit much lower CP upper
limits; however, they were not found to exceed the lowest values measured for
the core-detected radio galaxies. As such, I was unable to confirm the remnant

classification in these objects.

5.1.2 Selecting and modelling remnant radio galaxies with

limited spectral coverage
Motivation

Remnant radio galaxies offer valuable insights into the physics of radio-loud AGN.
Not only do they probe the final stages in radio galaxy evolution, they also provide
valuable constraints towards the lifetime function of radio-loud AGNs. Such fields
of study will be greatly aided by the new generation of low-frequency radio sur-
veys, however may be limited by the existing methods for the selection and mod-
elling of remnant radio galaxies. Surveys such LoTSS, MIGHTEE, APERTIF,
EMU, and eventually those produced by the SKA will provide high-resolution ob-

servations with excellent sensitivity to low surface-brightness emission, but will

228



unlikely have comparably-deep high-frequency (v > 5GHz) analogues that are
required by the conventional remnant classification (Jurlin et al., 2020) and mod-
elling (Turner, 2018) methods. In this chapter of work I therefore approached
this problem from a new perspective, which used the observed surface brightness
distribution of remnant radio lobes to help constrain their evolutionary histories.
The key methods and results of this work are summarised below in two parts, ad-
dressing first the development and verification of the method, followed by further

insights gained from mock radio source catalogues.

Development and verification of method

To provide an independent verification of our method, I performed detailed spec-
tral modelling of the z = 0.2133 remnant radio galaxy J2253-34, which was
identified as a remnant by Quici et al. 2021 (Chapter 2). First, I obtained sen-
sitive, high-resolution radio observations at 417, 682 MHz (uGMRT), 1.4 GHz
(MeerKAT), and 5.5, 9 GHz (ATCA). Using apertures of § = 8", I extracted the
radio spectra arising from narrow regions across the lobes, and applied the TJP
(Tribble Jaffe-Perola) model to fit for the global injection index (s = 2.25+0.05).
Together with archival GLEAM data, I used the fitted injection index and mod-
elled the integrated radio spectrum of the lobes using the TCI (Tribble continu-
ous injection) model. This allowed us to fit the break in the frequency spectrum
(1, = 1.267005 GHz), and importantly the remnant ratio (Rem = 0.23 £ 0.02),
which describes the ratio of remnant phase to the total lifetime of the source.
To develop our dynamical model-based method, I exploited the Turner et al.
(2022) ‘jet+lobe’ RAISE model which produces hydrodynamic-informed syn-
chrotron emission maps of synthetic radio lobes. As a way to constrain the
duration of the remnant phase, our method relies on the expected fading of the
synchrotron emission from older, less energetic electrons in the part of the lobe
closest to the core. I therefore required a metric that could be used to com-

pare this property between simulation and observation, and as such implemented
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skewed Gaussian functions to fit the surface brightness distribution of the lobes.
Importantly, via this approach I was able to quantify two ‘extent’ observational
attributes, which parameterised how far back the lobe observably swept towards
the host galaxy.

To verify our method, the intrinsic parameters of J2253-34 were fitted via a
RAiSE-based parameter inversion using two different sets of constraints. First,
I generated a grid of RAISE models in jet power, source age and equipartition
factor, and fit these parameters using a 151 MHz radio luminosity, size and break
frequency. Importantly, all synthetic sources in this grid of RAiSE models were
simulated with R,., = 0.23, so as to match the value fitted for J2253-34 via
spectral modelling. Next, I generated a second grid of RAiSE models in jet power,
source age, equipartition factor, and remnant ratio, and fit these parameters
using a 151 MHz radio luminosity, size, the ‘extent’ attributes, a low-frequency
spectral index, and a three-point spectral curvature measure between 151 MHz
(LOFAR) and 1.4 GHz (MeerKAT) frequencies. Importantly, as this represented
our realistic “absent spectral modelling” case, our objective here was to test
whether the extent attributes were capable of constraining the duration of the
remnant phase.

Although with slightly larger fitting uncertainties, our results showed that the
fitted jet power (3.987530 x 103 W and 6.32724 x 10 W) and active ages (ton =
43.3 + 4.3 Myr and t,, = 37.2 + 4.3 Myr) were in broad agreement between the
two methods. The remnant ratio fitted via the RAiSE-based parameter inversion
was Riem = 0.267003, consistent with that constrained via spectral modelling.
With these results, I argued in favour of the proof of concept that the energetics

of remnant radio loud AGNs can be constrained via our proposed method.

