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The Radio Properties of Brightest

Cluster Galaxies
Michael Timothy Hogan

Abstract

Energetic feedback from the Active Galactic Nucleus (AGRNjhe Brightest Cluster
Galaxy (BCG) is required to prevent catastrophic coolinghe intra-cluster medium
(ICM) in galaxy clusters. Evidence for this is seen throughitiflation of cavities in the
ICM by AGN-launched, radio-emitting jets, and understagdimis process is an active
area of research. Radio observations play an integral nolleis, as they trace the active
stages of the feedback cycle. Understanding the radio prepef BCGs is therefore
paramount for understanding both galaxy clusters and A@dlack processes globally.

Within this thesis, the BCGs in a large-700) sample of X-ray selected clusters are
studied. We observe these BCGs with a wide variety of fagditbuilding a census of
their radio properties across a range of frequencies, tiales and angular resolutions.
Radio spectral energy distributions (SEDs) are built foero200 BCGs, and then de-
composed into two components; a core, attributable to awgouclear activity, and a
non-core, attributable to historical accretion. Both camgnts are not only more com-
mon, but also significantly more powerful in cool-core (CC)stérs than non-cool core
(NCC) clusters. However, itis the presence obativecore that shows BCGs in CC clus-
ters are constantly ‘on’ - explaining how they regulate itlegivironments over gigayear
timescales.

We observe 35 currently active BCGs at high (15 — 353 GHz) r&diguencies, and
monitor their variability. Self-absorbed, active compotseare found to be common at
high frequency. Little variability is seen cnyear timescales, although longer term varia-
tion of ~10% annually over few-decade timescales is observed. Beals presented for
a hitherto unseen component in BCG spectra that may be a#blauto a naked Advec-
tion Dominated Accretion Flow (ADAF). The milli-arcsecordale radio properties of 59

sources are studied, with a large range of morphologies/ezed although no evidence



is found for dual AGN being common in BCGs.

Finally, we present a study that has more than doubled théauof HI absorption
systems known in BCGs. We show that both the detection ratecaluinn densities
observed are strongly affected by the multi-scale propemif the radio continuum. All
our clear detections are redshifted or at the systemic itglodlost HI appears to be
located in a clumpy torus that is replenished by residuaknedtcooling from the ICM,

linking the environment to the central engine and comptgtire feedback cycle.
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CHAPTER 1

Introduction

1.1 Overview

Throughout the history of mankind people have gazed at thedres with wonder, yet for

most of this time the study of the cosmos was limited to the&spkrange detectable by
the human eye. Itis less than a century since our window obJttieerse was expanded
beyond these boundaries with the first detection of radicasdkom an extra-terrestrial

source. Since then, new technologies and detection metia@sopened up all sections
of the electromagnetic spectrum (and beyond) to interifogagnd with it we have come

to appreciate that the Universe contains objects and psesasf more variety and pecu-
liarity than had ever been imagined.

On the largest scales the Universe is comprised of galaxstshbaited along a web-
like structure according to the laws of gravity. At the noadghis web, galaxies tend
to group together and orbit their combined centre of maseMirialised, and massive
enough, such a conglomeration is referred to as a galaxyeclaad, being bound, such
structures constitute the largest single organised abgegtwhere in the known Universe.

It is believed that every galaxy has, residing at its cerarsypermassive black hole
(SMBH). As material accretes onto these SMBHSs, its graeia energy is released,
leading to the phenomena now referred to as Active Galaaticléil (AGN). Once con-
sidered interesting peculiarities, over the past thre@ades both observational and theo-
retical work have shown that virtually all massive galaxaes at some point during their
lifetimes expected to contain AGN. Furthermore, the enayggerated by such events
appears to play an integral role in the formation and evofutf all massive galaxies and

their surroundings. Understanding the interplay betwéeneinergy generated by AGN
1



1.2. The History of Radio Astronomy 2

and the effect this has on its surroundings has thus growedorbe a highly active area
of astronomical research (see reviews by McNamara & Nulgéfy; Cattaneo et al.,

2009; Alexander & Hickox, 2012; Fabian, 2012; McNamara & $&ur, 2012; Heckman

& Best, 2014). Radio observations play an important roldninithis, as they can be used
to trace the energetic outflows and relativistic jets by whauch of the AGN energy is

imparted into its surroundings.

Some of the best laboratories for studying this so-callg@NAfeedback’ are found
at the centres of galaxy clusters. Here, the AGN action ofdlgest galaxies anywhere
in the known universe, Brightest Cluster Galaxies (BCGs)gegas the properties of the
cluster on scales many orders of magnitude larger than the ik&2If.

This thesis uses a wide variety of radio observations froange of facilities in order
to better understand the processes at play in the heartsé theiversal behemoths. This
first chapter gives a general overview of the topics to be @melnitially, brief histories
of radio astronomy and the discovery of galaxies and AGN areng Following this is a
summary of the properties of galaxies, clusters and AGNuhilbbe referred to in the rest
of the thesis. An overview of the current knowledge of thepgemties of Brightest Cluster
Galaxies (BCGs) is then given before a brief overview of tlebteques used within the

thesis. An outline of the structure of the rest of the thesigiven beyond this.

1.2 The History of Radio Astronomy

1.2.1 Laying the Foundations

Ever since the mid-seventeenth century when Newton shovéé Yight to be composed
of multiple colours, scientists have been fascinated bgttamging properties of radiation
as a function of wavelengtiA). The first secure evidence that light also exists at fregquen
cies outside of those visible to the human eye came arouneéritieof the eighteenth
century when William Herschel showed in a series of expent:i¢hat heat is radiated
by wavelengths beyond the red end of the visible spectruan (i the ‘infra-red’; Her-
schel, 1800). The spectral coverage was expanded esbemtdgfinitely by Maxwell

in the late 1800s with his electromagnetic description giitj in which he showed that

electromagnetic radiation could theoretically be produ¢and hence detected) at any
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wavelength. The first successful transmission of electgpratic waves (‘radio-waves,
~5m) was achieved by Hertz in 1888, this wavelength being fiimthe radio regimeX
2 mm) and hence ushering radio-waves into the scientistehaits

As it was then believed that radiation from astronomicalrees would be thermal,
early attempts to detect extraterrestrial radio-wavessed on the Sun. Several attempts
were made towards the end of the nineteenth century (e.gdimgé&n, Lodge, Nordmann,
Wilsing and Scheiner). However all met with failure, largdue to inadequate detectors.
This early lack of success, combined with contemporanebesrétical advancements
that suggested the blackbody profile of the Sun would emit wexakly at radio wave-
lengths and that the ionosphere would block most incomidgtimnt meant that further
detection experiments were largely abandoned. It wouldrimeher couple of decades

before radio-astronomy truly began, somewhat serendipiyo

1.2.2 The Beginnings

In the 1920s Bell Telephone Laboratories assigned a yougmeer, Karl J Jansky, the
task of investigating sources of interference to theirgedlantic radio links. To enable his
investigation, Jansky built a steerable antenna with anatipg frequency of 20.5 Mega-
hertz (MHz). His initial results suggested three major searof interference - local
thunderstorms, distant thunderstorms and a more pechiss’, the amplitude of which

appeared to vary with a one-day period. Initially the sowtéhis cosmic hiss was as-
sumed to be the long-sought detection of radio-waves fransiim (First published Jan-
sky 1932, re-published in Jansky, 2005). Continued obsensatthroughout 1932/33
however showed the period to be not one solar day but insteadidereal day, and the
direction of the noise to be roughly from the constellati@gi®arius and thus it was re-
alised that the source was outside of the Solar System (yal@&3b,a). Although with

hindsight this discovery is now considered one of the catosies of early radio astron-

omy (and even at the time it was front-page news in the New Yarles, 5th May 1933),

11t is now known that radio-waves of most wavelengths can agage quite freely through the atmo-
sphere. However, stability of the ionosphere continuestarbissue that has to be corrected for, not least
at long wavelengths. Furthermore, reflection from the iphese does place a lower limit to the achievable
frequencies observable from Earth of around 10 MHz.
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most contemporary astronomers were skeptical. FurthexniBell Laboratories found no
practical use for the noise and after Jansky was re-assigned up to an amateur radio
aficionado to take up the mantle.

Grote Reber was a radio enthusiast who openly admitted fteatlaaving contacted
fellow enthusiasts on all six inhabited continents (a ‘vemtlall continents’ award) that he
did not have any more “worlds to conquer”. Instead, spurmetbpan interest piqued by
reading Jansky’s papers he decided to devote his effortstésral worlds. At his own
expense Reber built the world’s first dedicated radio astmontelescope in his own back
garden - a<9.5m parabolic dish, which he completed circa 1937. The igghelief that
extraterrestrial sources would emit thermally and heneekilody radiation would be
highest at higher frequencies still persisted and meahRb&bker’s early efforts to use his
instrument were at the highest frequencies technicallyiféaat the time (3.3 GHz, later
910 MHz). Although these attempts failed Reber persisteehteially managing to map
the sky at radio wavelengths for the first time, initially &1MHz and later at 410 MHz
(Reber, 1940). In creating these maps Reber confirmed Jargsitgction of the galactic
centre and also detected regions of high emission towartts@ygnus and Cassiopeia.

Installation of better instruments in 1943 allowed Rebepublish improved results
(Reber, 1944). This paper was instrumental in two ways.tlifissdetection of the Sun
was (finally?) made, which showed it to be sub-dominant in the radio skis lEd Reber
to deduce that if the ‘cosmic static’ in Sagittarius was freohar-like stars then a large part
of that constellation would be as bright in the optical skylessurface of the Sun. With
this realisation it became clear that radio waves trace@radantly non-thermal emis-
sion. Secondly, Reber’s 1944 paper included the first treatrof terrestrially produced
Radio Frequency Interference (RFI) as a source of noisediwoomical observations
rather than cosmic sources being an annoyance to Earth bppédations of radio tech-
nology. This could therefore be marked as the beginning @fidihg-running battle for
the radio-spectrum!

During the world war there were huge leaps forward in radicht®logy (e.g. for

2|n reality both Hey (1946) and Southworth (1945) had alsecdted the thermal radiation of the Sun at
cm-wavelengths. However these detections were made usitighBand US Army equipment respectively
during the Second World War and so their findings could notibelased until after the end of hostilities.
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radar, trans-Atlantic communication, etc.). Once the waswver, a lot of the engineers
and radio-scientists could turn their experience and attesitowards more peaceful ven-
tures. Thousands of discrete celestial radio sources wisoawered in the following
years, of a variety of types and leading to many new breaktyits. Radio Astronomy

had well and truly begun.

1.2.3 Radio Interferometry

The angular resolutior®’ achievable by a telescope is a function of its diameter ‘Bd a
the observing wavelengtiA” according to the relation® ~ 1.22A / D. The long wave-
lengths of radio-waves therefore mean that for any givee gie angular resolution of a
radio-dish will be significantly less than for a comparaljviarge optical telescope. To
achieve better resolution, radio-telescopes of incrgagdiameter were built. Practically
though, a moveable dish becomes restrictively heavy andrestge beyond a diameter of
~100m. Radio interferometry overcomes this limit by usingrpre synthesis to com-
bine the signals received by multiple telescopes to achaevangular resolution equiv-
alent to the furthest separation (baseline) of dishes (E®eSection 2.2). This thesis
relies heavily upon interferometric observations and splaxe the importance of this
technique in context we here provide a brief history of raidi@rferometry. For more
thorough reviews, see Edge & Mulkay (1976), Sullivan (19849 Ekers (2012).

Early radio interferometry used ‘sea interferometersk @. sea-cliff interferometry).
This set-up uses a single receiver station positioned atiff. aA second receiver is es-
sentially simulated by detecting incoming radio-waveslbtectly and also after reflec-
tion from a (preferably flat) surface below the cliff. The firadio interferometer therefore
only used a single antenna! During October 1945, Josephdyaaval collaborators used
a sea-cliff interferometer in Sydney, Australia to obsettve Sun (e.g. Pawsey, 1946).
The power of the technigque was shown soon after in Februad@,238hen the same team
managed to connect radio-outbursts from the Sun with thawdebr of a single sunspbdt
(McCready et al., 1947). Also in this paper it was pointed bat & single baseline in-

terferometer meant only one Fourier component was sampksa $ection 2.2) and that

3]t was convenient that the first sunspot detected in 1946tafs@d out to be the radio-brightest such
source of the century - science sometimes requires a tougbaaf fortune!
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inversions of the Fourier plane to create practical imagaberadio-sky required mul-

tiple samplings. McCready et al. noted that changing eittegufency or baseline could
achieve this but reckoned that changing frequencies ferpipose was impractical. This
remained true for many years, but it should be noted thatabent clamour for wideband
receivers on radio-telescope backends is essentiallgwaalijust that!

Around the same time, across the globe the first practicah®Mson Interferome-
ter for radio-astronomy was conceptualised by Sir MartineRg Cambridge, England.
Early attempts to keep the phase of the incoming signal wesarted by fluctuations
in the receiver voltage. Ryle’s set-up used a (now-calleglefRonberg receiver (Ryle
& Vonberg, 1946) that basically compared the incoming digma known noise source.
This meant that the noise itself then fluctuates with theadignd hence it is changes in
the noise that matter, making the receiver much more rolganat instrumental effects.
Eventually these advancements led to the building of thed_blichelson’ interferom-
eter at Cambridge, with which the first Cambridge survey of @dia-sky (1C Survey
Ryle et al., 1950) was compiled and catalogued roughly 5idratars’. The Australian
teams had also been finding several discrete sources (dtgnBoStanley, 1948; Bolton
et al., 1949; Pawsey, 1955). The improving resolution effidoy interferometers allowed
tentative optical counterparts to be identified for the diteradio sources, although at the
time these constituted a confusing array of sources suchpesrsova remnants and ellip-
tical galaxies rather than the expected stellar countespgurther discrimination against
noise came about with the addition of a phase-switch to thteimentation (Ryle, 1952).
This development culminated in the creation of the one-teillescope (Ryle & Hewish,
1960), which laid the groundwork for all future interferotaes.

Further developments in technology and techniques hawdteesin major forward
steps in radio astronomy since, and indeed there is a stygngissis between techno-
logical advancements and scientific discovery in the fieldm&or advance came with
the realisation of Earth-rotation synthesis, where thatronh of the Earth itself is used to
alter baselines and hence better fill the uv-plane (seed®e2t?). Coupled with the first
use of a computer for enabling fast calculation of Fouriansforms, this allowed Ryle

& Neville (1962) to publish an interferometric map of the Kuwern Polar Regich The

4Christiansen & Warburton (1955) had published an earligrferometric map of the Solar surface
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quest for ever longer baselines led to the first successteitference fringes with trans-
continental baselines using the technique of Very Long Basénterferometry (VLBI:
Broten et al., 1967). More recently the radio-telescopesnttelves have gone extra-
terrestrial. Space-VLBI (sVLBI) was realised first with tdapanese HALCA satellite
(Hirabayashi et al., 2000) and later the Russian-led Rastrof satellite (e.g. Kardashey,
1997), meaning telescope arrays with the resolving powex dish up to 400,000 km
across have been achieved! One of the latest major advanteiseelectronic-VLBI
(eVLBI) which uses the internet to interfere VLBI signalsreal-time, meaning much

faster responses to interesting sources can be made (ergo8zet al., 2004).

1.2.4 A Few Highlights of Radio Astronomy

As the radio-spectrum constituted new parameter spacepgrhaps unsurprising that a
thorough treatment of all the breakthroughs is unfeasikere we highlight some of the
most important milestones in radio astronomy over its 80 years.

In 1945, the Dutch theorist Van de Hulst predicted that the-8jp transition of neu-
tral hydrogen (HI) would be weak, albeit detectable due &dkpected high abundance
of such gas (English translation in; Sullivan, 1982). Thessans near-simultaneously de-
tected this 21 cm transition (Ewen & Purcell, 1951; Muller &M@ 1951; Christiansen
& Hindman, 1952y, which allowed the neutral dust of the Milky Way to be mappad a
hence provided us with the first clear view of the spiral naifrour own galax$.

Perhaps most prevalently for the current thesis is the rbladio astronomy in the
discovery of AGN. Early radio-catalogues discovered nwusrdiscrete sources (in par-
ticular the 3C catalogue, Edge et al., 1959; Bennett, 1962)af which, 3C273, was
found to be incredibly bright. Using lunar occultations ldex et al. (1963) obtained a
precise position, thus allowing a team from the Palomar ®asery to perform spectro-

scopic optical follow-up of the host. Schmidt (1963) interied the resultant spectrum as

although this relied on manual transforms.

5The results of Ewen & Purcell (1951) and Muller & Oort (19518ne published in the same journal, in
which it was noted that the Australian group of Christiankad also made a detection, although this was
not published until later Christiansen & Hindman (1952)

6Note that Reber (1944) had actually suggested that the Millty had a similar structure to the other
‘spiral nebulae’, but had wrongly interpreted the Cassiaf#e and Cygnus-A discrete radio-sources as
extensions of the signal at the galactic centre to reactcthislusion.
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being from the then assumed ‘crazy’ redshift ef&16. This finding was reconciled with
the realisation that this was one of a class of very high gnebjects later to be known
as quasars. See also Section 1.3.1.

In a fateful coincidence, two scientists working at Bell badtories were in the 1960s,
much like their predecessor Jansky, assigned the task cbwdisng a source of radio-
noise albeit this time for communications satellites. Afeamoval of all possible sources,
they found a pervasive:3.5 K excess signal permeating seemingly isotropicallynfed|
regions of the sky (Penzias & Wilson, 1965). Inspiratiopahey suggested this may be
due to the cosmic big bang background blackbody radiatiothes recently suggested
by Dicke et al. (1965). This signal is now known as the Cosmicrbvave Background
(CMB) and is one of the best pieces of evidence for Big Bang ctegy’.

A multitude of other findings could be mentioned, not least thmous discovery
by Bell-Burnell and Hewish of pulsed emission from rapidbtating neutron stars (i.e.
pulsars Hewish et al., 1968). Whilst this discovery did nohtaut to be attributable to
‘LGM’ (Little Green Men), radio astronomy did provide thedirdefinite detection of an
extrasolar planet (Wolszczan & Frail, 1992) and the SeaoclEktraterrestrial Intelli-
gence (SETI, Tarter, 2001) continues! Other milestones Iraxluded the first detections
of extra-terrestrial organic molecules, detection of plarand double pulsars (test-beds
for extreme gravity). Furthermore, the discoveries shovsigms of slowing down with

the next generation of radio-arrays coming online.

1.3 Discovery of Galaxies

Since antiquity, extragalactic objects have unwittingdeb recorded within the night sky
(Abd al-Rahman al-Sufi 946, Book of Fixed Stars). With theemton of the telescope
many more nebulous objects became known and cataloguedMessier, 1781; Her-
schel, 1786, 1864) leading to much debate over the ensuimgrées as to the nature of
these peculiar objects. A few people suggested they maytbelewf our own Milky Way
(i.e. that they were ‘extragalactic’: although this terndheot yet been coined). Start-

ing the long association Durham has with extragalactioasimy, Durham-born Thomas

"Note that the CMB is now more precisely determined to be 2.fEKsen, 2009)
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Wright in 1750 suggested the Milky Way might be a flattened ,chskl that other nebulae
may be ‘other Milky Ways’; a position supported by the famgidlosopher Immanuel
Kant, who in 1755 called them ‘island universes’. Rosse Q) 8®ted that some nebulae
had a spiral structure, however it was not until the earlyhZ@ntury that the true nature
of galaxies became apparent.

Working from Lowell Observatory, Vesto M. Slipher used apli spectroscopy to
show that a number of nebulae had velocities too high to bexdbdo the Milky Way
(Slipher, 1913, 1915). Around the same time, Heber Curtiscadtthat there were a
number of nova in spiral nebulae (Curtis, 1917) that mageittmhsiderations suggested
were too far away to be within the Milky Way. Curtis hence beeaanproponent of
the ‘island universe’ theofy In an attempt to solve the ‘nature of the nebulae’ riddle,
a ‘great debate’ was organised between Curtis and Harlow|&hap 26th April 1926,
with Shapley arguing for a galactic origin of the nebulae @utis for an extragalactic
origin. The issue was finally resolved by using the rotatimedocity of the Andromeda
galaxy (Opik, 1922) to show it was extragalactic and the ds€epheids by Hubble to
put distance limits (e.g. Hubble, 1925, 1929) on some nebstt@wing them to be well
beyond the edge of the Milky Way.

1.3.1 Discovery of Active Galactic Nuclei

The discovery of AGN is linked to the discovery of galaxiesldahe history of radio
astronomy. Equally, it is a compelling story that could fiBection on its own. However,
only a brief overview is given here (for a review see, Shiel#99).

Over a century ago Edward Fath undertook spectral obsenstt Lick Observatory
to determine the nature of the ‘spiral nebulae’ (see alscquimg section), wishing to
see if they exhibited mainly bright emission-line featuassseen in the gaseous nebulae
(such as the Orion nebulae) or whether they had more contthapectra as would be
expected for a mixed stellar population. Most of his objelisplayed continuous spectra
although one nebula, NGC1068, surprisingly showed bothastblut also strong line
features (Fath, 1909). These lines were confirmed by Sligh@t7) at Lowell, who

8The events he observed were actually supernovae, but taisopienon was unknown at the time.
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noted the broad linewidths but rejected the idea they weribatiable to a normal radial
velocity spread as they were deemed too high. Over the follpwears a few others
noted nuclear emission-lines in numerous nebulous spéegaHubble, 1926) although
it was not until over a decade later that systematic spestndies of the nebulae (by then
known to be galaxies, see preceding section) were perfo@egfert, 1943). Seyfert
supposed that Doppler shifts were responsible for the weksvidths and noted that two
types of emission-line galaxy were seen. In some systemes from both the forbidden
and permitted transitions had similar narrow linewidthsewdas in other the forbidden
lines were narrow but permitted lines had much broader wgidtth is now known that
these broad linewidths are due to dense clouds orbitingktyuec super-massive black
hole in galactic centres, and the two types of galaxy cameety Beyfert's name (i.e.
Seyfert type-1 and Seyfert type-2s, see Section 1.6).

Even then, AGN were not taken overly seriously as they ae rBney finally became

a major focus of research once our two history sections coethi

1.3.2 The Radio Connection

As discussed in Section 1.2, radio astronomy was maturirlgari950/60s. Interferom-
eters were being used to put better positional constraimthe many discrete sources
being discovered and optical counterparts were beingiiiksht

It was found that some radio sources had very high brightteesperatures that must
be attributed to non-thermal emission. These sources \pétédo type-Is that appeared
to be associated with the Milky Way and type-Iis that werdrittisted isotropically across
the sky. Morris et al. (1957) limited the size of three typ&dn-thermal sources to be
<12". This suggested extremely high brightness temperstprempting them to suggest
their sources could be very distant analogues to Cygnus-Actwiad by then been shown
to have very high, non-thermal radio-power, e.g. Baade &Kdwski 1954). The pace
picked up with the 3C catalogues when true quasars weredisew (see Section 1.2.4).

In the following years, it became accepted that the radioisskynchrotron dominated.
This showed the ‘double-lobed’ radio sources to be extrgmpelverful, requiring a huge
energy source. The controversial suggestion was that tiesgg could originate from

accretion of material onto a ‘massive dark object’, whickrwually led to the realisation
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that AGN are powered by accretion onto super-massive blatdshe.g Salpeter, 1964;
Rees, 1984).

1.4 Galaxies and Clusters

1.4.1 Large Scale Structure

In the standard\-Cold Dark Matter ACDM) cosmology, quantum fluctuations in the
primordial Universe are amplified during inflation. Duringetsubsequent growth of the
Universe, the dark matter that dominates the gravitatipoténtial of the Universe prefer-
entially flows towards these overdensities. As the Univeks®ves these structures grow
hierarchically, with the baryonic matter that composesuiséle Universe following the
potential of the dark matter. Over time, regions of diffgridensities develop to create
the regions such as voids, filaments, walls and clustergdkaly compose the so-called
‘cosmic web’ (for a review of cluster formation see KravtsoBorgani, 2012).

As the nodes of this cosmic web, fully virialised galaxy ¢&rs constitute the largest
single objects known. They occupy a critical cross-roadsndp large enough to pro-
vide a reasonable sample of the constituency of the Uniwglslst still small enough
(in comparison to the non-virialised filaments and supeatelts) to become bound in the
hierarchical formation scenario. Therefore they are emgdaboratories and fully un-
derstanding their formation, distribution and continuedletion is paramount for many
areas of physics. There are strong intrinsic links betwesdaxy clusters and the galax-
ies of which they are composed and hence understanding lveegmthemselves is also

vital.

1.4.2 The Galaxy Zoo

There is a huge variety in the morphology, properties andcé@dypes of galaxies seen
within the Universe (e.g. Lintott et al., 2008). One of thelieat and most enduring clas-
sification schemes is the well-known Hubble scheme (Huld@26) that splits galaxies
by their optical morphologies; grouping galaxies into afgr(late-types), lenticulars and

ellipticals (early-types) and irregular galaxies thatwhuo clear structure. Whilst this
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scheme has clear limitations, part of its endurance is partiae to the fact that the differ-
ent morphologies do appear to relate to different physioaperties. Late type galaxies
typically have high angular momentum and specific star foionarate leading to blue
overall spectra whereas the early-type galaxies are mareramly quiescent systems,
with much lower star formation rates and a hotter stellaoo#y dispersion (although see
Emsellem et al., 2011). Large surveys such as the SloanaDgjty Survey (SDSS: York
et al., 2000) have now allowed millions of galaxies to be isthg

Theoretical models and simulations have had huge succéssnig able to reproduce
the large scale structure seen in the Universe and many oltberved galaxy properties
(e.g. Springel et al., 2005; Boylan-Kolchin et al., 2009heCritical observable that must
be reproduced is the galaxy luminosity function and it hagjlbeen known that the high
end curtailment of this luminosity function requires hugesrgy injection from AGN
(Bower et al., 2006; Croton et al., 2006). This AGN action isstnequired in the most
massive systems, at the centres of galaxy clusters whetartjest galaxies are found.

Whilst a full overview of galaxy types and evolution is not pitde here (see instead
the recent review by Conselice, 2014), one important grougatdxies to introduce are
those at the highest end of the mass distribution - the Beggl€luster Galaxies (BCGs),
which form the focus of this thesis (note that in general,ihosity is seen to scale with
mass and hence the galaxy mass and luminosity functiorns éssentially the same dis-
tribution of galaxies). These galaxies are typically folnadh spatially and dynamically
at the centres of galaxy clusters (although it should becdhtitat in some instances they
can be centrally offset, see e.g. Hamer et al. (2012)). Theyhe most massive galaxies
observed and their growth and evolution are intrinsicatked to that of the host clus-
ter (e.g Tremaine, 1990; Lin & Mohr, 2007). Their size, masd bbcation suggest that
they have likely undergone different formation scenarrost many of the more ‘typical’
galaxies. Indeed the most massive BCGs, the cD galaxieslycappear to have stellar
masses that lie above predictions of the mass functiongudgh it should be noted that
in these systems there is contention as to what fraction eftallar envelope is truly
galactic as opposed to being attributable to the intratefught (ICL).

It could be argued that BCG is a misnomer as not all BCGs are lactha brightest

galaxy in their cluster at any given wavelength! Howeverrttggority are the brightest as
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well as typically being the most massive galaxy within thestkr and importantly they
dominate the central cluster regions. Therefore, BCG islpyi used synonymously with
central cluster galaxy or central dominant galaxy and withis thesis we use the term
‘BCG’ to refer to this class of galaxy. The properties of BCGs anore fully introduced

in Section 1.5.

1.4.3 Density-Morphology Relation

A relationship exists between the distribution of galaxyrpimlogical types and the envi-
ronments they inhabit (Butcher & Oemler, 1978). Specificddite-type (spiral) galaxies
are preferentially found in less dense, field environmertier@as the early-type galax-
ies (ellipticals and SOs) are preferentially found in thaskr environments of groups and
clusters (Dressler, 1980). This relation indicates thairenmental density affects galaxy
formation. In particular, the denser environments founthimigroups and clusters are be-
lieved to suppress star formation and so facilitate the emon of star-forming late-type
galaxies to more passively evolving late-types. Numeroeshanisms have been pro-
posed to cause this such as ram-pressure stripping (e.qn &@ott, 1972; Quilis et al.,
2000) and galaxy harassment (Moore et al., 1996), whereohargas is either removed
(‘stripped’) from galaxies as they infall due to pressurengxd by the ICM, or is removed
by enhanced rates of galaxy interactions in the higher tfeaavironments respectively.
A further alternative is termed ‘galaxy strangulation’ - @kby neutral gas is stripped
from the surrounding haloes of infalling gas-rich galaxi@gnerally, it would be this gas
envelope that replenishes gas used in star formation argelremoving it interrupts this
process and more gently prevents further star formatiorsgraet al., 1980).

Whichever method is invoked for the density-morphology trteta a major impli-
cation for this thesis is that it means that galaxies founeatds the centres of galaxy
clusters tend to be low-star formation rate, gas-poor systeThis has ramifications in
that it means most mergers of systems into the BCG are expectegldry (i.e. contain
negligible gas) and hence not induce significant star faonafr his is important for con-
sidering the formation scenarios of BCGs (see Section 1la&nd)also when considering
potential cold gas supplies for fueling AGN episodes.

As previously stated, the links between large-scale usalestructure and the galaxies



1.4. Galaxies and Clusters 14

contained within are perhaps most prevalent in galaxy efgst As relating the AGN
action of BCGs to their wider environments will be a centrartie of this thesis we next

provide a short overview of some of the more general progedf clusters.

1.4.4 Galaxy Clusters

Galaxy clusters and groups form a continuous mass sequaitio@0 clear distinction be-
tween the two (although some authors have suggested physieativated distinctions,
e.g. Stott et al., 2012). Typically clusters contain a fewdned to a few thousand individ-
ual galaxies, and have a mass«f04-10°M ., and a physical extent of 2-3Mpc (Sarazin,
1986). In addition to the differences in galaxy populaticnatained within sparser and
more dense environments (see preceding section), anstiteygroperty of clusters is
that a large component of their light is external to the galaxi.e. it is intracluster
light, ICL). This effect appears to be most pronounced for riiest massive systems
(~10*®M.,) where the ICL may account for up to 50% of emission in the nefaired
(K-band: Lin & Mohr, 2004). By enhancing the iron-yield thiggh amount of ICL may
help to explain in part another observable feature of clastehich is that they have very
high central metallicities (e.g. Arnaud et al., 1992; Loestein & Mushotzky, 1996).
This enhanced metallicity has also been invoked as evidensaggest that there may
be a ‘non-standard’ initial mass function (IMF) within ctass as supernovae feedback
is insufficient to distribute enough heavy elements for addad IMF (Portinari et al.,
2004). Alternatively, it has been shown (e.g. Kirkpatrickak, 2009, 2011) that metals
can be uplifted by the jet-action of AGN which may help explanhanced metallicities,
particularly in the largest systems where central BCG-ltba8N are most common.
One of the major properties of galaxy clusters, and one thattal for the work
contained within this thesis, is that they can be broadljt gmio two types. There are
those with short central cooling timesgdg)) that exhibit strongly peaked X-ray profiles
(‘cool cores’, CCs) and those that are more dynamically digdy which exhibit a flatter
X-ray profile (‘non cool-cores’ NCCs; e.g. Million & Allen, 2®). The differing X-
ray appearances relate to the X-ray emissivity increasnoggational to the square of
the density, hence as gas cools and tends to pool toward®tiee ¢the X-ray cooling

rate increases non-linearly. In the strongest cool coggg,dan be less than a gigayear
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(Gyr) whereas in non cool-cores this can be greater than tiieble time. The exact
physical state of a cluster is therefore a combination ofofscincluding its mass, time
since formation and time since its last major merger. Oféhpsrhaps the most important
is the merger factor, with the energy released during a n@jmter merger sufficient to
disrupt the cool-core. Cool-core clusters appear to haviednigentral metallicities than
non cool-cores, which may be because mergers in NCCs (withrgzaaying lack of X-
ray peak) can distribute metals more evenly across a clgatien & Fabian, 1998; De
Grandi & Molendi, 2001).

Identifying Cool Core Clusters

Directly measuringd,o|, or equivalently the central entropy, of a cluster is obagonally
expensive, requiring deep X-ray data (e.g. Donahue et@d62Sanderson et al., 2009b;
McDonald et al., 2013). Additionally, such entropy caldigdas can be strongly affected
by resolution effects of the X-ray observations (e.g. seewdision by Panagoulia et al.,
2014).