Insights from mock catalogues

To further test the validity of our method, I used mock catalogues of remnant

radio galaxies to understand the parameter space over which the technique may
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be expected to work/break down. Mock remnant catalogues were simulated uni-
formly across a range of plausible jet powers, lifetimes, magnetic fields, and rem-
nant ratios. To obtain insights applicable to modern radio surveys, synchrotron
surface brightness maps were generated at the typical observing frequencies of
LOFAR (150,MHz) and MeerKAT (1.4,GHz). To replicate realistic observing
conditions, the synthesized images were degraded by the RMS sensitivity and
spatial resolution of their respective survey analogs. Observable attributes asso-
ciated with the “absent spectral modeling” case (as above) were extracted from
the degraded images for each synthetic source. These observed attributes were
then used as inputs to fit the intrinsic properties of the radio sources using the pa-
rameter inversion method. By comparing the fitted and input parameters of each
synthetic source, the capabilities and limitations of the technique were studied

across the model parameter space.

I found that the jet power, source age, equipartition factor, and remnant ratio
were consistently fit by our method, though the jet power and source age were
constrained with the highest precision. Our results implied that the technique
is expected to deliver more confident results when the magnitude of the energy
losses sustained in the remnant phase are greater, which is true in the following
cases: higher redshifts, due to increased strength of IC losses; higher-powered
jets, due to the increase in magnetic field strength; and for a greater duration of

the remnant phase.

To examine how well the technique was able to classify remnant radio galaxies,
I considered the accuracy in the fitted remnant ratios. I found that remnant
ratios fitted by this method can be trusted if the measured source age is large,
and conversely, is less accurate for younger sources. To interpret the on/off-times
fit by this method, and thus the classification of remnant radio galaxies, one
should first consider the age of the source to determine if the fitted remnant ratio
is estimated reliably. To quantify the selection efficiency, 1 simulated an active

(Riem = 0) and several remnant (R, = 0.1,0.2) mock catalogues, and examined
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their distributions in the fitted remnant ratios. At low redshift (z ~ 0.1), I
found that sufficiently aged sources (7 > 50 Myr) fitted with Ry, < 0.1 are
active radio galaxies within a confidence of 95%; this extends to sources as young
as 7 ~ 10Myr at higher redshifts (z = 0.5). Similarly, I found that sources
fit with Rien > 0.1 are true remnant radio galaxies within a confidence of 95%.
These classifications are expected to become more robust towards higher redshifts.
Overall, our results here showed that our method is capable of selecting active

and remnant radio galaxy candidates.

5.1.3 Constraining evolutionary jet models using remnant

radio galaxies
Motivation

The energies imparted by AGNs onto their environments play a key role in the
evolution of their host galaxies and large-scale environments. The jets launched
from a supermassive black hole are triggered with some jet kinetic power and
lifetime, which together enable the derivation of their total time-averaged energy
budget. The jet power and lifetime functions of the radio-loud AGN popula-
tion are thus an important prescription towards AGN feedback models, and also
provide valuable insight into the accretion mechanisms responsible for triggering
AGN jets. In this final chapter of work, I therefore set out to constrain the jet

power and lifetime functions for a local sample of remnant radio galaxies.

Methodology

To constrain the jet power and lifetime function, I carried out several key method-
ological steps summarised below.

First, I compiled a sample of remnant radio galaxies to provide an observa-
tional reference frame for this work. Using a variety of all-sky radio surveys, I

compiled a parent sample of radio galaxies brighter than S5, = 0.5 Jy at 151 MHz,
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larger than 6 = 4’ in projected angular size, and between the Declination range
—90° < dy900 < 30°. After visually cross matching the radio sources with their
hosts, optical photometries and archival redshifts were obtained for each host.
After limiting the sample to 0.02 < z < 0.2, I estimated the stellar masses based
on the (g — i) colour and i-band magnitude, and used this estimate to infer the
total mass in the galaxy halo. I used a combination of literature-established
methods, e.g. the absent radio core criterion, the morphological criterion, and
the ultra-steep spectrum criterion, to select remnant radio galaxies from the par-
ent sample. Following these methods, I arrived at a sample of 79 local remnant
radio galaxies. Finally, for each selected remnant, I measured a range of radio

source attributes, which were needed to constrain their evolutionary histories.

Next, following the method of Quici et al. 2022 (Chapter 3), I constrained
the jet power and active age of each source to characterise their sample distri-
butions. I used the Turner et al. (2022) ‘jet+lobe’ RAISE model to create a
multi-dimensional grid of synthetic radio sources in jet power, active age, rem-
nant ratio, halo mass, equipartition factor and injection index. The parameter
space of the RAISE simulation grid was inverted as per the redshift and survey
limitations (sensitivity and angular resolution) of each source, and the simulated
radio source attributes were extracted from the synchrotron surface brightness
maps. [ used a maximum likelihood algorithm to compare simulated to observed
attributes, and used a grid-search to fit each model parameter. The sample dis-
tributions in jet power and active age were compiled, and revealed the unphysical

lack of lower-powered and shorter-lived radio sources caused by selection effects.