That many cluster cores contain extended, line-emittirgdpminantly Hx+[NII])
filamentary nebulae around BCGs has been long known (e.g. @baig 1983; Heckman
et al., 1989). In a study of 110 X-ray selected galaxy clgster which Hx detections
were available in the literature (mainly from Crawford et @999)), Cavagnolo et al.
(2008) found that detectablecHemission (to a typical luminosity limit1x10*0 erg s°4,
Crawford et al. (1999)) was predominantly found only in clustwith central entropies
below 30keV cm, with a sharp dichotomy seen at this boundary (see Figupe(Cav-
agnolo et al., 2008). Converting this entropy to a centralingaime shows that these
emission lines are typically only found in clusters with.gt <5x1Pyr. Furthering this
result, Rafferty et al. (2008) found that clusters with cahtooling times below
<5x10%yr show enhanced blue light indicative of star formatiore(s¢so; O’'Dea et al.,
2008), which is a phenomenon strongly associated with teegmce of a cooling flow.
Furthermore, this star-forming enhancement is only seafuisters with low spatial off-
sets K20kpc) between the BCG and the peak of the X-ray emissioncatigle of a re-
laxed cluster core (see also; Sanderson et al., 2009a)nTagether, these results imply

that the presence of optical emission lines can be used asxg preasure for the pres-
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Figure 1.1: Central entropy versustHuminosity, Figure 1 from Cavagnolo et al. (2008).
Orange circles show sources with detectedwhereas black circles denote non-detection
upper limits. A general trend for only BCGs in clusters witmtral entropies below
30 keV cnt? (equivalent to doo <5x10Pyr) to show measurable dlemission is seen,
with very few (blue squares) sources bucking this trend. hivithis thesis we use the
presence of such optical emission lines as a proxy for thegmee of a cool core in our
large sample of clusters (see Chapter 2).

ence of a cool core {30 <5x10Pyr) where deep X-ray coverage is unavailable, with only
a small fraction £1%) of false negatives expected.

The specific ionisation origin of the observead Hs still a matter of debate, with
neither star formation nor the AGN believed to be wholly @sgible. In particular the
extended nature of the emission in many instances where ibeaesolved has led au-
thors to suggest more exotic origins such as ionisationdaduby cosmic rays or hot
X-ray plasma penetrating cold gas (Ferland et al., 2009peohaps even excitation by
recombining magnetic field lines trailing in the wakes oingscavitiess (Churazov et al.,

2013). Regardless of its origin, the presence of fdnd associated N[II]) shows un-
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ambiguously the presence of coet10*K) gas in these systems and the presence of a
multi-phase ICM, as associated with cool core clusters (Gaslaget al., 2008). It is for
these reasons that we believe the presence of these opticsien lines to be a strong

indicator of the presence of a strong cool-core cluster.

1.5 Brightest Cluster Galaxies

A large industry has built-up to fully understand the wodgnof BCGs and the rela-
tionship they have with their wider-scale environmentse fiain aim of this thesis is to
provide a comprehensive study of the radio properties of BAOG$elp set the context for
this, we here review some of the major properties of BCGs kniwaugh study at other

wavelengths as well as an overview of the current knowleddgleeir radio properties.

1.5.1 Formation

Multiple mechanisms by which BCGs can grow to their massize $iave been sug-
gested. These include direct accretion from a cooling floweltgoed as the hot gas in
cluster atmospheres cools (see Section 1.7.5) leadingotetigr(e.g. Silk, 1976), galac-
tic cannibalism (i.e. dynamical friction and tidal stripgi causes small galaxies to fall
to centre of cluster and be enveloped by large galaxy, e.gtrikér & Tremaine, 1975;
White, 1976; Ostriker & Hausman, 1977) or by multiple (majogrgers that take place
in a relatively short time during cluster collapse (e.g. G®®&iBinney, 1977).

The cooling flow scenario was long-ago ruled out - mainly duthe lack of a strong
cooling flow in most galaxy clusters (see Section 1.7.5)! 8atar formation is seen in
the centres of the most massive cool-core clusters (e.g.avi@da & O’Connell, 1989),
however it is much less than would be required to account @©GRBjrowth (e.g. Crawford
etal., 1999). Galactic cannibalism has been argued agants the dynamical timescales
required for the least massive, stripped galaxies to ae@st too restrictively long to
make this process viable (Merritt, 1985).

It is now generally accepted that the growth of BCGs is twosghaith the early
(main) growth (z-3) occurring via the merger scenario. This process has beanrs

in N-body simulations to naturally occur when filamentamgustures collapse to form
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a cluster due to the preferential directions imparted taliimig galaxies (e.g. Dubinski,
1998). At later times this growth is supplemented by repbateror mergers of existing
(evolved) galaxies. Since these galaxies have alreadyrgiole their star-forming peaks
and hence have depleted their cold gas reservoirs, thes@rtad mergers are not associ-
ated with any new (major) star formation and are dissipd®s(e.g. De Lucia & Blaizot,
2007; Oser et al., 2010; Cooper et al., 2014).

An important consequence of these progenitor galaxieslilyiforming at a similar
epoch to the BCG is that it means they contain similar, oldestpbpulations to the BCG.
The post-merger combined stellar populations can thezgfEmain the same, explaining
why BCGs can still appear to evolve passively despite regeataor mergers (e.g. De
Lucia & Blaizot, 2007; Ruszkowski & Springel, 2009). Additially, it has been shown
that this scenario can explain the ‘puffing up’ of BCGs thateiguired to explain their
position lying above the main Kormendy (effective radii toface brightness, i.e. they
are bigger) relationship for other ellipticals (Naab et 2D09; Ruszkowski & Springel,
2009; Laporte et al., 2013).

1.5.2 General Properties

One difficulty in studying BCGs arises due to the fact they athlihe most massive
galaxies anywhere as well as lying preferentially at thetreenf galaxy clusters and
hence are subjected to extreme external influences. Thisheaefore make determin-
ing whether any given property of a BCG is due to its mass ornisrenment quite
complicated.

BCGs display a number of properties that set them apart fréonvarallipticals. They
are ultraluminous (i.exx10x brighter than equivalent ‘normal’ galaxies in the lumirtgsi
function, e.g. Schombert, 1986) as well as being huge (elgori8bert, 1986; Gonzalez
et al., 2000). Whilst the term ‘BCG’ is used to refer to all cahtfominant galaxies re-
gardless of the specific morphological type, one strikirggslof BCGs to highlight are
the cD galaxies. These galaxies constitute around 20% &GBs (Seigar et al., 2007)
and are a sub-class of giant elliptical that are only foundrioup and cluster environ-
ments. They are notable for having a large-scale diffudéastenvelope, believed to be

accumulated over the history of the galaxy via mergers atad $itripping of cluster mem-
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ber galaxies. This envelope can extend many tens of kileparand has been highlighted
as evidence of the symbiotic relationship between BCG faonand cluster properties
(see e.qg. Dressler, 1984; Oegerle & Hill, 2001).

Morphologically BCGs can come in a variety of types, with toevést mass ob-
jects more favourably SO-like whereas higher mass ones idteaNy always massive
spheroidals regardless of the size of the host cluster anpgfe.g. Guo et al., 2009).
However, the majority of BCGs are typically ellipticals92%, with~48% cDs Coziol
et al., 2009) and show similar variety in type to other redesnce galaxies (Hashimoto
et al., 2014). Therefore they are expected as a populatitrehbave similarly to other
ellipticals but with added environmental effects.

An important property of elliptical galaxies is that theg lbon a Fundamental Plane
- a relationship between their effective radius, surfadghtness and central velocity
dispersion (Dressler et al., 1987; Djorgovski & Davis, 198This relationship builds
from the Faber-Jackson relation (link between luminositg &elocity dispersion, Faber
& Jackson, 1976) and is roughly equivalent to the Tully-Eistelation for spirals in that
it can be used as a distance indicator. BCGs are also clainegldn this Fundamental
Plane, although they tend to lie off the Faber-Jacksonioel#Oegerle & Hoessel, 1991).
For a large sample of brightest group and cluster galaxies,der Linden et al. (2007)
found that compared to non-BCGs of similar stellar mass, BG&sgatially larger (i.e.
lie above the ‘normal elliptical’ Kormendy relation) andveshigher velocity dispersion,
implying that they contain a higher fraction of dark matt€hey suggest therefore that
although BCGs do appear to lie on the Fundamental Plane iptiedils, they are actually
on a ‘different’ Fundamental Plane (i.e. they align in 3-dimsions but have different
relationships in 2-dimensions).

BCGs typically have low relative velocities (i.e. they are ahor near the cluster
dynamical centre, e.g. Beers & Tonry, 1986; Lin & Mohr, 20@007). They are not
however at rest, but do have much lower dispersions tharyfhea velocity dispersion
(~32% of the velocity dispersion of ‘average’ cluster galaxi€oziol et al., 2009). Off-
sets between BCG position and the cluster X-ray peak tend higber for more dynami-
cally disturbed clusters (Hashimoto et al., 2014) and lessmoon for the cD-type BCGs.

The stellar populations of BCGs are typically old and rougtiwisistent with other el-
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lipticals (e.g. von der Linden et al., 2007; Loubser et 8002). They also have similar
metallicities to other ellipticals but perhaps wilhenhancement (i.e. a high/fFe) sug-
gesting stars may have formed over shorter time (von derdnret al., 2007). There is
however evidence for ongoing star formation particulariyhe cool-core hosted objects
(O’Dea et al., 2008; Rafferty et al., 2008). Overall stepapulations are consistent with
an old population with a smait1% contribution from recent episodes of star formation
although this is dependent on galaxy and cluster mass, hatimore massive (and those
that are cool-core hosted) having proportionally more ypsitars (Liu et al., 2012).

Additionally, BCGs contain the most massive black holes segmvhere. Dynamical
measures in local systems consistently return masses 1°M., (McConnell et al.,
2011, 2012) and there are suggestions from considering dbign of BCGs on the
fundamental plane of black hole behaviour (Ferrarese & Me&000; Merloni et al.,
2003) that some BCG-hosted SMBHs may even be ultramassit®'{M ., Hlavacek-
Larrondo et al., 2012b).

Cluster Correlated Properties

In addition to being interesting galaxies in their own rigivhat really sets BCGs apart
are their strong intrinsic links to the wider cluster envinroent. The most prevalent of
these mutualisms for this thesis is their role in understanthe cooling flow problem
(see Section 1.7.5). However, this is only one example.

It has been known for decades that for the cD class of BCGsxthatand luminosity
of the diffuse stellar envelope is a strong function of ausichness and can extend up to
2Mpc in the richest clusters (Oemler, 1976). It has sincanlseggested that larger BCGs
inhabit larger clusters but that the dominance of the BCG tdw/éhe total light fraction
decreases with cluster mass (Lin & Mohr, 2004).

It has been claimed that there is a slight tendency for the B@@nosity to increase
with both cluster X-ray luminosity and velocity dispersi@chombert, 1987). The optical
and near infra-red (NIR) luminosity of BCGs is weakly cortethiwith X-ray luminosity
(Edge, 1991) with central galaxies in highZ.3x 10**erg s1) X-ray luminosity clusters
typically ~0.5mag brighter at K-band (34h) and also showing lower dispersion than

in less X-ray luminous clusters (Burke et al., 2000). Thimiosity trend may perhaps
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be more prevalent at>20.1 (Brough et al., 2002). Similarly, BCGs in more massive
clusters tend to have bluer BCGs (Edge, 1991), which may kbwtble to cooling-flow
induced star-formation. Indeed, Stott et al. (2008) fourat tn clusters limited to X-ray
luminosities>10*erg s'1, if the NIR BCG emission versus cluster X-ray luminosity is
corrected for, then BCG stellar populations show passiveigen, as seen in lower X-ray
luminous clusters by e.g. Burke et al. (2000) and predicteddLucia & Blaizot (2007).
The J-K colour for the sample of Stott et al. (2008) is comsiswith the bulk of the
stellar population being formed prior te=2 but with additional blue colour for cooling-
flow hosted BCGs, a scenario supported by the K-band Hubbigadraof Whiley et al.
(2008). Recently, Rawle et al. (2012) used Herschel ana&p24-50(um) data to show
that infra-red luminosity is well-correlated directly WwiX-ray cluster cooling time, giving
the strong inference that star formation is related diyetctithe presence and strength of

a cool-core.

1.5.3 Radio Properties

As understanding the radio properties of BCGs is the maindaxfuthis thesis, many
aspects of this are covered at the relevant sections of timeisoeapt. In order to set the
scene however, we additionally give here a brief overviewhefbroad radio properties.
It has been known for a long time that BCGs have increasedHibedl of being radio-
loud over non-BCGs (McHardy, 1978; Burns et al., 1981; Vajer& Bijleveld, 1983;
Burns, 1990). It was also suggested early on that there nsaybal a weak correlation for
cDs to be more radio-loud in cooling flows than non-coolingvdZhao et al., 1989).
Some of this increased likelihood of radio-loudness is duB€Gs being massive
galaxies, as it is known that there is a strong relationsbigben stellar mass of a galaxy
and the likelihood for it to host a radio-source with AgH, > 10°°WHz~ ! (Best et al.,
2005). There is however also a clear environmental depaydeith BCGs much more
likely to host radio-loud AGN (at 1.4 GHz with NVSS/FIRSTatihnon-BCGs regardless
of stellar mass. This is most prevalent for less massive BC&Gsder of magnitude
enhancement in probability for pbg < 10 M.,) but still relevant for the most massive
systems Afactor of 2 for Mgcg ~ 5x10' M, Best et al., 2007). A similar relation

shows that regardless of their central black hole mass, BC&sare likely to be radio-
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loud in FIRST if they are in a more massive cluster (Stott gt2412).

There is also evidence that the dynamical state of the hastezlis closely linked
to the likelihood of a BCG being radio-loud. For example, Mlitet al. (2009) report
detection fractions of 45%, 67% and 100% for non-cool conesk cool cores (1Gy«
tcool 7GYyr) and strong cool coresgt < 1Gyr) respectively, for the HIFLUGCs sample
of the 64 X-ray brightest galaxy clusters.

One of the major consequences of this enhanced radio-lssdséhat BCG mechani-
cal activity (as traced by radio) is now commonly postulateprovide the power required
to regulate the atmospheres of galaxy clusters, as rabeslare seen to inflate cavities
in the X-ray atmospheres of clusters that then couple thresggrnto the ICM (e.g. McNa-
mara et al., 2000; Fabian et al., 2000). The dominance of taBl Activity appears to
be linked to the wider cluster state. Whilst BCGs in the moregivasclusters are most
likely to be radio-loud, the dominance of AGN heating oves gaoling (as seen by a
steeper Ik vs Tyir, X-ray luminosity versus gas temperature) appears legsgnmore
massive clusters (Mittal et al., 2011). This is perhaps bseaadio-luminosity does not
(strongly) correlate with cluster mass (Stott et al., 2048y hence can have a higher
proportional effect in smaller groups. These authors ssigg@hysical definition for the
group/cluster boundary could be defined at an X-ray cut of\2 &s this is typically the
division temperature beyond which cooling tends to donar’EN action. This ‘AGN

feedback’ action of BCGs is covered in more detail in Sectibiis4 and 1.7.5.

1.5.4 Extended Radio Structures

In addition to the increased likelihood for a BCG to host a@eldud AGN over other
galaxy types, a large variety of radio morphological typesseen in clusters. The central
radio-AGN exhibit all classical radio-morphologies, wakamples of Fanaroff-Riley FR
type-Is (FRIs) and type-lis (FRIIs Fanaroff & Riley, 197#termediate types, Compact
Steep Spectrum (CSS) and Gigahertz Peaked Sources (GP&rall&upplementing this,
a variety of low surface brightness extended source-typasatso be found within many
clusters. We here provide a short note on this collectiamoducing several of the terms
that will be used within this thesis and highlighting whidtlwe objects are believed to be

BCG-related and which are related to more cluster-wide mash@s. Within this thesis
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we adhere as far as possible to the naming conventions dedén Kempner et al. (2004)
and outlined briefly below, to avoid confusion that can beodticed due to the jumbled
nomenclature that is attributed to radio morphologies withe literature (for a more
comprehensive review, see e.g. Kempner et al., 2004; Fetrat., 2008; Feretti et al.,
2012).

Directly BCG Related

Amorphous HaloOften surrounding a BCG, patrticularly those hosted by cavéclus-
ters, is seen arelatively small scale (less than a few tekitoplarsecs) amorphous halo of
emission (e.g. A2052 Venturi et al., 2004). Roughly splestructures, these objects are
consistent with being fading, albeit confused, homogeh#s®l distorted AGN emission.
Occasionally within the more amorphous emission, ageidgfkbbes from the central
AGN can be distinguishable, such as is seen in the Persesterci$hock fronts may be
seen co-spatially with the outer extent of such sourcegyestmg that the emission may
be confined by a cooling flow, hence their alternative namanfioed cluster cores’.

Core Relic:These are the detached dying lobes of BCG radio episodes@agafter
the AGN activity has ceased, typically of a few tens of kilgegs in extent (e.g. A133
Slee et al., 2001). They have steep spectra and are nete$sand close to the BCG

since they are powered merely by fading emission from a pgsttion period.

Indirectly BCG Related

Phoenix Relic:These are essentially core relics that have faded belowddisle limits
but have continued to expand outwards. Their synchrotroitti@g populations are then
re-accelerated so that they essentially re-ignite frorir thven ashes - hence the monicker
(e.g. A85 Slee et al., 2001). They are typically flamentangiructure and may reach

few hundred 100 kiloparsecs in extent.

Contentiously BCG Related

Mini-halo: These structures appear morphologically to look like laeggalogues of the
amorphous haloes in that they are roughly spherical, losMasa brightness sources that

are centred on the BCG but a few hundreds of kiloparsecs imexeeg. Burns et al.,
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1992; Owen et al., 2000; Giacintucci et al., 2014). Howeterédlectron diffusion time
for sources of this extent is far beyond the emitting lifegiof electrons ejected into
typical cluster core environments (unlike for amorphou®$i therefore the synchrotron
emitting populations must be (re)accelerated in-situ avidoy direct AGN action. The
seed population may however originate from AGN ejecta antheee sources present
a contentious middle-ground between BCG-related and clustated processes. The
(re)acceleration is postulated to be caused by either isigstf the ICM (e.g Walker
et al., 2014) or MHD turbulence in the cooling flow (e.g. Géttial., 2002). Alternatively,
Pfrommer & Enf3lin (2003) suggest a hadronic origin wherefignaic rays interact with
thermal protons and produce synchrotron emitting elesttocally. Radio mini-halos are
(so far) exclusively found in cool-core clusters and hencealing flow origin for their

re-acceleration is highly likely (see also Gitti et al., B0Q007).

Not BCG Related

Radio Gischt: Also commonly referred to as ‘giant radio relics’ or ‘pergnal’, these
sources are huge elongated structures (usMpc in extent) found on the periphery of
some clusters (e.g. Rottgering et al., 1997; Kempner & $ar2001). Believed to be
formed by shocks driven by cluster mergers they are comgla@tdependent of AGN
action (e.g. Ensslin et al., 1998).

Radio Halo: These are truly giant (typically>1Mpc) sources, approximately spheri-
cal sources centred on the cluster dynamical centre (assepo the BCG for amorphous
and mini haloes). There is a correlation between the X-rayirosity of the host cluster
and the radio luminosity (see short review by Feretti, 2084 it seems that similar to
gischt they are driven by cluster mergers as they are (a)neastusively found in merg-
ing systems (see Bonafede et al., 2014, for a recent disgo¥argiant halo in the settled
cluster CL1821+643). Like gischt, this family of radio-soes are independent of the
AGN action of the BCG and are included here only for completer{see also e.g. Buote,
2001; Cassano et al., 2010).
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1.6 The Standard Model of AGN

Although this thesis focuses on the radio properties spadiji of BCGs and is not con-
cerned with the multitude of other AGN types that exist, thdio emission is predomi-
nantly generated by the AGN and hence no treatment would iplete without describ-
ing the unified model of AGN (e.g. Antonucci, 1993; Urry & Padai, 1995; \éron-
Cetty & Véron, 2000). We first describe the fundamental accretionge®es that power
AGN, before discussing the unified model for ‘typical AGN’dathen relating this more
specifically to BCGs.

1.6.1 Black Hole Accretion and the Eddington Ratio

At its most fundamental, an AGN consists of mass-energydoesteased as material
accretes onto a super-massive black hole (SMBH). Suchggertgeration by the release
of gravitational potential, is one of the most efficient preses known. The conversion
efficiency €), that is the fraction of the total mass accreted per uniet{ire. the mass
accretion rate, ') converted to the bolometric luminosity of the AGN A&n) can be
parameterised as:

Lagn = EMC (1.6.1)

Typically this efficiency factor is estimated to be.10, although values up to 0.42 are
possible (Raimundo & Fabian, 2009) for a maximally spinfikerr’ black hole.

A theoretical limit to Lagn (or indeed, any accreting body) is reached when the out-
wards radiation pressure balances the inwards attracfignawity. This limit is termed
the Eddington Luminosity. Typically, the system is simgiifito that of a central point

source emitting spherically symmetrically. For a blackeh(BH), Lg4q can be written:

4TGM
Ledd= —HGK BHC (1.6.2)

For AGN the accreting material can be modeled as being ddedny fully ionised
hydrogen, where the opacitycan be reasonably approximatedkasot/mp wherear

is the Thompson cross-section ang the proton mass, allowing Equation 1.6.2 to be



1.6. The Standard Model of AGN 26

written:
ATGMgHMpC
Leqg = —0 2P~ (1.6.3)
ot
M
~ 1.26x1031—w (1.6.4)
Mo

A useful parameter to then define is the Eddington ratiQ,y:

Aedg= —CN (1.6.5)

This ‘limit’ is of course a much simplified scenario. Inded&dynly accounts for the sim-
plest geometry and non-radiative energy output from thelblele is ignored (although
for a ‘mechanical included definition’, see Heckman & Be$t1#2). Such omissions al-
low models (e.g. Abramowicz et al., 1988, see Section 116.Pe developed that allow
for so-called ‘super-Eddington’ accretion states (whetgq > 1). HoweverAgqq IS a
highly useful parameter as it is directly scalable betwdanlholes of substantially dif-
ferent masses. This is particularly useful as, due to theicagely long dynamical times
involved for systems accreting around SMBHs, much of thdystaf accretion flow struc-
ture and evolution has focused on stellar mass objects. Blobamisms involved however
are believed to be largely scale-invariant, hence modelsuaderstanding developed for
stellar mass black holes can be applied to the more massiBHSNh AGN (e.g. Mirabel
et al., 1992; Krding et al., 2006; Done et al., 2007). For a specific treatroéthe jet

connection see e.g. Meier (2003).

1.6.2 Accretion Modes and Jet Production

A thorough treatment of accretion processes could easitgtdate a full thesis and so
we do not attempt such an endeavour here, instead preseniynthe very basic picture.
For a more thorough review of accretion theory see e.g. Dbaé €007); Abramowicz
& Fragile (2013), for review of ADAFs see e.g. Narayan & Mc@tok (2008); Yuan
& Narayan (2014) and for a specific treatment of the role antegation of jets, see e.g.
Marscher (2006); Foschini (2011); Morabito & Meyer (2012).

Numerous stable and quasi-stable solutions to the acoretjaations exist. Perhaps
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the most widely known of these is the standard thin-disk h¢8kakura & Sunyaev,
1973). Relevant at reasonably high accretion rakgegd ~ 0.1), in this idealised model
the disk is geometrically thin (height/Radius, h#R< 1) and optically thick, allowing
the accretion disk to thermalise and emit as a blackbodylatdii. Viscous stresses
are described by the alpha-parameter, which although peremis found to be a rea-
sonable description regardless of the actual physical arésim for angular momentum
loss invoked (typically now believed to be magneto-hydraayic stresses) and often
used in more complicated accretion solutions and model tfiim-disk collapses to a
non-viscous flow at radii less than the innermost stablaiararbit (ISCO). Although a
highly successful model, the thin-disk model is prone togerature and density instabil-
ities.

A physical model to overcome some of these instabilitiefiéssiim-disk model de-
scribed by Abramowicz et al. (1988). Density fluctuationghm a thin-disk can result in
the flow becoming locally optically thin and no longer ableddiate faster than the inflow
speed. In this scenario energy is advected along with thedloee it can no longer be
fully radiated locally. The slim disk has the advantage ofih@ solutions down past the
ISCO and is typically relevant for high accretion rat&égdq > 0.3), giving a thicker disk
(h/R= 0.3). An alternative solution to the slim-disk is the (eduahaginatively named)
thick-disk (e.g. PacZysky & Wiita, 1980). This solution solves the radiation me®
instability and can include solutions with different sch&ghts at different radii from the
central accretor, having the advantage of solutions at kiggly accretion rates\gqq >
Leqq). Geometrically, at the highest accretion rates radigpi@ssure from the disk itself
thickens the flow to the extent that the disk is embedded irck-flow of quasi-sphericity
(h/R= 1), which could lead to ‘collimated beams’ and may explamhigh velocity out-
flows and/or jets seen in quasars. A further advantage otibk-tisk solutions (a.k.a.
Polish Donuts) is that they are analytically simple, refyonly on gravity and assuming a
perfect fluid. They are therefore good for numerical codebtag have analytic solutions,
meaning that many more complicated numerical models usesthution as a base.

Alternatively, at low mass accretion rates)(the gas density in an accretion flow
may be so low that virtually all the energy is advected andodiged within the event

horizon, leading to an Advection Dominated Accretion FIGMDAF, alternatively Radia-
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tively Inefficient Accretion Flow, RIAF). This type of acdren solution was described
near-simultaneously by both Narayan and Abramowicz, (Wama& Yi, 1994, 1995;
Abramowicz et al., 1995) although it had also been earliggested by others (e.g Ichi-
maru, 1977; Rees et al., 1982). The flow has no disk-like stracinstead being geo-
metrically near-spherical. Importantly, Rees et al. ()98&ted that the nuclei of radio
galaxies emit little radiation, and suggested that they beagurrounded by a torus of hot
ionised gas that anchors the magnetic field to the flow, dragigiaround and ultimately
enabling the launching of relativistic jets.

Much of the study of accretion processes has focused orarstgharies since the
dynamical times are low enough to be able to study entireustlrycles. Two main
types of accretion state are seen in stellar mass BHs. Anipa power-law like hard-
state is observed, corresponding to ADAF-like accretiormghs at higm, a dominant
sum-of-blackbodies spectra is seen. Known as the so#;dtas corresponds to a more
thermal disk-like structure. Combinations of these are aksen, with truncated disks
believed to be ubiquitous at certain stages of the accretiole (Done et al., 2007).

It is geometrically thick, optically thin, inefficient flowsf the ADAF type that are
expected in the majority of BCGs and radio-galaxies. Howeweate that the high-power

radio-luminous quasars are more likely powered by somgthiore akin to a thick-disk.

The Radio Connection

There appears to be a strong link between the accretion pifese accreting system
and its ability to launch a radio jet. Specifically, it appeas if a large scale-height
magnetic field may be required for efficient jet-launchindpisican be created by a large
scale-height flow such as an ADAF, naturally explaining #mdiency for more massive
systems to be more often radio-loud. Current belief is thatipction of a jet is powered
either directly by extracting spin energy of the black hojentiagnetic fields overlapping
with the ergosphere of a rotating (Kerr) BH (see Blandfortagk (BZ) Mechanism,
e.g. Blandford & Znajek, 1977) or due to dragging of the maignieame by the inner-
accretion flow (see Blandford-Payne (BP) Mechanism, ean@ord & Payne, 1982), the
former of these mechanisms leading to highly relativistis whereas the latter typically

produces jets with lower Lorentz numbers (Meier et al., 200arscher, 2006).
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An interesting idea proposed by Dexter et al. (2014) is thasé two mechanisms
could operate in the same object at different times in theetion cycle as the magnetic
structure of the flow changes, and correspond to the two ntgpas of jets observed in
compact binaries. In the hard-state the flow could be maggiBtiarrested (MAD Accre-
tion) and steady, compact jets are seen which could be |lagnioy the BP-mechanism
(e.g. Mirabel et al., 1992; Fender, 2001). Alternativelyhas been observed that during
transitions from the hard to soft state, binaries can laungh Lorentz factor, transient,
ballistic jets. These could correspond to a collapse fromIMé Magneto-Rotational In-
stability supported (MRI) accretion, essentially leadinget-death when the inner-edge
of a thin-disk like accretion flow surges inwards launchingpéentially BZ-powered fast
jet (Remillard & McClintock, 2006; Mirabel & Rodguez, 1994).

Whilst such wholesale restructuring of the accretion flownfrbard to soft state
(roughly equivalent to the onset of quasar activity) is nogervable in AGN due to the
timescales involved (much longer than a human lifetimegreéhhave been suggestions
of similar links between accretion structure changes antegponse in AGN. Marscher
et al. (2002) report X-ray flux drops preceding ejection afgagating VLBI-observed
‘blobs’ in the jet of 3C 120. Whilst not a direct analogue to dase in compact binaries,
this does imply a connection between activity at the jet laemkaccretion structure. Fur-
thermore, Livio et al. (2003) proposed that the inner-magrield changes from poloidal
to turbulent, as the accretion flow switches from the lowdhstate (steady jet) to high-soft
state (ballistic/no jet). In an AGN setting, partial re-erthg of a turbulent magnetic field
could occur on short timescales by random near-alignmaritsh could be responsible
for short term jet launching.

Many open questions remain, perhaps most interestinghy; isdhe jet formed and
collimated, what is its structure and what particles dor@lae flow? This is an open area
of research and the reader is encouraged to see the revieMarsther (2006); Foschini
(2011); Morabito & Meyer (2012) as well as references therelltimately, although it is
the action of the jets that are most relevant and considertbdwthis thesis, it is important
to keep in mind the accretion structures that may be caubmglbserved properties and

likewise how the environment may be dictating the accresibacture.



1.6. The Standard Model of AGN 30

1.6.3 The Unified Model - “Typical AGN’

AGN can be split into two families: the type-1 AGN that exhibroad permitted and
narrow forbidden lines, and the type-2 AGN that show nartiows only (although often-
times a broadline region can be inferred through scattemedson). Likewise, they can
be split into radio-loud and radio-quiet (although not adilent) objects and can addi-
tionally be split by their luminosities. Whilst a full desption of the AGN family-tree
is outside the scope of this thesis (the interested read#irasted towards the reviews
by e.g. van den Bergh, 1998; Buta, 2011), the broadbrusheptiep can be described by
the ‘unified model’ or ‘standard model’. The assumed geoynistshown in Figure 1.2
(figure inspired by: Beckmann & Shrader, 2012a,b; Heckmane&tB2014).

The standard model best relates best to radiatively eftiddN (top panel, Fig-
ure 1.2) which we first describe here. In the model, a centkéBH is surrounded by
an optically thick accretion disk. Surrounding the inneci@tion zone is a thick dusty
torus. The exact nature of this is still unclear, although gleneral consensus is that it
is clumpy with an inner-edge governed by dust-sublimatengerature (Nenkova et al.,
2002; Dullemond & van Bemmel, 2005; Nenkova et al., 2008a,b)

Due to the high mass of the black hole, the accretion diskribéses and emits pro-
fusely in the ultraviolet regime (e.g. ‘the big blue bump'n8ars et al., 1989; Marchese
etal., 2012). This provides a sea of ionising photons thia¢l®ved to irradiate the dense
clouds that are orbiting close to the nucleus and thus urdegtavitational influence
of the black hole (e.g. Peterson et al., 2003). These fasingaouds are too dense
for forbidden lines but the permitted lines are ionised aralfast velocities close to the
SMBH make this the broadline region (BLR, e.g. Marziani et 8996; Peterson et al.,
2003; Kaspi et al., 2005). The thermal accretion disk isaurded by a cloud of hot
electrons, which are commonly invoked to Compton upsca#ded photons (from disk,
jet-base, thermalised in torus) to X-ray energies (e.giatdki et al., 1995, 1996). Further
from the accretion disk, less-dense clouds not directlyitagonally influenced by the
SMBH can be ionised by remaining ionising photons. Heresiies are low enough to
allow both permitted and forbidden lines and so it is thig twnstitutes the narrow-line
region (NLR, e.g. Wampler et al., 1975; Stockton & MacKed§87; Schmitt & Kinney,
1996; Greene et al., 2011). It is the obscuring torus thaetbee creates the apparent di-
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Figure 1.2: Cartoon depiction of the Standard Model of AGN, dosource accreting
radiatively efficiently (top panel) and a source accretiadiatively inefficiently (bottom

panel). These cartoons were inspired by Figure 3 in Heckm&west (2014) and Figure
1in Beckmann & Shrader (2012a).
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chotomy between type-1 and type-2 AGN, as the BLR can onlyba fom favourable

alignments. Although plagued by selection effects, redatiumber counts of type-1 and
type-2 AGN can therefore be used to put limits on the strgctfrthe torus (e.g. Toba
et al., 2014, and references therein.).

As indicated on Figure 1.2, AGN can be further classified naiio-loud and radio-
guiet objects, with the viewing angle and radio-power dintathe type of galaxy seen.
Viewing angles aligned within a few degrees of a jet will hakeir flux dominated by
relativistically beamed emission and hence will presenblagars (Blandford & Rees
(1978); see also the early and recent reviews by Stein efl@¥.6) and Falomo et al.
(2014) and references therein). Seen at a wider angle, AGNbeealassified as radio-
loud quasars or Seyferts and in the case of full-obscuraifaime BLR by the torus a
classical radio-galaxy can be seen, with higher and lowargpmbjects typically corre-
sponding to FR-1l and FR-I sources respectively (FanaroRi&y, 1974; Owen & Led-
low, 1994). Radio-surveys of double-lobed systems aredmsverful method by which
to find obscured type-2 AGN. Similarly, the accretion lunsitg (which may be related
to the mass accretion rate, see Section 1.6.2) can be uskdstyc AGN, with the high-
est power objects referred to as quasars and the Seyfexigmlaeing their lower power
analogues. Only a small-fractior:{0%) of radiatively efficient AGN are radio-loud,
although this fraction varies substantially with both thellar mass of the host galaxy
and the Eddington-normalised accretion rate of the AGNh@es reaching:25% for the

most luminous systems (Jiang et al., 2007).