To deal with these inherent sample selection biases, I employed forward mod-
elling of mock remnant populations to directly model the effect of my sample
selection criteria. First, I assumed simple power-law models to describe the un-
derlying form of the AGN jet power (p(Q) x Q?) and lifetime (p(ton) o< t2,)
distribution, which were used to weight the parameter space of the RAiSE simu-

lation. Next, for a given mock redshift, I used the synchrotron surface brightness
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maps to test whether the synthetic radio sources would have passed the sample
selection criteria, and described the outcome using a binary ‘yes/no’ filter. To
eliminate systematic errors, the confounding variables in the mock catalogues
(redshift, halo mass, equipartition factor, injection index) were controlled for by
ensuring their mock distributions matched observation after the selection biases
were applied. Following this approach, mock distributions in the observed jet
powers and active ages could be generated for any assumed jet power and life-

time model.

Results

To constrain an evolutionary jet model, mock remnant catalogues were generated
with different exponents for the power-law distributions of both jet power and
lifetime. Exponents were searched between —2.6 < a < —0.6 and —2 < b < —0.5
for the jet power and active age models, respectively. For each mock catalogue,
the mock observed jet powers and active ages were binned in (Q, o, )-space, and
compared to observation using a maximum likelihood algorithm. The key out-

comes of this work are summarised below.

The main result of this work was that I tightly constrained a jet power

o Q_ 1.50+0.09

function of the form p(Q) , and a lifetime function of the form

p(ton) oc t510F012 The mock jet power and active age distribution predicted by
this model were demonstrated to have good agreement with the shape of the ob-
served sample distributions, however I speculated that a broken power-law model
for the jet power function may have provided a better fit to the data; such an
assumption would be expected if the broken power-law shape of the AGN ra-
dio luminosity function is directly due to the underlying jet powers. Our fitted
lifetime function was in excellent agreement with the results of Hardcastle et al.
(2019) and Shabala et al. (2020), and I argued that the apparent inconsistency

between the constrained jet power models (i.e. they fit a = —1) is likely due

to inconsistencies in sample selection and methodologies. As an interesting side
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outcome of this work, the distribution of active ages fitted for our remnant sample
provided direct evidence against models in which AGNs live up to the same age,

and supported the conclusion of Shabala et al. (2020).

5.2 Discussion and future work

In this thesis, I have conducted three independent pieces of work presented in
Chapters 2, 3, and 4. A discussion of the results of these works is presented in
each chapter, and I now move to address some of the wider implications and
prospects for future work. First, I discuss the insights gathered regarding the
advantages in studying remnant radio galaxies in context of radio-loud AGN
physics (Sect. 5.2.1). Next, I discuss the lessons learnt regarding the selection
of remnant radio galaxies from the next generation of radio surveys, and suggest
some considerations for the future selection of these objects (Sect. 5.2.2). Finally,
I discuss the insights from the AGN jet power and lifetime functions fitted in
this thesis, and propose some exciting future directions to study the triggering of

black hole jets (Sect. 5.2.3).

5.2.1 Remnant radio galaxies as laboratories to study the

physics of radio-loud active galactic nuclei

While in previous decades even the detection of remnant radio galaxies was chal-
lenging due to survey limitations, the growing number of new generation radio sur-
veys with high spatial resolution and excellent sensitivity to low surface-brightness
emission (e.g. LoTSS) have proven to be excellent both for the detection and
subsequent classification of remnant radio galaxies. Population studies of radio
galaxy samples, in which the observed fraction and bulk properties of remnant
radio galaxies were constrained, were used to place observational constraints onto
the predictions made by various mock radio source populations with unique AGN

life-cycle assumptions (see Hardcastle 2018 and Shabala et al. 2020). These stud-
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ies have shown that the observed properties of their remnant samples (such as
the physical sizes and radio luminosities) help to constrain the AGN jet-power
and lifetime functions, and that the observed remnant fraction can be a powerful
constraint to distinguish between constant and power-law age models. These re-
sults underline the value that remnant radio galaxies offer towards studying the
evolution of radio-loud AGN, and it is with this idea in mind that I summarise

the new insights gathered across this thesis.

The methodology employed in Chapter 4 differs significantly from the ap-
proaches used by Hardcastle 2018 and Shabala et al. 2020 in terms of how the jet
and lifetime functions were constrained. While the aforementioned studies con-
strained their evolutionary models from the bulk distribution of several observed
radio-source properties, the method presented in Chapter 4 utilised selection-
biased distributions in the jet kinetic powers and lifetimes in order to constrain
their seed distributions. Both approaches required modelling of the survey se-
lection biases, however due to the confounding impact that jet power and age
have on observed properties such as radio luminosity and size, the method I
have developed is more effective at disentangling the true seed distributions by
directly examining the sample jet power and lifetimes. While this distinction
would equally hold for active radio galaxies, it is important to recognise that un-
like an active radio galaxy, a radio galaxy remnant offers a direct measurement of
the lifetime of its jet phase. As such, future studies investigating the duration of
the jet phase in relation to other black hole properties would significantly benefit
by leveraging the valuable constraints provided by remnant radio galaxy lobes

regarding their embedded evolutionary histories.