Focus on BCGs

As stated above, the majority of BCGs do not exhibit the casadrproperties of radia-
tively efficient AGN, which are the primary focus of the undienodel. Instead they
typically accrete at much lower Eddington fractions (seeti®a 1.6.1) where an opti-
cally thick, geometrically thin disk, is replaced by a qusgherical geometrically thick
but optically thin accretion flow (ADAF: See Section 1.6.Rlote however, that the disk
may not be completely absent but merely truncated (e.g. Bbak, 2007). This requires
slight modifications to the unified model, as are illustratethe bottom panel of Figure

1.2. The removal of the thin-disk removes the major sourceadfative emission and
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hence the strong BLR and NLR regions are absent. Howevegabmetrically thicker
accretion structure does lend itself to the efficient pradumoof jets, and it is through bulk
kinetic motion through these jets that the majority of thieseradiative efficiency AGN

are seen to transmit their energy (see review by Heckman & R26%4).

Sitting alongside the BCGs on the radiatively inefficientrtmta of the AGN family
tree are the Low lonisation Nuclear Emission-line RegionNA®&INERS) (Heckman,
1980). These are often interpreted to be the lowest lumiypatass of AGN although in
some cases the ionisation may be provided by star-formigigme rather than an AGN
(e.g. Ho, 2008). However, reflection studies have showndh#gast in some LINERS,
an obscured weak BLR is seen and hence low radiative efficid@iN are believed to
contain some form of obscuring torus (e.g. Galez-Martn et al., 2009).

The main consequence of this inefficient accretion mode in 8@Ghat it means
they have a very high mechanical energy output and a comelspgly high likelihood
of being radio-loud (e.g. Best et al., 2007). There is a knéink between the central
cooling time of a cluster and the radio behaviour of its BCG.e@lf there appears to
be a cooling time threshold af5x1Pyr (equivalent to an entropy threshold sB0keV
cm?) below which bright radio emission>7x10?3WHz ! at L-Band) is preferentially
‘on’ (Rafferty et al., 2008; Cavagnolo et al., 2008). As imloged more thoroughly in
Section 1.7.5, without additional energy input this shorlag time can lead to runaway
cooling in the core. This mechanical AGN action of the BCG imowonly invoked to
counteract the expected cooling. Better understandisgptioicess is central to this thesis,
hence in the next section we provide a more thorough intriboluco ‘AGN Feedback’,

with particular focus on mechanical mode feedback.

1.7 AGN Feedback

In this section we initially introduce a few of the major réisitthat have shown there to
be irrefutable links between AGN and their environments ase them to further moti-
vate the study of AGN feedback. We then consider the maingsses by which AGN
are believed to impact on their surroundings and finally waufoon the heating of hot

atmospheres by mechanically dominated AGN, which is thenrfaim of AGN action
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provided by BCGs in cluster centres and hence the main togiti®thesis (also see the
reviews by McNamara & Nulsen, 2007; Cattaneo et al., 200%#lder & Hickox, 2012;
McNamara & Nulsen, 2012; Fabian, 2012; Heckman & Best, 2014)

1.7.1 Links Between AGN and their Hosts

Perhaps the clearest indication that AGN and their hosixgedashare a strong intrinsic
link has been the realisation that there is a tight relahgnbetween the mass of a galaxy’s
stellar bulge and the SMBH at its centre (e.g. Kormendy, 18@8mendy & Richstone,
1995; Magorrian et al., 1998; Marconi & Hunt, 2003). Thisatednship, along with a
similar correlation between the black hole mass and th&astetlocity dispersion of the
bulge (Ferrarese & Merritt, 2000; Gebhardt et al., 2000ygasts that black holes and
galaxy bulges must undergo linked evolution and formatiglodels seeking to explain
these relationships often require that energy generateddantral AGN during a partic-
ularly high period of growth (a ‘quasar’ period) is coupledthe gas in the galaxy either
radiatively or via mechanical outflows (Silk & Rees, 1998ni 2003). This AGN ac-
tion removes gas and hence regulates star formation andcudast growth of the stellar
bulge, whilst also perhaps interrupting gas supply to théNAGelf so forming the basis
for a self-regulating feedback cycle (see also SectiorBlaid the review by Kormendy
& Ho, 2013, and references therein).

An interesting consequence of the King (2003) model of meiclad AGN outflows
regulating growth is that it suggests most black hole gromdburs in periods of high
Aedd, and hence it may be expected that the most lumfA@N activity and the highest
star formation rates trace each other temporally. Indeésl abserved that the cosmic
star formation density and growth of SMBH are seen to follogirailar trend, peaking
at a similar epoch @2, Madau et al., 1996, 1998; Merloni et al., 2004) and subse-
guently growing at a seemingly steady combined rate to ramirthe locally observed
MgH-Mguige relationship (e.g. Mullaney et al., 2012). Disentanglihg signatures of

star formation and AGN is observationally difficult and seglprobing the links between

9Note that within this thesis, radiatively efficient AGN agfarred to synonymously as luminous AGN,
reflecting that they are much brighter in the ‘traditiongttical bands than the radiatively inefficient AGN
most often associated with radio sources and mechaniadthéed.
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these processes in samples of individual galaxies havetsoageconflicting results. For
example, in some samples the AGN of galaxies with higherfetaration rates typically
have higheAgqq (Kauffmann & Heckman, 2009; Azadi et al., 2014) whereasstsee
only a weak correlation (Rosario et al., 2012). The lattethefse studies also suggests
there may be different fueling modes for high and low lumityoAGN, which is a topic
we revisit within this thesis. Whatever the details of thegaisses involved, it appears that
AGN and star formation are intrinsically linked and so theint evolutionary histories
provide further evidence for AGN acting on their host ga¢sx{(Merloni & Heinz, 2013;
Madau & Dickinson, 2014).

Further strong indication of the co-dependency of AGN andxgaproperties comes
about due to the invocation of AGN processes for transfgrgalaxies from the star-
forming main sequence (blue cloud) of the galaxy coloursnitagle diagram (Bell et al.,
2004) to the red sequence. Using a large sample of visualtiiied galaxies, Schawin-
ski et al. (2010) claim a trend where the highest SMBH massg+r in blue galaxies is
for the highest mass systems whereas for red-sequencetgaelgalaxies AGN growth is
preferentially seen in the lowest mass systems. Essentiaib suggests that AGN are re-
sponsible for shutting down the star formation in blue gesvand driving them quickly
through the green valley to populate the red sequence (eagtirivet al., 2007). This
evolutionary sequence is supported by red sequence galyxieally inhabiting bigger,
older haloes (e.g. Blanton et al., 2006). However, an isterg question to pose is that of
what prevents red sequence galaxies from re-accretinggasdind re-igniting their star
formation? A key observation in answering this is that lawainosity radio-loud AGN
are most commonly hosted in red-sequence galaxies (e.goxiet al., 2009; Janssen
et al., 2012), with the inference being that mechanical AGhNoa can regulate the at-
mospheres around red sequence galaxies and so keep theohedefhis is a similar
process to that which is believed to exist in the centres of-core clusters where the
BCG regulates the environment and so shows that understatidiractions of BCGs has

implications to understanding AGN feedback globally.
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1.7.2 Two Types of AGN Feedback

It is now generally accepted that AGN come in two flavours,chitiave important prop-
erties for explaining the observations described preWoarsd can be broadly understood
using the topics introduced thus far. The distinction bemvéhe two AGN regimes is

controlled by the accretion rate of the AGN and we discusshtimeturn now.

1.7.3 ‘Quasar Mode’ - Radiatively Efficient Feedback

AGN accreting at high\gqq (20.01 Lgg4q) output the vast majority of their energy ra-
diatively, as expected from the thin/slim disk models focration (see Section 1.6.2).
Historically, the most luminous of these AGN have been ifiedt as quasars (hence the
common alternative name, ‘quasar mode’) with Seyfertselell to be the lower lumi-
nosity (but still radiatively efficient) versions. Radiotld objects of this class are often
called High Excitation Radio Galaxies (HERGs: e.g. Best &kiean, 2012), with their
radio-morphology most usually the FRII type associatedhwigh radio-power. AGN of
this sort are preferentially found in blue, main sequendaxges and may be responsible
for shutting down the star formation in these systems, hewthe process by which they
do this is an ongoing research question (see review by Atixa® Hickox, 2012).
Large-scale galactic winds are near-ubiquitously seetainrferming galaxies across
both the local and distant universe (see reviews by Crenshaly, 003; Veilleux et al.,
2005). There is strong evidence that stellar processessigas can (and do) drive winds
via radiation pressure, supernovae and stellar mass lgsdH{eckman et al., 1990; Lehn-
ert & Heckman, 1996; Chen et al., 2010; Steidel et al., 201@wever it is becoming
more generally accepted that the energy input of a power@&iNAs required to drive the
most powerful ionised outflows (‘superwinds’) that are regd to fully shut down star

formation (e.g. Benson et al., 2003; McCarthy et al., 2011yidé&nce for such winds

being traced over large distances10kpc in some cases) has been observed both using

long-slit (e.g. Whittle & Wilson, 2004; Greene et al., 201hgdantegral field unit (IFU)

techniques (e.g Harrison et al., 2012; Liu et al., 201@sker Schreiber et al., 2014).
The actual driving mechanisms for these superwinds areia tdplebate (e.g. Rupke

et al., 2005; Nesvadba et al., 2008; Faucher-&ig& Quataert, 2012). At high accretion
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rates, material can be lifted above the accretion disk biataxh pressure from the opti-
cally thick disk, and radiation pressure or magneticaliy«h flows can then accelerate
this material (e.g. Konigl & Kartje, 1994; Arav, 1996; Ever005). Alternatively, it has
been postulated that relativistic jets may provide the sg@ey momentum although the
narrow collimation of the high powered jets found in radiadl quasars can be difficult
to reconcile with the large angular flows observed (e.g Whé&tWilson, 2004). It should
however be noted that the highest power quasars where #ulbdek is expected to be
most prevalent are believed to be operating in the very Rigly regime where jets from
radiatively efficient flows are more commonly seen, althotigh correlations between
jet launching and both the black hole and galaxy stellar ssgssust also be considered.
Whatever the mechanism driving these outflows, it is capabldriving them to high
speed over parsec-scale distances (e.g. Hewett & Folt3; Rxeves et al., 2003; Zubo-
vas & King, 2014). It is then believed that in order to proveléective feedback, this
initially high speed flow must entrain gas over larger sc@lew kiloparsecs), driving it
out of the galaxy and so preventing further star formatiod black hole growth as well

as enriching the intergalactic medium (IGM).

1.7.4 ‘Mechanical Mode’ - Radiatively Inefficient Feedback

When fueling onto an AGN is low and gas densities near to the BM&p the accretion
flow becomes inefficient{0.01 Lg4q). An example of such a scenario would be when
a ‘quasar mode’ AGN has stripped its host environment of #ngd quantities of cold
gas required for high star formation and its own continuatiately efficient activity.
In such scenarios, as discussed in Section 1.6.2, the AGI¢ enaist of its energy me-
chanically in the form of jets. The work of these jets on tiseirroundings is observed to
counteract cooling in a variety of hot-halo systems on mldtphysical scales from sin-
gle elliptical galaxies (i.e. the “keep 'em red and dead uiegment) through to groups
and clusters. This mode of radiatively inefficient AGN feadk is variously referred to
as ‘mechanical mode’, ‘maintenance mode’ and/or ‘jet mddedback (see Heckman &
Best, 2014). Virtually all of these galaxies contain ragts, meaning that the term Low
Excitation Radio Galaxy (LERG: e.g. Best & Heckman, 2012)$® synonymously used.

Energetically, mechanical mode AGN can be fueled directynfthe surrounding hot
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gaseous halo, with Bondi accretion (Bondi, 1952) provicengugh fuebn averaggsee
McNamara & Nulsen, 2007). The rates are sufficient to poweakme regular power
jets, with a correlation between jet power and Bondi powender low-power objects by
Allen et al. (2006); although note that a much weaker cotigias seen by Russell et al.
(2013). However, in real astronomical settings coolinggdisbe imparted with angular
momentum support, which makes infall times unreasonabiyg Io>-Gyr, e.g. Proga &
Begelman, 2003; Pizzolato & Soker, 2010), meaning that Baacketion is insufficient
to power the most powerful jets (e.g. Hardcastle et al., 200¢Namara et al., 2011).
These issues can be overcome via a two-phase accretiomfuaibcess whereby hot gas
first cools within a few kiloparsecs of the AGN into cold clusaprhese cold clouds can
then provide enough fuel for short-term, powerful outbsisshilst still ensuring accretion
relates to hot gas cooling over wider scales (e.g. Pizzé&a®mker, 2005; Soker, 2006).
This type of fueling mechanism can also naturally accounthe relatively large quan-
tities of cold gas seen in BCGs and other ellipticals that #fecalt to explain from a
well-coupled purely hot-gas powered fueling flow (e.g. EdR@01; Salorgé & Combes,
2003; Edge et al., 2010a).

Coupling of the mechanical energy to the surroundings oguadominantly via the
action of the relativistic jets, a process that is most hgaabserved in the dense cores of
cool-core clusters where it is the AGN at the centre of the B taunches the jets. As
the jets propagate outwards they perform work on the hottgzetjng it and inflating cav-
ities in the X-ray emitting plasma (e.g. Boehringer et a893; McNamara et al., 2000;
Fabian et al., 2000; Hlavacek-Larrondo et al., 2012a). Huoremission attributed to
these jets is seen to be co-spatial with the depressions iX-tlay surface brightness (the
‘cavities’), showing phenomenologically that the meclsams are linked. This relation-
ship can be clearly visualised in Figure 1.3 (Gitti et al12) These cavities subsequently
rise buoyantly increasing cluster entropy and re-distiigienergy. Detailed studies of
local systems have shown that weak shocks and density seavess driven into the ICM
from the cavities play an integral role in distributing th&N energy (e.g. Fabian et al.,
2005; Shabala & Alexander, 2007; Randall et al., 2011; Nug&&IcNamara, 2013). The
hot gas is required to be prevented from cooling over all@sglvhich is at odds with the

highly collimated jets themselves hence it is the actiorhef¢avities and shock mixing
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Figure 1.3: A composite image comprising the Chandra X-ra&ye(and VLA 330 MHz
radio (red) emission overlaid onto an optical (Hubble) imaaf galaxy cluster MS
0735+7421, Figure 1 from McNamara et al. (2009). The radie e clearly seen to
be co-spatial with regions of low X-ray surface brightnésa\(ities’), demonstrating the
cavity inflation scenario that is believed to counter-adalicyy of the ICM in galaxy clus-
ters. See also the text, Section 1.7.4.

that provide dissipation of AGN energy more isotropicaltyy. Nulsen et al., 2007).
Measuring the mechanical energy of a jet directly from itdiwaemission is diffi-
cult, not least because it requires assumptions to be mamg abcertain magnetic field
geometries, the particle constituents of the jet and sytotm ageing models that are of-
ten under-constrained (see e.g. Bell, 1978a,b; Miley, 19@0ott et al., 1999). A more
direct measure of the mechanical energy output can be defiven deep X-ray obser-
vations by calculating the energy required to inflate casitagainst the pressure of their
surroundings (Bzan et al., 2004). However, even here there are large taicges due to
numerous effects such as the difficulties of measuring gavizes, shapes and projection
effects meaning that face-on cavities may often be missdw riecessary deep X-ray
observations required to detect cavities and determine e¢hergetics are unfeasible for

very large samples. However it has now been shown that cpeiiyers are related to the
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AGN radio luminosities, meaning that radio-power can bedus®a proxy for feedback
power albeit with large scatter {(Ean et al., 2008; Cavagnolo et al., 2010). This is a cor-
relation that we revisit within this thesis, consideringetiner the scatter can be reduced
by a more focused analysis of the radio-emission.

Studies using such correlations to constrain the energifadl@ in cooling atmo-
spheres have determined that the energy supplied is sufficreaverage for the largest
systems, although duty cycle considerations mean thatttees for any individual clus-
ter is large (Dunn & Fabian, 2008; McNamara & Nulsen, 200,2)01n smaller systems
such as elliptical galaxies the imparted energy is actdalipnd to be well above that re-
quired to counteract the cooling rate (Best et al., 2006fdVigt al., 2011; Stott et al.,
2012). In these systems a period of high activity can theeedwershoot the cooling and
usher a period when cooling, hence star formation, is sigseekwhich fulfils the require-
ment for keeping red sequence galaxies ‘dead’ whilst retingahat not all ellipticals

host radio-sources at all times.

1.7.5 Classical Cooling Flow Problem

As stated in the preceding section, the best examples aftdirechanical feedback pro-
cesses can be observed at the centres of galaxy clusted) ishalso the most relevant
environment for this thesis.

The radiative cooling time at the centres of cool core clssieoften much less than
the Hubble time (e.g. Peres et al., 1998; Voigt & Fabian, 20§#ing expected cooling at
arate of 18-10° Mo yr—1. This should lead to a sink of cold material on the order ofra fe
1011-10'2 M, however only~1-10% of this amount is observed - the classical ‘cooling-
flow problem’ (for a review see Fabian, 1994). Star formati®seen in the strongest
cooling clusters although typically only the few percentelleof cooling (O’Dea et al.,
2008; Rafferty et al., 2008) and whilst cold molecular gad dost is observed, much
less is present than if cooling dominated (e.g. Edge, 20@ign® & Combes, 2003;
Edge et al., 2010a,b). Additionally, there is a deficit of gasn at intermediate cooling
temperatures (e.g David et al., 2001; Peterson et al., 28@3ers & Fabian, 2011) and
the central gas temperature fails to cool bel®®80-40% of the ambient temperature at

greater radii (Mittal et al., 2009). These therefore reguivised X-ray cooling rates
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from those predicted by the classical model, and these loates can be accounted for
by the observed levels of star formation and cold gas accatoul Combined these
results highlight that some energy source must be couribegathe expected cooling,
with the mechanical AGN action of the BCG usually invoked (®riews see: McNamara
& Nulsen, 2007, 2012; Fabian, 2012).

BCGs do not typically show quasar-like behaviour, insteay thre believed to ac-
crete inefficiently hence their mode of AGN feedback is momeidal to that of the
maintenance-mode previously described. Mechanical igadi therefore the favoured
method by which energy is coupled from the AGN to the intnastér medium (ICM), via
the inflation of cavities by the process outlined in Sectioh4

As well as the mechanical action of cavities there are algmeastions from large-
scale emission that other processes may also contributiéhey the heating or decreasing
the required energy budget. For example, low surface bregd structures such as radio
mini-haloes found around BCGs suggest that cosmic rays nagyasl important role in
counteracting cooling (Pfrommer & Enf3lin, 2003) whereaseicould be inefficient star
formation in the cooling ICM itself that could account for serof the cooling problem
(McDonald et al., 2014).

It is on these extreme cooling environments that this tHesisses. This Introduction
has motivated the need to understand AGN feedback procgksesly and hopefully
highlighted that radio observations can be used to trasedhid that by using a variety of
radio observations we can better uncover the details of theegses. We now introduce

some of the more technical radio terms that will be referdngihin this thesis.

1.8 Radio Processes

The majority of radio emission from radio-loud AGN is synction radiation produced
in the radio jets (so inferred by spectral shape, uniforraitg the high polarisation (can
be>10%, e.g. Kempner et al., 2004) as ions and electrons aréajramally accelerated
by the release of accretion energy and then funneled thrtargh scale polar magnetic

fields. Here we provide a brief overview of the main processatare involved.
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1.8.1 Synchrotron Radiation

Synchrotron emission arises due to the acceleration of eyetigarticle traveling along
curved paths through a uniform magnetic field. Note that d@iiservationally difficult to
differentiate between a few patrticles in a strong field or ynparticles in a weak field,
although the majority of astronomical synchrotron radiatappears to be explainable by
electrons in weak fields.

The derivation of the spectral emission of a single elecem@algebra intensive and
not overly applicable to any astronomical setting. Howewer can say that the energy
distribution of a population of electrons is typically a pemlaw of the form N(E) dE
~ KE~9 dE, where N(E) is the number distribution of electrons wittergy E, K is a
constant anad is the spectral index of the electron energy distributionr(gair, 2011).
To a reasonable approximation, the spectra of each indivieiectron can be modelled
as if all its energy is radiated at a single frequency, whittwa the emission coefficient
‘¢’, at frequency V', to be written ase, 0 Bg, 1 v(2-9/2, where B is the magnetic field
strength.

For a radio-source with a power-law spectrum we can sayethaft, (v) Ov—%, where
a is the measured index of the radio-spectrum. For this scemae can therefore state
thata O (6 - 1)/2. The locally measured value from cosmic rays ts 2.4 (e.g. Miller,
2001), which is consistent with the ~ 0.7 measured for typical radio source spectra,
lending further credibility to the synchrotron nature of sheadio-emission (note however
that the energy spectrum of cosmic rays may be species depeadd that the index of
electrons only could be steeper, e.g. Aharonian et al. (0®®r a full derivation and
proper treatment of the synchrotron spectrum see (Longairl).

Whilst this idealised scenario does give a reasonable fidgrexplanation to many
radio-spectra over the commonly observed cm-wavelengiges there are of course

additional processes that can alter the observed spectrum.

1.8.2 Synchrotron Self-Absorption

The brightness temperatureg)Tof a source is the temperature of a black-body that

would provide the observed surface brightness of that soat@ given frequency in
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the Rayleigh-Jeans (classical) limit. For non-thermalrses, this temperature can, es-
pecially in extreme scenarios such as the inner-region®wepful jetted sources, reach
very high values. At the lowest frequencies this brightrieagperature may approach the
kinetic temperature of the emitting electrong).TThermodynamically a source is unable
to emit at T > Te and hence the spectrum is truncated, which is termed sytmohro

self-absorption.

Technically the energy spectrum is not in thermal equilibrisince the electrons are
relativistic. However, the concept of temperature can Elukwe assign the electrons
each an energy E. This energy is then peaked at some critgcpléncy V¢ it) and asso-
ciating this energy with an electron temperatugestich that 3KTe = ymec? allows the
Te to effectively becomes a function of energy, i.e. it is areefiive temperature (where
y O v1/2). For a self-absorbed source then the effective and blabkbemperatures are
equal. For a blackbody, the intensityT v2 and hence for a self-absorbed sources the in-
tensity, 10 v>/2, below the critical frequency. We therefore see a speairabtver at low
frequencies. This type of self-absorption is important aftén seen in very powerful,
compact cores of AGN, in particular for recently ignitediadources (i.e. the Gigahertz
Peaked Sources and High Frequency Peakers, GPS and HFEtikedpee.g.: O'Dea,
1998; Dallacasa et al., 2000).

1.8.3 Free-Free Absorption

An alternative process by which low-frequency radio-specan be flattened or inverted
is free-free absorption, or the absorption of energy by @ &lectron. Typically this effect

is seen to flatten the low-frequency (less than a few hundreid)Mpectra of extended
diffuse sources, such as the lobes of giant radio-galazigsough note that this is only
practical for smaller lobes and a curved underlying eneggctum may be required for
the largest systems; Duffy & Blundell, 2012). However, ffeze absorption by warm

clouds around nuclear regions has been postulated to gretéegp spectral turnovers for

spectra on sub-parsec scales (Gopal-Krishna et al., 2014)
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1.8.4 Synchrotron Ageing

At the high frequency end of the synchrotron spectra, cureais often seen. The distri-
bution of energy losses in the underlying electron poputat% 0 v2 (Harwood et al.,

2013), means that energy is preferentially lost at highegdencies. An interesting ap-
plication of this is that this leads to a characteristic kreathe energy spectrum of a
single-injection electron population. As the observedcsyatron spectrum reflects the
underlying energy distribution, then by measuring the abtaristic turnover of a spec-
trum an estimate of the age of the radio-source can be detedniSeveral models exist
that use such arguments to produce curved fits to radiotspéely. Kardashev, 1962;
Pacholczyk, 1970; Jaffe & Perola, 1973). This techniquentaused within this thesis, as
it is best applied to small numbers of densely sampled ssurg@wever, we highlight

the process as it shows that steep-spectrum sources,utaniiadhose that show distinct
spectral curvature to higher frequencies are most likebpaisted with more aged emis-
sion, which is an appreciation that is considered whenrdjsishing between emission

attributable to ongoing and historical accretion (seeie@).

1.9 Overview of Rest of Thesis

This thesis aims to provide a comprehensive study of theorpthperties of Brightest
Cluster Galaxies. To achieve this requires data from a widietyeof facilities, sampling
the BCGs' radio emission on a variety of both spatial and tawdszales and over a broad
frequency range. In particular we use a large data volumeitialiy consider the general
properties of a large sample of BCGs. From this we select autpkes for further study,
focusing on the variability and very high resolution obsdions of their active cores, in
addition to constraining the prevalence of cold HI gas indbees of a subset of sources.

A brief outline of the contents of each of the subsequenttngjis given below.

e Chapter 2: This chapter gives a basic overview of the facilities anédsted within
this thesis. An outline of the principles of dealing with i@data is given and we
describe our parent sample of over 700 BCGs. We find that the esxission can

be largely split into two components - one attributable tgaing accretion and one
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attributable to historical accretion, and present our dgmusitions of the spectral
energy distributions (SEDs) into these two components ¥er @00 BCGs drawn
from our parent sample. The work in the second half of thigptdrain addition to

that in Chapter 3, constitute work presented in Hoghal. 2014a submitted.

e Chapter 3: In this chapter we explore the general radio behaviour ofarge sam-
ple of BCGs. Initially we consider the monochromatic radiogerties £1.4 GHz)
of the full parent sample before expanding upon this by aergig the properties
of the decomposed components, their inter-relationshijtlagir relationship to the
wider AGN and cluster properties. This work builds upon e studies show-
ing BCGs to have enhanced radio duty cycles. We go beyond the-ieud to
radio-quiet dichotomy to show that there are environméntdittated differences
not just in the frequency of radio-loud AGN activity in BCGstl the nature of

this activity.

e Chapter 4: This chapter looks at the high radio frequency (between 153-GHz)
properties of a sub-sample of 35 BCGs that are chosen to oosignificant on-
going core activity. Previously, very few constraints éxgson the properties of
BCGs within this frequency range. We show that these activepoments show
typically slowly varying output, which shows that fueling the central AGN ap-
pears relatively steady on decade timescales. We also fiddrese for a potential
additional component in the mm-range of low luminosity AGNtt may be at-
tributable to naked (i.e. not jet related) emission from dpA&. The work in this

chapter largely appears in Hoganal. 2014b submitted.

e Chapter 5: In this chapter we consider the parsec-scale propertiesobasample
of 59 BCGs using observations taken with the Very Long Basefirray (VLBA).
These observations trace the ongoing accretion activijchwve use to show that
there is a significant variety in the core structure seen ah sunall scales. This
sample alone constitutes the largest selection of BCGs wéxsevith VLBI reso-
lution. However, it forms only the first part of a large survelyBCGs on milli-
arcsecond scales. An additional 76 sources have been eldserth the VLBA,

which when combined with the data presented within this tdragore to be written
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up as a comprehensive review of the parsec-scale propeiftiesol-core hosted

BCGs (Hogaret al. in prep.).

e Chapter 6: In this chapter we present spectra searching for HI in alteorpvithin
cluster cores, using the VLA, ATCA and WSRT. We use the previfudings
within this thesis to employ well-determined selection Inoets, which allows us
to more than double the number of BCG Hl-absorption systenesvknshowing
that the detection success rate is a strong function of thepmotogy of the radio
source. This greatly expanded sample allows us to considéré first time the dis-
tributions of column densities and dynamics of this impotrtold phase of atomic
gas for a sample of more than 10 BCGs. The work in this chaptegiisg done in
collaboration with Dr Raymond Oonk of ASTRON. The authomrading the work
with the VLA and ATCA, which when combined with observationshwhe WSRT
led by Dr Oonk, are currently being written up as a paper (hicgaal. in prep.).

e Chapter 7: This chapter summarises the findings within this thesis. Wesider
the current state of research and how the work containedrheoatributes to the
current understanding of the radio properties of BCGs andwiiger context of
AGN feedback. We consider outstanding questions to be asléde and highlight

the future work to be done.

e Appendices: Several appendices are presented beyond this. Thesercoatas on
the individual sources studied within each of the chaptaldes of data products for
the work presented within this thesis and SEDs for the seustadied in Chapter
4,



CHAPTER 2

Data and Reduction Techniques - The
Sample

2.1 Abstract

Within this chapter we first provide a brief overview of thewsr of radio interferometry
as a technique, its limitations and how interferometry datahandled. This section is
intended to ensure that the reader is familiar with the maincepts and some of the
terminology that will be used throughout this thesis. A moredepth description of
data reduction for specific data-sets is provided in theveglesections and a complete
mathematical handling of interferometry theory can be tbimTaylor et al. (1999a).
Following on from this, we introduce the parent sample ofagglclusters and the
spectral decompositions into active core (attributed tgoamg accretion activity) and
inactive ‘non-core’ (attributed to historical activitypmponents that underpin much of

the subsequent analysis.

2.2 Basics of Interferometry and Techniques

As introduced in Section 1.2.3, single dish radio-telessogre limited in angular resolu-
tion due to the long wavelengths observed and infeasillitgishes greater than about
100m across. Coupled to this, the pointing (and so trackingliracy of a single dish is
limited by a multitude of effects such as gravitational sSaggf the telescope as it tracks,
torques due to wind and stresses due to differential heafitige reflector. Interferome-

ters overcome many of these issues by combining signalsrnattiple dishes to achieve

a7
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an angular resolution equivalent to the longest distant@d®n antennae (i.e. the longest
‘baseline’).

The received signals from every pair of antennae that forraselne are correlated.
That is they are multiplied and averaged together such Heabttput voltage from the
correlator for a point-source interferes to produce a gsasisoidal fringe. The phase
of this is therefore not affected by uncorrelated noise andffects such as fluctuations
in receiver gain and atmospheric throughput that can adieedfect the response of a
single-dish are largely mitigated. Furthermore, the ferqattern is a highly sensitive
measurement of the position of the point source on the skig mkans that the positional
accuracy of an interferometer is more affected by the tinsioguracy of the signal inter-
ference than by the pointing accuracies of individual améenand since atomic clocks
can provide extremely precise time measurements then eeryate positional measure-
ments are possible.

Each baseline is responsive to only a single spatial freqquen the sky, or alter-
natively one component in Fourier space. To improve thisippsource response more
samplings are required, which can be achieved by addingiaddi baselines, extend-
ing the frequency bandwidth covered and sampling at diffeh@urs of the day so that
the rotation of the Earth changes the projected baseline$hEotation synthesis). This
increasing coverage of spatial frequencies sampled is amtynreferred to as filling
the uv-plane’, as it is often visualised as the combinatigorojected baseline distance in
wavelengths sampled in both the east-west (u) and norttir$§aluicomponents. The point
source response of an interferometer is the combinatiorl of ¢he individual baseline
responses. This is known as the synthesised beam (oftetesadrto just ‘beam’) of
the interferometer and is essentially equivalent to theespread function (PSF) of an
optical telescope. In the limit of many baselines the sysidesl beam tends towards a
Gaussian. It is important to note that for sources that aseed low on the sky, the
projected sampling in one direction can often have muchdgeamic range than the or-
thogonal component and so the synthesised beam can becgimhediiiptical. The shape
of the beam is therefore an important consideration whesrpnéting the morphology of
any interferometric map.

The overall response of the correlator is a product of thagfipatterns of the indi-
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vidual baselines multiplied by the response pattern of @adikidual antenna on the sky.
This ‘primary beam’ of each antenna therefore effectivalyits the areal coverage that
can be mapped per telescope pointing, since there will héficient sensitivity to sources
too far from the pointing centre for directional antennake Tonvolution of the primary
beam with the combined point-source responses is only tsengd the finite range of
spatial frequencies governed by how well sampled the umepis. Essentially, the more
well-sampled the uv-plane then the more angular scaleseoskihthe interferometer can
detect. Since it is the Fourier transform of these samplthgs is used to produce the
actual map then the length of the baseline is inverselyedltd the angular scale recov-
ered. That s, long baselines correspond to small angleBesKky and shorter baselines
to larger angles.

A mixture of baselines is required to fully recover a sourd¥ith inadequate short
spacings, larger scale diffuse emission will not be sampieghenomenon referred to as
this emission being ‘resolved out’. Alternatively this clb@ used as an advantage. For
example, if only long baselines are used then small-scaletste (such as within the core
of an AGN) can be recovered without any diffuse obscuringfflu~or a full treatment

of interferometry theory and techniques see Taylor et &90h).

2.3 Basics of Reduction

As with all telescopes, the data products from each indadidadio interferometer have
their own idiosyncrasies. Throughout this thesis a varmdtyoftware packages have been
used for data reduction and handling, depending on whattisxged for each particular
array. These are covered in more detail in the relevant@exti However the overall
approach to reducing the data progresses along a similargpat so here we provide an
overview of the typical actions that need to be performedawm data to create science
products.

The data products that are written by the correlator can Iog leege and so to pro-
duce more manageable files the first stage is often to avendgh time and frequency.
Following (and in some cases prior to) this, excising ba@ agaparamount for the final

image quality. Bad data can be due to a huge host of causesirfdividual antenna mal-
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functions and shadowing (one antenna blocking anotheratbd¥requency Interference
(RFI). Removing (‘flagging’) erroneous data is essentighwhe gambit that ‘if in doubt -
chop it out’ will typically solve more problems than it causes, partarly with the wide
bandwidths and high data-rates of modern interferometers.