Another key outcome of the work conducted in Chapter 4 was the ability to
model and apply sample selection biases to synthetic radio sources. With this
method, I am able to construct model distributions of the jet properties, which
form close to the black hole, and generate testable predictions for their expected

radio source populations. By adopting this method, future studies will be able
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to place even greater constraints on the physics of AGN jet triggering (discussed
in more detail in Sect. 5.2.3), using the intrinsic properties measured from radio
galaxy populations. In this work, I have exploited dynamical models to constrain
radio source energetics via parameter inversions. These methods have powerful
applications to future radio surveys, in that they can simultaneously constrain
various intrinsic properties using radio observations alone. One shortcoming of
this method, however, is that the complexity of the model limits the objects which
can plausibly be modelled. For example, a precession or a bending of the jets can
lead to atypical lobe morphologies, rendering the constraints from their observed
surface brightness distributions less meaningful. Furthermore, the typical ‘con-
tinuous injection’ spectra of radio lobes can also be modified by processes such as
self absorption in the hotspots, or even renewed activity in the AGN jets. With
this in mind, it is worth highlighting that remnant radio galaxies can provide a
convenient solution to many of these issues. Upon cessation of the nuclear ac-
tivity, the jets will disappear approximately over the light travel time, and will
cease to contribute to the global characteristics of the lobes. Without the strong
region of pressure provided by the jets, hot spots or any other compact emission
regions left over from the previous jet activity, will quickly disappear due to the
turbulent mixing of the lobe plasma. One caveat here is that the buoyant rising
and Rayleigh-Taylor instability of remnant lobe plasma, which has an increasing
impact with age on the observed properties of the lobes, is not currently captured
by the RAIiSE model; based on the numerical modelling of English et al. (2019),
these processes should give rise to a faster decay in the lobe radio luminosity.
The necessary framework from hydrodynamic simulations is already in place to
integrate these physical processes into dynamical models (e.g. Yates et al., 2018;
English et al., 2019), and will be an important step towards modelling the evo-

lutionary histories of sufficiently aged remnants.

To summarise, remnant radio galaxies are excellent objects to study the

physics of radio-loud AGNs. As part of my work, I show that the energetics
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of remnant lobes can be constrained from radio survey data alone, and demon-
strate their application towards constraining fundamental processes at the black
hole. By encoding the full duration of their previous active jet phase, remnants
provide a direct sampling of the jet lifetimes of radio-loud AGNs, and as such

offer powerful constraints towards the AGN lifetime function.

5.2.2 Approaching the selection of remnant radio galaxies

In light of the discussion in the previous section, techniques to select remnant
radio galaxies from radio survey data need to be robust. In this thesis, I con-
fronted the selection of remnant radio galaxies via established methods, and have
also proposed a novel dynamical model-based method in which the constrained
remnant ratio determines the classification. In this section, I discuss the insights
gathered regarding the selection of remnant radio galaxies, and suggest some fu-
ture directions that may improve how these objects are selected from the next

generation of radio surveys.

Observation-based methods:

In Quici et al. 2021 (Chapter 2), I demonstrated a trade-off between core-based
and lobe-based remnant selection methods. The clear advantage to selecting
remnant radio galaxies based on the absence of nuclear activity within the host,
is the ability to identify those immediately after the jets have switched off. As
expected, the absent radio core criterion selected sufficiently young remnants,
which would otherwise have been missed (at least for given frequency coverage) by
spectral classifications of the lobes. However, considering a significant fraction of
selected remnant candidates displayed high-frequency hotspots and no evidence
of spectral ageing up to 9 GHz, I concluded that the selected remnant sample
was potentially contaminated by incorrectly-classified active radio sources. This
underlines the shortcoming of the core-based method, which is that due to survey

sensitivity limitations, the apparent absence of radio emission from the core does
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not robustly confirm the remnant classification of the lobes.

The next generation of radio surveys (e.g. LoTSS, EMU, MIGHTEE, APER-
TIF, VLASS) will provide sensitive images of the sky with high spatial-resolution
—in principle, the two key components necessary for detecting radio cores. These
surveys will cover a low to intermediate frequency range (~ 0.1-2 GHz), and it is
impractical to expect a high-frequency (v 2 5 GHz) analog with an appropriately-
matched surface brightness sensitivity. In light of the discussion above, the imme-
diate question this raises is as follows: if the absent radio core criterion is needed
to select recently switched-off remnants, how do we break down the degeneracy
between the properties of a recently switched-off remnant, versus an active ra-
dio galaxy with an undetected radio core? Ultimately, the question that needs
answering is at what point (if at all) are the upper limits on the radio emission
from the core significant enough to rule out an active radio core? In addition
to this, to constrain the upper limit on the radio core emission, which metric is
better — radio core luminosity, or, the radio core prominence? Radio galaxy sam-
ples compiled from the aforementioned surveys will have the required statistical
significance to confront these questions, and will shed important light onto the

robustness of these methods.