The actual calibration requires three main correctionféodata. Firstly, the differing
response function of a typical receiver across its bandpeeds to be corrected for. This
allows for robust flux measurements when multi-frequencytsysis imaging is employed
to average together data in different frequency channelss &ffect can be corrected
by observing an unresolved source of known spectrum and aongpto the theoretical
response. Secondly, the overall amplitude of the obsemngtieed to be set to a consistent
flux scale. This is usually achieved by observing a well narei, strong calibrator
source to which the calibrator response can be scaled. Qftahiple visits to a strong
flux calibrator may be scheduled during a single run or paldidy when the array set-up
is altered to track any changes in response.

Finally, the phases of the incoming signals need to be @éldrso that they are con-
sistent between antennas. This is perhaps the most impst&mof the calibration, as if
individual antennas are out of phase then the source mayenadovered. Furthermore,
fast drifting of the phase will result in significant errorsthe final images. Delays be-
tween antennas will naturally drift over time and, depegdin observing frequency, can
be greatly affected by the atmosphere. For bright sciencets (the actual brightness
required depends on the array, set-up and how well behawsgthing is being), phases
can often be calibrated from the observation of the sousedfitThis is due to the fact that
most errors are assumed antennas based and Biafiatennas wittN(N — 1) /2 baselines
there will (for arrays with more than three components) gisvae redundant solutions.
This ‘self-calibration’ however is dependent on having iglhrenough science target and
also requires a known source model. Often this is unknowactially, phase calibration
tends to rely on regular observations of a known calibragarhy to the science target
(within the isoplanatic patch) and the time varying phadatems of this calibrator are

then applied to the science target. Often this is the onlytwanalibrate faint sources, and

1Thanks to Dr. Rob Beswick
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even for bright targets this is typically used to produceratial map and self-calibration
then progresses cyclically using the recovered structsith@ expected source model at
each cycle.

In practice, the flux calibrator can also be used for bandpas®ction and is often
referred to as the primary calibrator. This is observed anlfigw times per observing
block and the same source can be used to calibrate the adgdi{gains) of all science
sources in the block at the same frequency set-up. The megepgon to this is at high
frequencies £20 GHz) where a planet is often required for flux calibratiart s of
course too resolved to act as bandpass calibrator. A phébeatar is observed regularly
(typically every few minutes but exact timing is dependentset-up) for either each
science target or each group of targets if these all fall withsmall patch of sky. The
phase calibrator is often also called the secondary cadibra

Once the data are calibrated they can be mapped. Prior tetHge the data are often
referred to as ‘uv-data’, and inferences about the scieaaeces can be made from this
but it is mapping that produces the images. The exact teabniged for imaging de-
pends on the software package used but typically involvegtinain stages. The data are
initially inverted (Fourier transformed) to create a ‘girnap’. This is the sky-map con-
volved with the synthesised beam. Deconvolution then wre®lemoving this beam pat-
tern and can progress by any of a number of methods. The mdstwised of these is via
the CLEAN algorithm (Hhgbom, 1974), that works by assuming that the source can be
composed of a finite number of point sources. The algorithekgthe peaks (‘(CLEAN
components’) and removes these iteratively with a set atnoiudirty beam. The clean
components are stored until some given threshold is reactieally once CLEAN has
found all the true flux and has reached the noise. The finatéstgnapping then involves
restoring these CLEAN components with an idealised beapid@jly a Gaussian) so
that a final ‘cleaned’ image is recovered.

More information on the reduction techniques for radio ifgemetry data can be
found by consulting the various ‘cookbooks’ that are a\déae.g. for ATCA/CARMA
data (the MIRIAD Cookbook: http://www.atnf.csiro.au/comtipg/software/miriad/) and
for (J)VLA/VLBA data (the AIPS cookbook: http://www.aipgao.edu/cook.html). Con-
sult also the e-MERLIN (http://www.e-merlin.ac.uk/datad/tools/e-MERLINcookbook
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_latest.pdf) and LOFAR (http://www.astron.nl/radio-obseory/lofar/lofar-imaging-cook

book) cookbooks.

2.4 Motivation - The Need for a Large Sample

An issue that often complicates the study of BCGs (and indéephkaxies) using radio
observations is that the observed emission can be sepasigteificantly in both time
and space from the event that created it (e.g. Harwood e2@l3, for a discussion of
spectral ageing). Single-band, often low spatial resotubbservations are frequently
the only radio information available for a BCG. This can résulan unresolved source
with limited spectral information, hence whilst the galaocgn be said to be radio loud,
there is large uncertainty both in the physical scale andb&g@s emission, thus making
comparisons with AGN tracers at other wavelengths difficdib overcome this issue,
observations at a range of spectral frequencies and spasialutions for a large sample
of BCGs are required.

In this thesis we aim to use a wide range of data from a varietglescopes to more
fully understand the nature of the radio emission in BCGs.hi®énd, we require a large
parent sample of galaxy clusters. In selecting this par@mie it is highly important that
it be fair, and free from being selected on the BCG activitggesally since radio emission
is inherently affected by directional effects. In this tisehis is done by choosing an X-
ray selected cluster sample, meaning that we select bas#dtkasotropically emitting
X-ray bright intra-cluster medium and not the BCG activity.

We describe our parent sample in the following section. Ftloisiparent sample we
then create spectral energy distributions (SEDs) for e300 BCGs, which we then
decompose into an active component - attributable to cuaecretion, and an inactive
component - attributable to historical accretion. Theseodgositions are described in
the remainder of this chapter. Chapter 3 then considers ihdsadual components in
greater detail and uses them to link the central AGN actiatihe relativistic outflows it
generates and how the nature of this depends upon the ldngéercenvironment.

Note that the remainder of this chapter and Chapter 3 arelyacgenposed of work
that appears in Hogaet al2014a. Overall, these chapters look at the general radjepro
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ties of the BCG population as a whole. They amalgamate arideuéillarge data volume
in order to decompose the radio emission to better undetstdrat being a radio-loud

BCG actually entails and how this activity relates to the wielevironment.

2.5 The Sample

2.5.1 Parent Cluster Sample

Our parent sample is drawn from three ROSAT X-ray selectastel catalogs - the BCS
(Ebeling et al., 1998), eBCS (Ebeling et al., 2000) and REFI(B&hringer et al., 2004)
samples, which contain 206, 107 and 447 sources respgctiBeice publication, a mi-
nority of sources in these catalogues have been noted #lyninis-identified, most
commonly due to AGN contamination in the X-rays or appeangdidates. We therefore
remove a minority of sources, leaving us with a sample of 194,and 417 sources in the
BCS, eBCS and REFLEX samples respectively. Our total X-ragcsetl parent sample
therefore consists of 726 clusters.

The BCG for each of these clusters has been observed speutithleither the Isaac
Newton Telescope (INT) (Crawford et al., 1999) or the FORSrimsent on the Very
Large Telescope (VLT) (Edge et ml.prep). These observations targeted tha End
N[II] features, the presence of which provides a strong prioxicator for a cool core
cluster (see Section 1.4.4). The detection limits for thendved et al. (1999) observa-
tions range from an B luminosity of~4x10°° erg s 1 at z~0.05 to~1.8 x10* erg s°1
at z~0.3 with a typical L0z relationship. Taken alone, this could lead us towards pref-
erentially detecting only higher luminositycHemitters at higher redshifts. However, the
~10x deeper detection limits of Edge et ah,prep. should mitigate this effect. Fur-
thermore we note that the original work by Cavagnolo et al0O@0used mainly ld
luminosities from Crawford et al. (1999) and that the use ekthoptical lines as an in-
dicator of a cool core cluster requires only theiesencend is not dependent upon their
total luminosity, hence an accurate measurement of thdlik is not essential for our
pruposes (see Section 1.4.4 and Figure 1.1).

We note that Crawford et al. (1999) found a higher detectexditma of line-emitters in

X-ray selected clusters than optically selected targetd,that the detection fraction for
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the X-ray selected clusters targeted by Edge et al.is caabpmar This therefore suggests
that the dichotomy seen by Cavagnolo et al. (2008) extendsetaleeper & detection
limit of Edge et al., and hence including these classificetis not believed to introduce
any bias by way of non-cool cores exhibiting line emissioa ateaker level than investi-
gated by Cavagnolo et al. (2008) (see also Figure 1.1).

The use of a proxy measure for the cool-core to non cool-ciatgotbmy will almost
certainly introduce a level of contamination, however wédwe this to likely be below
1% (Cavagnolo et al., 2008). Furthermore, using this prolgna us to classify a much
larger sample than is currently possible from X-ray obseoves. Hereforth we split our
parent sample of 726 clusters into those whose BCGs exhitdadgmission lines (line-
emitters, henceforth LEs) and those which do not (non liméters, henceforth NLEs;
see also Table 2.1) and refer to these (near-)synonymousiystwvong cool-core clusters
and non cool-core clusters. It must be noted the absence agured optical lines is not
sufficient to rule out the presence of a weaker cooling CORA@Yr < teool < tHubble),
but their absence does point towards these clusters besagligmamically settled.

The BCS/eBCS sky coverage overlaps fully the NRAO VLA Sky SyridVSS) ra-
dio survey (Condon et al., 1998, DE£-40°, complete tox~2.5mJy at 1.4 GHz). Of the
417 REFLEX clusters in our sample, 297 fall within the NVS8ioa and 156 within
the complementary southern region covered by the Sydneyelsity Molonglo Sky Sur-
vey (SUMSS: Mauch et al., 2003) (DE€-30°, complete tox6mJy for DEG<-50° and
~10mJy for DEG<-3(° at 0.843 GHz). These sub-samples are hereon referred te as th
REFLEX-NVSS and REFLEX-SUMSS samples. There were 36 ssuxiihin the RE-
FLEX sample that fall in the overlap between SUMSS and NVSBwmce there is some
redundancy. We leave these sources in both the REFLEX-NV@REFLEX-SUMSS
samples when these samples are treated independentlytiohadly, these sources can
be used to estimate the variation in spectral index acroasale of BCGs that were not
selected from their radio-brightness and hence are frem foors associated with radio
flux selected samples. Combining the BCS and eBCS cataloguesigsa 303 source
subsample that we henceforth refer to as the (e)BCS. The qalipanumber of clusters
in (e)BCS and REFLEX-NVSS allows for self-consistency clseckany found results

since the samples were independently compiled.
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Table 2.1: BCGs within the (e)BCS and REFLEX galaxy clustergam(after removal
of ‘contaminant sources’). The samples are broken downlpthdio detection in NVSS
and/or SUMSS and also the presence of extended opticaliemlgges around the BCG,
which are indicative of the presence of a strong cool core.
| Lines|No Lines
BCS
Detected 55 67
Non-detected 8 69
eBCS
Detected 19 44
Non-detected 6 35
REFLEX - Total
Detected 91 161
Non-detected | 17 148
REFLEX - NVSS
Detected 67 119
Non-detected | 10 101
REFLEX - SUMSS
Detected 36 58
Non-detected 7 55

2.5.2 Main Sample

We have targeted follow-up observations of 246 of thesecesuat either C- or X-~&5
or 8 GHz) band (or both) using the ATCA or VLA (see Appendicesrl 8). These
sources constitute the ‘Main Sample’ of this chapter. Theyprise 106 + 64 sources
(detections + non-detections respectively) in the BCS, 13in the eBCS, 39 + 7 in
REFLEX and 9 + 6 additional sources that since publicatiothefcatalogs have been
found to fulfil the detection criteria but were not initialtfassified as clusters, typically
due to expected AGN contamination. The extra sources ar@-ddtections: A7, A2552,
Zw15, Zw5029 and Z7833. Detections: All, A291, A1664, A222& 4C-05.84). This
constitutes follow-up completenesses~085.4%, ~14.4% and~11.0% for the BCS,
eBCS and REFLEX catalogues respectively.

Whilst only a minority of eBCS clusters are included in the M&emple, these were
randomly selected from the eBCS prior to its publication amol#d constitute a fair addi-
tion to the Main Sample. The minority of clusters followedfupm within the REFLEX
sample were selected to be the radio-brightest (L-band}dmitting BCGs. This intro-

duces a selection effect into our Main Sample in that we oiela greater proportion of
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LE clusters than are present in the general cluster populatindeed, this problem is
exacerbated by our choice of X-ray catalogues for the pa@miple since cool core clus-
ters have a strongly peaked X-ray profile, which leads to arahtietection preference
over non-cool core clusters. This is desirable since we rstgra@sted in comparing the
radio properties of LE-hosted BCGs to those of the NLE-hoBt€&s. As<30% of the

cluster population constitutes LEs, by skewing our sebecto LEs we return a sample
with a higher fraction of LEs than other cluster detectiortmes typically yield. This

sample selection should be considered when investigatipfigations to the galaxy clus-
ter population as a whole. The high completeness for BCS hewmwovides us with a
radio-observed, X-ray selected cluster sub-sample that-isiased by any radio priors on

the BCGs, which can be tested.

Main Sample+

To form a complete radio flux limited sample for considerihg tadio properties of BCGs
in the full parent sample, we supplement the Main Sample bgidering SEDs composed
of literature values for all BCGs in the Parent Sample thatradéo-matched to at least
one of NVSS or SUMSS and have L-band fluxe§5mJy (we note that the 843 MHz
observing frequency of SUMSS is technically below the tiadal L-band range of 1-
2 GHz, however we refer to both SUMSS and NVSS as ‘L-band’diocactness). Whilst
without targeted follow-up, the decompositions of thes&rees (see Section 2.7 and Ap-
pendix F) contain a higher fraction of upper limits, the audi of these sources does
ensure that we are drawing conclusions on the radio behaefd®CGs from a complete
flux-limited sample and immunises us against missing exdréainteror brighter) ob-
jects that may oppose any trends found from the targeted @igmplt should be noted
that the decompositions obtained for these extension ssw@e less reliable than those
in the Main Sample, often utilising only components of thddSElose to the 1 & 10GHz
frequencies of interest as opposed to full SED construaimh subsequent decomposi-

tion. We refer to this flux-limited sample as the Main Samplleenceforth MS+).
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Table 2.2: Breakdown of the ATCA and VLA observations usecdhis thesis that were
published for the first time in Hogan et al.2014a (All: P.l.ge)l Note that we present a
small amount of L-band data from project AE117. This data wsed when compiling
our SEDs and was presented for the first time in this paper.

Proposal IDYear| Array |FrequencySources Observed
(GHz)
C1958 |2011ATCA-6A| 5.500 14
C1958 |[2011ATCA-6A| 9.000 14
C1958 |2008ATCA-6A| 4.800 31
C1958 |2008ATCA-6A| 8.640 31
AE125 [1999 VLA-C 4.835 14
AE117 (1998 VLA-A 1.385 12
AE117 |1998 VLA-A 8.435 32
AE110 |1997 VLA-C 4.835 23
AE107 (1996 VLA-C 4.835 27
AE099 |1994 VLA-C 4.835 59

2.6 Observations

This work has utilised data from a variety of observing camgps, supplemented by
measurements obtained from the literature.

Both pre and post-CABB (Compact Array Broadband Backend; Mikst al., 2011)
data from the ATCA were analysed. Additionally, VLA data frdive observing cam-
paigns were utilised (see Table 2.2). All of these obsemnatiollowed a standard ‘snap-
shot’ schedule with multiple visits to each target sour@pasated by several hours to
ensure good hour-angle (HA) coverage. Each visit was sartbali between short ob-
servations of a nearby standard source for phase calibra#dsolute flux calibrators
were observed at the beginning and end of each run with theeptelibrators also used
for bandpass calibration where appropriate; otherwisgtimeary calibrator was used for
this.

ATCA and VLA data were reduced and fluxes measured for the thetesources us-
ing the Multichannel Image Reconstruction Image Analysi RBisplay (MIRIAD: Sault
et al., 1995) and the Astronomical Image Processing Sysd¢Rf Greisen, 2003) pack-
ages respectively, following the standard reduction piaces.

Literature searches were performed for all sources in thenNsample (i.e. those

observed in Table 2.2) and its extension. The SED of eachesEtBCGs was populated.
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Data were taken from the major radio catalogues (e.g. Alisifalescope 20 GHz Survey
(AT20G), Murphy et al. 2010; NVSS and Faint Images of the R&ky at Twenty-cm
(FIRST) at 1.4 GHz, Condon et al. 1998; White et al. 1997; SUMIS®3 MHz, Mauch
et al. 2003; Texas Survey of Radio Sources (TEXAS) at 365 Mbtryglas et al. 1996;
Westerbork Northern Sky Survey (WENSS) and Westerbork IrSthethern Hemisphere
(WISH) at 325 MHz, Rengelink et al. 1997; De Breuck et al. 200 ER GMRT Sky
Survey (TGSS) at 150 MHz; VLA Low-Frequency Sky Survey (V)%574 MHz, Cohen
et al. 2007). Additional fluxes found by searches arounddlderpeak coordinates in the
NASA/IPAC Extragalactic Database (NED), High Energy Aptigsics Science Archive
Research Center (HEASARC) database and/or the National Restitonomy Archive
(NRAO) were individually scrutinised to ensure matches.