As another avenue for future exploration, it would be interesting to examine
the insights provided by dynamical radio source models concerning the classi-
fication of (young) remnant lobes. As discussed in this thesis, spectral-based
classifications of remnant lobes, e.g. ultra-steep or highly-curved radio spectra,
rely on the preferential steepening of higher-frequency radio spectra resulting
from the energy-dependent synchrotron loss rate. The spectral evolution of the
remnant plasma is more rapid at higher energies, and is precisely why the se-
lection of younger remnants requires higher observing frequencies. This raises
the question, is it possible to rule out a remnant classification if the lobes do
not show evidence of spectral steepening (within uncertainties) out to a given

high frequency? A robust Bayesian approach to this problem could involve sim-
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ulating mock remnant catalogues for our best assumption of the AGN jet power
and lifetime functions, and using the forward-modelled radio source observables
to examine, for example, the following questions: for what value of the remnant
ratio should a source exhibit a detectable spectral steepening, or alternatively,
for a given low remnant ratio (say Ryem = 0.1), what fraction of sources should

exhibit a detectable spectral steepening?

Another desired insight from simulations and dynamical models pertains to
the prevalence and evolution of the hotspots after the jets switch off. For FR-
IT radio galaxies, the jet energy injection sites are over-pressured and contain
strong magnetic field strengths. Considering also that the emission arising from
the hotspot is driven by the youngest injected plasma, we can expect the hotspot
to fade rapidly during the remnant phase. One caveat here however is the adia-
batic expansion of the hotspot, which could plausibly give rise to an appreciably
long-lived region of bright, compact radio emission. While currently the RAiSE
model does not capture the necessary physics of the post-jet phase to model the
adiabatic expansion of the hotspot, hydrodynamic simulations could be used to
characterise the necessary particle histories. Such work should in turn shed im-
portant light on whether the selection of remnant radio galaxies should be robust
to the presence/absence of hotspots, and similarly at what frequency should we

expect genuine remnants to lack these compact features.

Dynamical model-based methods: a new approach to remnant selec-

tion?

In Quici et al. 2022 (Chapter 3), I demonstrated that the remnant ratio fitted
by our dynamical model-based method can be used to classify active and rem-
nant lobes. This technique utilises constraints derived from the observed surface
brightness distribution of the lobes, which encode the plasma age distribution and
thus the duration of the remnant phase. In many ways, the technique offers a

combination of the established spectral and morphological-based classifications of
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remnant lobes; by probing the bulk flow of the lobe plasma, the spectral evolution
is constrained for the distribution of plasma ages (as opposed to a single inte-
grated measurement), and therefore greater sensitivity to recently switched-off

remnants.

The main advantage of this technique is that it does not require high-frequency
(v 2 5GHz) radio data to constrain the evolution in the remnant phase. The
technique relies on detectable changes in the lobes to constrain the physics of
the remnant phase, and so it comes as no surprise that the magnitude of the
sustained energy losses limits the selection efficiency; this occurs for sources that
have shorter timescales (in the active and/or the remnant phase), are lower-
powered, and are at lower redshift. Nevertheless, with the aid of mock remnant
catalogues, I showed that the technique is robust to the selection of remnants as
young as Ry, = 0.1, using frequencies as high as ~ 1 GHz. Therefore, while the
technique is extremely suitable to the next generation of radio surveys, it is worth
mentioning that the inclusion of higher radio frequencies will only further improve
its constraining power. The requirement for sufficient model complexity is another
limitation to this method, however as previously discussed in Sect. 5.2.1, this

challenge is much less significant for radio sources without an active jet.

Setting aside the merits and shortcomings discussed above, a question that
may arise pertains to the practical usefulness of this method in selecting rem-
nants, considering the significant obstacle posed by relying on the redshift of the
host galaxy. To address this question, we need to consider why the selection of
remnants is important towards the study of radio galaxy life-cycles and AGN
physics. Certainly if we treat the discovery/selection of remnants as its own in-
dependent research aim, e.g. to quantify their observed sample statistics, then
the argument against selecting remnants using this technique is clear. However,
if the objective is to employ remnants as a laboratory for further investigating
the physical mechanisms associated with the duty-cycle and evolution of AGN

jets, the emphasis extends beyond their selection to additionally encompass the
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extraction of meaningful insights from their observations. The results of Shabala
et al. (2020) showed that the observed fraction of remnants, alone, does not con-
strain AGN jet-triggering models without insights from forward modelling based
partly on an observed redshift distribution. My work in Chapter 4 demonstrated
that the intrinsic properties of remnant radio galaxies offer powerful constraints
towards the jet power and lifetime functions, however, this could not have been
achieved without prior knowledge of the host galaxy redshifts. Even considering
the results of various single-object remnant studies (e.g. Cordey, 1987; Parma
et al., 2007; Brienza et al., 2016; Duchesne & Johnston-Hollitt, 2019; Randria-
manakoto et al., 2020; Singh et al., 2021; Quici et al., 2022), knowledge of the
redshift was required to measure properties such as the spectral ages or lobe
magnetic field strengths. It would appear then that in many current studies
of remnant radio galaxies, particularly towards the research questions outlined
above, the acquisition of redshift data is already a requirement. As such, assum-
ing that redshift information is already available for a catalogue of extended radio
galaxies, our dynamical model-based approach serves as a complementary tool to
identify remnants and extract valuable insights into their underlying jet proper-
ties — both of which are important ingredients towards studying AGN duty-cycle
studies. Finally, it is worth mentioning that sensitive, wide-area spectroscopic
galaxy surveys, such as the William Herschel Telescope Enhanced Area Velocity
Explorer instrument LOFAR survey (WEAVE-LOFAR; Smith et al., 2016) and
the Wide-Area VISTA Extragalactic Survey (WAVES; Driver et al., 2016) will
enable the compilation of radio galaxy samples with much greater spectroscopic

completeness.

5.2.3 The jet power and lifetime functions of radio-loud

AGNs

In Chapter 4, I presented a novel approach towards constraining models for the

AGN jet power and lifetime functions. In this section, I discuss the key advantages
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this framework brings, and highlight several exciting research questions that can

be confronted with the next generation of radio surveys.

Constrained directly or via bulk inference?

Historically, our strongest constraints towards the shape of the true jet power
function have come from the radio-loud AGN radio luminosity function. Exten-
sive work exists within the literature that constrains the AGN RLF, and I focus
on several recent results to examine the consistency with our model expectations.

Using the GLEAM radio survey, Franzen et al. (2021) measured the 200 MHz
radio luminosity function for local (median z & 0.064) radio galaxies. By fit-
ting their observed AGN RLF using a broken power-law model, those authors
constrained a power-law slope of arr = —1.76 above a critical radio luminosity
(L, = 10%"WHz!). Using a theory-driven first-order approximation of the
conversion between radio luminosity and jet power, ) L7 (Willott et al.,
1999; Kaiser & Best, 2007), this suggests that the power-law slope in their cor-
responding jet power function is @ &~ —2. Though considerably steeper than the
power-law index constrained by our method (a = —1.50 £0.09), comparing these
values must be exercised with caution. Since the observed radio luminosity of a ra-
dio source is strongly confounded by its jet power, age, and ambient environment
(Hardcastle & Krause, 2013; Shabala & Godfrey, 2013; Yates et al., 2018), the
resulting scatter in the AGN RLF prevents the direct inference of the jet power
function. The effects of a selection bias may also contribute towards the apparent
mismatch between the fitted jet power slopes; while powerful radio sources will
have bright radio luminosities, such sources will also have large physical sizes,
which may contribute to their deselection from brightness-limited radio surveys.
Of course, it is important to mention here the unaccounted-for uncertainty in the
bright-end slope of the AGN RLF due to small number statistics.

In principle, predictions for the AGN RLF can be made by our best-fit jet

model, and compared with observation in order to examine the consistency. This
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approach would conveniently solve the issue of the confounding nature between
jet power, age, and environment, since these effects are directly modelled by
the input distributions of these variables. However, a robust comparison would
require knowledge of the AGN halo mass functions underlying their samples.
Additionally, modelling their selection biases would require knowledge of their
redshift distributions, as well as filtering the RAiSE simulation grid through the
survey selection criteria specific to their samples. Such an analysis is beyond
the scope of this work, however is an interesting opportunity for future analysis.
Based on the results of Shimwell et al. (2019) and Franzen et al. (2021), it would
appear that our best-fit jet power function is not in tension with the observed

AGN RLF.

Black hole fueling, accretion, and jet production

The ability to measure the jet power and lifetime functions of radio-loud AGNs
is an exciting outcome of Chapter 4, and one that should be applied to future
studies using the next generation of radio surveys. In that chapter of work, the
selection criteria used to compile the parent radio galaxy sample were designed
with practical limitations in mind. To ensure that the spatial attributes were
not heavily degraded by the moderate angular resolution of RACS Opwuy ~ 25",
the sample was intentionally selected against a large (# > 4’) minimum angular
size criterion. Due to the strong correlation between the physical sizes of radio
galaxies and their active ages, a consequence of such a large angular size cut was

that the observed active ages were heavily biased towards longer-lived jets.

Furthermore, considering that at present the measuring of the radio source
attributes is a manual step, this process can become rather time consuming for
a large sample of radio sources. With this in mind, both our minimum flux
density and angular size thresholds additionally helped to keep the sample size
sufficiently low. The caveat here is that with smaller sample sizes, the combined

counting and fitting errors have a larger overall impact on the uncertainty in the
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observed jet power and active age distributions, which decrease the precision with
which the evolutionary jet models can be constrained. In addition to this, I also
speculated that higher-order jet power functions, as well as models in which the
jet power and lifetimes are correlated, may provide a more realistic treatment of
the AGN jet physics. Such models can be constrained via the method outlined
in Chapter 4, however such analysis will require sample sizes much larger than

that used in our work.

The next generation of radio surveys will offer the parameter space needed to
confront the considerations outlined above. The high spatial-resolution provided
by surveys such as LoTSS and EMU (6 = 5”-10") will enable the compilation of
radio galaxy samples against much more lenient minimum angular size selection
criteria. Similarly, the unparalleled surface brightness sensitivities in these sur-
veys will allow for much lower minimum flux density selection criteria, which in

turn will greatly aid the selection of lower-powered jets.

As part of the outcomes presented in Chapter 4, I identified several interesting
opportunities for future research. First, by comparing the predictions of our
best-fitted jet power function to our observed jet power distribution, I provided
tentative evidence in favour of a broken power-law jet kinetic power function.
With less stringent sample selection criteria, access to a larger fraction of lower-
powered radio sources will help to directly fill out this portion of the parameter
space. This will help to ascertain whether the jet power function does indeed
flatten towards lower jet powers, and if so, will offer the constraints needed to
parameterise this flattening. Such an analysis should also clear up the apparent
inconsistency between the jet power exponent fitted by our work (b = —1.60 +
0.09) versus that fitted by Shabala et al. 2020 (b = —1); I speculated that the
mismatch could be driven by real or methodological effects, however no further
comments can be made unless a similar study is extended to a more representative

sample of radio galaxies.

Another research question that would benefit greatly by the methodology
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carried out in Chapter 4 relates to whether different jet-triggering mechanisms
exist for different radio galaxy populations — as has been suggested by a variety
of authors (e.g. Pimbblet et al., 2013; Kaviraj et al., 2015; Marshall et al., 2018;
Hardcastle et al., 2019). Provided a sufficiently large sample as well as value-
added information of the host-galaxy such as the black hole mass, stellar mass,
halo mass, or redshift, it will be possible for the sample to be split into various
bins across these parameters, and thus for the jet power and lifetime distributions
to be investigated separately across these populations. Changes in the slope of
the lifetime distribution would be strong evidence in favour of different fueling

mechanisms.

5.2.4 Measuring the environments of radio-loud AGNs

Though not the focus of this thesis, in Chapter 4 I placed dynamical model-
based constraints on the halo mass for each sample remnant. By inspecting the
probability density functions in the fitted RAISE parameters, it was shown that
the fitted halo masses were constrained with Gaussian-like uncertainty, implying
that this parameter should be able to be constrained from radio observations
alone. This presents an interesting opportunity to explore whether the properties
of the intra-cluster environments of radio-loud AGN can be constrained purely
from the observed radio source properties of radio galaxy lobes. Considering that
the heating and cooling of hot intra-cluster gas plays such a crucial role in the
feedback of radio-loud AGN, the ability to quantify the environment within which
the radio jets expand, using radio survey-data alone, would be a powerful tool to
study the environment-jet coupling.

One plausible way by which this question could be tested could be to utilise a
3CRR sub-sample of bright, FR-II radio galaxies, studied by Ineson et al. (2017),
who used X-ray inverse-Compton data to constrain the integrated X-ray luminos-
ity and profile of the hot gas. These sources are covered by a wide range of radio

surveys spanning low (~ 150 MHz) to high (> 5 GHz) frequencies, and so we can
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expect tight observational constraints on their integrated radio luminosities, sizes,
break frequencies, and spatial attributes such as the extent at various frequencies.
Following the methods of Chapters 3 & 4, the dynamical model-based method
would then be used to fit the intrinsic radio source parameters, only with one key
difference in that the environment environment would be parameterised by a crit-
ical gas density and a scale radius (both of which are model inputs to the RAISE
dynamical model). By validating the derived outputs against the independently-
measured values of Ineson et al. (2017), the results would shed light into the
possibility of quantifying the environments of radio-loud AGNs using only the

observed properties of radio galaxy lobes.

5.3 Concluding remarks

The end-of-life “remnant” phase of a radio galaxy continues to be a fascinating
topic of research within the study of radio-loud AGN physics. With the advent
of new-generation radio surveys and cutting-edge theoretical models, the once
elusive class of radio galaxy has quickly become an object of close examination,
and will continue to be an integral component in the study of radio-loud AGN
evolution. This thesis has adopted a synergy of observation-based and model-
driven analysis to shed light on the properties and selection of remnant radio
galaxies, the evolutionary processes that occur within remnant lobes, as well as
the implications remnants have towards evolutionary models of active galactic
nuclei jets. The key highlight of this research was the development of a novel
technique to constrain the intrinsic radio source parameters from low-frequency
(< 1.4 GHz) observations of remnant lobes, which was subsequently applied to
a sample of remnants in order to constrain their seed distributions in jet kinetic
power and lifetime. With the continual improvement in the quality of astronom-
ical survey data, the insights gathered across this thesis hint towards a bright
future, in which remnants help to confront the key questions related to AGN

duty cycles and evolution.
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Appendix A

The following appendix table belongs to Chapter 2.
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€ae

No. Column name Unit Description

1 MIDAS name J hh:mm:ss-dd:mm:ss Name of radio source in J2000 format.

2 MIDAS RA deg Right Ascension of MIDAS source.

3 MIDAS Dec deg Declination of MIDAS source.

4 AGN status - Activity state of AGN.

5 FR _classification - Fanaroff & Riley Classification: FR-I, FR-II.
6 LAS arc-seconds Largest angular size measured from EMU-ES.
7 Hotspots (L.1) - Number of GLASS hotspots present in L1.
8 Hotspots (L2) — Number of GLASS hotspots present in L2.
9 peak flux_core pJy /beam 5.5 GHz radio core peak flux density.

10 err_peak flux_core pJy /beam Error on 5.5 GHz radio core peak flux density.
11 Si1s mJy Integrated flux density at MHz.

12 err_Syig mJy Error on integrated flux density at MHz.
13 S154 mJy Integrated flux density at MHz.

14 err_Sysy mJy Error on integrated flux density at MHz.
15 S1s6 mJy Integrated flux density at MHz.

16 err_Sige mJy Error on integrated flux density at MHz.
17 So16 mJy Integrated flux density at MHz.

18 err_Sqig mJy Error on integrated flux density at MHz.
19 S399 mJy Integrated flux density at MHz.

20 err_Ssgg mJy Error on integrated flux density at MHz.
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21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

S887

61‘1‘78887
S1400
err_Si400
S2100
err_Sa100
S5500
err_Sssoo

S9000
err_Sgnoo
CPp
GAMA TAUID
Host_RA
Host_Dec
z
z_type
mag_Kj
NED_Object_Name
log10_Laig
LLS

logl0(W Hz™!)
kpc

Integrated flux density at MHz.
Error on integrated flux density at MHz.
Integrated flux density at MHz.
Error on integrated flux density at MHz.
Integrated flux density at MHz.
Error on integrated flux density at MHz.
Integrated flux density at MHz.
Error on integrated flux density at MHz.
Integrated flux density at MHz.
Error on integrated flux density at MHz.
216 MHz core prominence.

ID of host galaxy in GAMA photometry catalogue.
Right ascension of host galaxy.
Declination of host galaxy.

Redshift.

Redshift type: Spectroscopic, Photometric, lower-limit.
Host galaxy VIKING K,-band magnitude.
Name of NED object corresponding to the GAMA _TAUID.
216 MHz radio power.

Largest linear size.




gee

Table A.1: Column descriptions corresponding to the supplementary electronic table. The MIDAS Name is derived using
the MIDAS_RA and MIDAS _Dec columns. Entries without a GAMA _TAUID, mag_Ks, or NED_Object_Name are assigned a
value of —99’. Hotspots (L1) and Hotspots (L2) refer to the number of GLASS hotspots found in each lobe, where L1 and
L2 refer to the lobe and counter-lobe. We define L1 as having the smaller position angle measured in a counter-clockwise
direction from the North.






Appendix B

This appendix table belongs to Chapter 3

257



Table B.1: Summary of the integrated radio spectrum compiled for J2253-34.

Telescope Type Frequency Bandwidth Integrated flux density

(MHz) (MHz) (mJy)
119.04 238 4+ 35
MWA Phase I Survey (GLEAM) 151.88 30.72 104 1+ 35
. . 417 114.00 £ 8.88
uGMRT Pointed observations 632 250 7908+ 5.9
ASKAP Survey (EMU early-science) 887 288 64.1 £ 3.2
911 42 63.17 + 1.89
. . 1022 120 57.44 + 1.85
MeerKAT Pointed observations 1499 153 41.98 + 1.34
1653 30 35.28 £1.08
VLA Survey (NVSS) 1400 50 42.4 £ 3.05
2000 290.58 &£ 1.77
2868 19.60 = 1.17
4782 10.50 £0.42
5243 9.38 £0.37
. . 5746 7.934+0.32
ATCA Pointed observations 6216 500 6.84 + 0.27
8284 4.13+0.19
8726 3.84 £ 0.16
9253 3.414+0.15
9716 3.08+0.14
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Appendix C

Image cutouts and spectral energy distributions of the 79 remnant candidates

selected as part of Chapter 4.
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