The large variety of data used, originating from a varietyed¢scopes, naturally en-
compasses a range of angular resolutions. This means thattdgrated derived fluxes
may not be sampling the same spatial scales and hence anenottelirectly compara-
ble. Careful consideration is given to this to ensure thas&img flux’ does not lead to
imitated spectral breaks or variability. Whilst this efféstan extra consideration when
interpreting fluxes measured with interferometric obseoves, it can also be advantagous
since for many sources we are able to consider high and lavlutasn data seperately to
study different scales within the same source. Furtherildeia the consideration given

to the varying angular resolution of the data used are ginegkppendix A.

2.7 SED Decomposition

2.7.1 Core versus ‘Non-core’

The total radio SED of each BCG can be decomposed into two nsajoponents - an
active, typically flat-spectrum (spectral indes<0.5) component attributed to current
activity within the AGN and a typically steeper spectrum gament (>0.5) that com-
prises all other emission.

The steeper component is most likely to be due to lobe enmissnal so trace past

2Unless otherwise stated, we use: Flix %
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activity of the central engine. Alternatively it could bealio other acceleration processes
towards the centre of the galaxy cluster in which the BCG e=sssiduch as sloshing giving
rise to a mini-halo or phoenix relics (e.g. van Weeren et2411; ZuHone et al., 2013;
Walker et al., 2014, and references therein). The specifiphaogical and energetic na-
ture of this component is often difficult to determine andrgéavariety of nomenclature
for the various source-types has arisen (see Kempner @084, for a detailed review).
The steep spectrum means that this component becomes tesgent towards higher
frequencies and is often faint at L-Band and above, rengatidifficult to detect if an
active core component is present. Conversely, current AGNigcmanifesting itself as
a flat-spectrum core component can be swamped at lower fneggge High resolution
observations are required at low frequency to properly atigrise these components.
However, in this work we wish to address the difference inoamission between on-
going core activity and older, steep-spectrum emissiontemteforth use ‘non-core’ as
an umbrella term to refer to the steeper spectrum comporarassociated with ongoing
core activity, regardless of physical origin and spatiabtation.

The core component may show a synchrotron self-absorptiorover at~few GHz
but tends to remain flat (or in rarer cases inverted) out tersdtens of GHz. Similarly
the ‘non-core’ component may show a turnover, albeit at moefer (< a few hundred
MHz) frequencies although this is more likely to be attrdhle to free-free absorption.
Additionally, this component may exhibit a steepening imdehigher frequencies due to
synchrotron ageing of the underlying electron populati®EDs with a strong inverted
core component and a steep low-frequency tail suggestregduaictivity whilst also re-
quiring the re-ignition time-frame to be on timescales lésm the lifetime of the steep

component.

A Note on Non-AGN Related Cluster Radio Emission

Note that when present we exclude both cluster scale radas fzad peripheral relics
(a.k.a. ‘radio gischt’; e.g. Giacintucci et al., 2011b)rfremur non-core component, as
these are both unrelated to the AGN activity of the BCG (e.gnpieer et al., 2004;
Ferrari et al., 2008). There are however a number of otha@orstductures seen in clus-

ter cores such as mini-haloes and phoenix relics whoseaesdtip to the BCG and the
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cooling core is more uncertain (e.g. Gitti et al., 2002, 208@07). There is debate in
the literature as to the true nature of so-called ‘mini-Baknd these present a some-
what contentious middle-ground between cluster related®N-related radio-emission.
True mini-halos tend to be reasonably spherically symmegteep spectrum, low surface
brightness sourcesfew 100s kpc in diameter centred on the BCG (e.g. Burns et al.,
1992; Owen et al., 2000; Giacintucci et al., 2014). The ebectiffusion lifetime is so
long as to exclude acceleration by the central AGN. The emgifptarticles must therefore
be accelerated in-situ and appear to be related to the gpfbdiw. It is however possible
(and indeed likely) that the seed population originatefi&éAGN.

Confusingly, it appears that BCGs often contain a smateiefv 10s kpc) amorphous
halo or‘confined cluster core(e.g. Venturi et al., 2004), that appears to be related tyrec
to confined, ageing AGN ejecta, which is also occasionafigrred to as a mini-halo. As
the exact nature of the non-core emission is not paramounuo purposes, we may
include in our non-core measures emission that could reddpie called ‘mini-halo’
in the literature if it contributes a portion of the flux in lek@solution observations that

provide such a measurement as the ‘BCG flux'.

2.7.2 SED Fits

A graphical representation of the decision making processgdtermining the best method
to differentiate the core and non-core emission in eachcgogrshown in Figure 2.1. The
remainder of this section explains this process, and thestsatsed, in more detail.

The majority of sources were unresolved at the resolutionit lof our observations
(typically ~4” at C-band, equivalent te:8 kpc at our median redshift of 0.126). Where
clearly distinct core and non-core components were redoivnelividual SEDs were pro-
duced and fitted directly for each component. This scenads most likely for bright
sources where the total flux is dominated by lobes with larggutar size. Alternatively,
in lobed systems with small angular size, the resolution freguently adequate to dis-
tinguish lobes yet not be able to directly image a separat co

Few-arcsecond resolution unresolved sources, withoigtgehing Very Long Base-
line Interferometry (VLBI) observations, could consistar active core only or small

scale yet ageing non-core emission. For resolution limstaarces, variability and spec-
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tral shape were considered when attempting a breakdowredBDs on a case-by-case
basis (see below). Where a strong case could not be made ®salmed sources being

either core or non-core dominated, conservative assumgptiere employed.

Main Sample

Four simple models were considered for each source SED -géespower law of the
form:
S=Agv ° (2.7.1)

a split power law of the form:

S=Agv 94 Ay @2 (2.7.2)

a ‘dropline’ model, which allows for a high frequency rolkwvto simulate synchrotron
ageing:

Vo

S=AV %(1—Ae V) (2.7.3)

or a Gigahertz Peaked Source (GPS)-like model that allone $pectral peak to simulate

self-absorption (Orienti & Dallacasa, 2014)

Log(S) = Ap+ Log(v) (A1 + AxLog(v)) (2.7.4)

where S denotes measured flux and ‘A's are constants to berdeésl.

These fits are not intended as physical models. Indeed ie&s that for the dropline
model, extrapolation outside of the region being considieveuld lead to negative pre-
dicted flux. Instead they are merely phenomenological fithéoknown data to provide
a robust breakdown of the two broad emission types - core anecore - to allow their
properties to be separated.

The single power law provides the simplest possible fit. ftsn had to be employed
particularly for poorly sampled SEDs. The index of this povesv was considered, with
a flat or inverted slope leading to the detection being aiteéd to a core component,
or a steep slope meaning the detection was classed as a reonide nominal cut-off

between these distinctions was takeroas 0.5. However, anything shallower than=



2.7. SED Decomposition 62

Hﬁkﬂﬂf mmuren’ﬂm %—h ¢ Crente A
sgie sepaa
st YES ‘-' SED= and fitthese |

. distinct? g U\ Pimenknly
NO
il 'J'“- L' ﬁttil'l-EGF'S.IDru;ﬁ'lE"‘x
Is the spectrum dominated |:"w5‘3| component directly and |
by & clear GPS-ike or Dropline putlimit on other |
mmpmaﬁ{iﬂhmﬂﬂmm]" i b LR S
|r-.|n| Does the flatter
e component have o < 0.2
T @D {nrﬂi-:un‘&?ﬁﬂ.t\:iﬁﬂﬂ;qm
fitted directly with w
a Split Power-laaw? JmL _J‘EEL_

md{wmmueﬁgrﬁt“\ ”flmanetmﬂmﬂ \
! with a Dropline model. If not, H Eﬂmﬂiﬁﬁmﬂﬂ I
ﬁﬂﬂﬁﬂiﬂﬂ;&fﬂ]‘l‘.ﬂ]ﬂ'&ﬁta& t'ﬁi:ll:nﬂ'q:mmts ;

NO '- a Mon-core and place a limit ..- ;
HH on the Core component
- o Ty
< 7 - f Fit as a Non-core,
\ — | a>0.82 || YES " take a limit on ﬂ'ﬂ J
i ._|"|’EE|; : | |
"'-."II- -""-\-\_\__.;-' l"'l.,\_ CEE .-
Is there enough k
h / Fitasacore,
m’fspﬂm&a u-:u2?| ‘ES mammmﬂ;
index? -J_L.- .
" lsthesoumce /" FitasaNon-
NO Clearly resolved and [ YES ;" core, takea |
- |Diffuseflobe-dominated? \limit on the Care /
—— = = :
r-' -LH'. m |II ".
| Be conservative - | - "J L' - [ F&%Eﬁ !
:quem-nnbmnw’m Is the source |[VgS an the f
I"-.,_ components .-"I vanahle? II"'-._ Mon-core ,.-"'II

Figure 2.1: Graphical representation the decision makiogess when determining the
best approach for each individual SED decomposition. Molgdical, spectral and vari-
ability properties are all considered when determininglibst classification of the core

to non-core breakdowns.
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0.8 or steeper thaa = 0.2 was further scrutinised. Hints of extension were dssatdor

at each observed frequency and variability was considevét,the proviso that a core
dominated system was more likely to vary on shorter timescdh situations where there
was strong evidence for one component dominating the obddlwx and hence spectral
shape, then the value of this component was taken as a messuref that component.

A limit was placed on the other component by extrapolatinthwai representative steep
(dtnon—core = 1.0, see section 2.7.3) index from the lowest observedu&eqgy or with
representative shallowogee = 0.2, see section 2.7.3) index from the highest observed
frequency for non-core and core limits respectively.

Where a clear spectral break could be seen (e.g. see Pangube Bi2), a split power
law was employed to fit the two components. Highly variablerses could display an
apparently split spectrum if observations taken at difiefeequencies were substantially
separated in time. We considered the timescales and amgtivas between observa-
tions at different frequencies to help distinguish betweamsistent and apparent spectral
breaks.

SEDs that exhibited the high frequency rollover typical nfageing electron popula-
tion were fit with a dropline model. When only this componenswa@parent in an SED,
the value derived was attributed to the non-core componahadimit placed on the core
(e.g. Panel c, Figure 2.2).

Somewhat unexpectedly, a minority of sources exhibitedangty inverted, peaked
spectrum which was fit using the GPS-like model. This speshape is typical of a GPS
source, commonly interpreted to be either a young or regeattriggered AGN and as
such is indicative of a strong, active core (O’'Dea, 1998)wkler in a couple of cases
a steep-spectrum, low frequency ‘tail’ of emission can &s®een in the SED, allowing
the non-core component to also be measured (e.g. PanelagRd). Where only a
GPS-like component was apparent a value is taken for theacwta limit derived for the
non-core component (e.g. Panel d, Figure 2.2).

During the fitting, consideration was also given to the gassr of flux on spatial fre-
guencies not sampled by observations and hence effecteedyved out. Again, caution
was employed to ensure that such effects did not overly hiab@akdowns.

Full details of the breakdowns and the SEDs for each sourtfeeiMain Sample can
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Figure 2.2: Example SEDs for four different source-typaganel a, RXJ0439.0+0520 is
dominated by a GPS-like core component at frequencies ab&v@Hz although a clear
steep spectrum component is seen at lower frequenciesl Psinews 28276 where such
a dominant inverted core is not present yet there is stilstirttit flattening of the spectral
index to higher frequency suggestive of a significant acim@ponent in the system. This
appears well represented by a split power-law. Not all sesigan be fit with two distinct
components. Panel ¢ for example shows RXJ0747.5-1917 hvagpears to be well fit
by a steep power law with a rollover to higher frequencies. (a‘dropline’, see text).
This source is slightly resolved at X-band with the VLA-A,rfoe extrapolating from
the peak of this observation allows an upper limit to be pllage a core contribution.
Alternatively, panel d shows RXJ1315.4-1623 whose BCG igeswived at all observed
frequencies and exhibits a peaked SED, indicative of it gpeilominated by an active,
self-absorbed core. There is a map detection at 150 MHz fr@89 that may indicate
the presence of a weak non-core component although thetamtgiis too large to derive
a strong measurement of this and hence a limit on the noni€dexived by extrapolating
from this low frequency point.
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be found in Appendices A - C.

Main Sample+

For many of the brighter members of the MS+ extension (e.gdrahA and Hercules-
A) clear morphological decompositions could be perform&ilhere this was not the
case, partial spectral breakdowns were performed usingaire criteria as for the Main
Sample with the exception that, due to the typically muchdosgpectral coverage and
less available data, GPS-like and dropline models were setl @s they were poorly
constrained. Often a single index fit around the normabsatiiequency had to be taken.

For many of the sources in the MS+ extension, radio coveraggeliwited to only the
L-band detection. In these instances the detection thigslod higher frequency large-
scale surveys, predominantly the Green Bank 6-cm at 4.85 @®&6: Condon et al.,
1994), the Parkes-MIT-NRAO surveys at 5 GHz (PMN: Griffith & ht, 1993) and
AT20G were considered to determine whether the source hattex §pectrum component
to high frequencies or whether the L-band flux is attributatl a dominant non-core.
Where a limit on a higher frequency flux determined that theah<detection must be
due to a source with spectral indexx>0.8 then it was attributed to dominant non-core
emission and an estimate of this made using a short exttapolaith dsiee1.0. Core
limits were then drawn usingg3:=0.2 from the higher frequency limits. These indices
were chosen on the basis of being typical of thealues found for clearly identifiable
components. In instances where the higher frequency loiidtaot rule out spectra flatter
thana=0.8 caution was employed and limits taken on both compenextrapolating
from the L-band detection with indicesstee=1.0 andag5=0.2 for the steep and flat
components respectively (see also Section 3.3). Simjlaxyer frequency survey limits
were considered to ascertain whether a lower limitogfz;<0.5 could be determined
for any sources, so ruling out a source being steep spectaminadted. However, the
relatively shallow detection limits of most low frequencyrgeys (e.g. ~700mJy for
Molonglo Reference Catalog (MRC: Large et al., 198¥100mJy for VLSS) coupled
with the comparative depth of the L-band surveys meant tieste limits were restrictive
in only the brightest sources and these tended to have egsaterphology anyway.

Notes for the decomposition of each source in the MS+ can liedfin Appendices
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F and G.

2.7.3 Measured Indices

Figures 2.3 and 2.4 show the distributions of measured @sdier our Main Sample and
Main Sample+ respectively. Whilst (partly by nature of thiedtentiation criteria) there
is a clear split between the shallow spectrum core comparahthe steep spectrum non-
cores, some crossover of indices is seen. For the core canpmmot all will necessarily
be flat and exhibit self-absorption. Indeed, for a ‘nakedtahere the base of a recently
triggered jet can be seen then an injection index0f6 may be expected (Laing & Bridle,
2014). Alternatively, extended emission can have a radbtiflat spectrum<0.6). A
tail to inverted core spectra is seen, mirrored by a tail toausteep components for non-
cores.

Our choice of a representative indicesobe=0.2 anddnon_core=1.0 for extrapola-
tions initially appear to be slightly too shallow and tooegigespectively when consid-
ering Figures 2.3 and 2.4. These choices are however gavéyeonservatism. If we
consider the median index for the core and non-core whenedisured indices for each
of these components are included, we arrivégie=0.33 andonon_core=0.96 (consid-
ering the Main Sample only, as this has most reliable indeasneements). However,
if we restrict our sample to the subset of sources where baotieasure of the core and
non-core were obtainable our median indices &§<=0.28 andonon—core=1.08. Often
when a source is detectable out to frequenci@® GHz it either contains a clearly iden-
tifiable active core component or is a bright source, whicimany cases have VLBI
measurements. For these reasons in most cases where aago&ation is required it
is from below the 10 GHz normalisation. Therefore a shalloindex provides a more
conservative upper limit, hence our choicengfe=0.2

On the other hand, the majority of extrapolations for the-nore component were

from below the 1 GHz normalisation frequency and hence aflattlex is more conser-

vative. We therefore choo®g,on_core=1.0 as our representative index. For cases where an

extrapolation of a given component is required we employeuainties oftterror==+0.2.
The presence of a significant tail of ultra-steep non-couggssts that such emission

may be fairly common around BCGs. Amorphous and mini-halcssion is often found
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Main Sample: At least one determinable component
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Figure 2.3: Incidence of fitted indices for the core and noreditted components to our
Main Sample. In both panels, blue lines represent the fittddx of the core component
and red that of the non-core. Solid lines are instances wtherelevant component could
directly be determined whereas the dotted lines includedngponents where a represen-
tative index had to be assumettisfee 1.0 andag|5=0.2, see text for justification). For
the top panel, all sources in the Main Sample are includedvfoch at least one com-
ponent could be measured, hence the high incidence of adstiees as required for
extrapolated limits. In the lower panel, the red lines tratéstances where a core value
could be determined and the blue lines trace all instancesend non-core value could
be determined. Note that limits remain in the lower paneMiben a component could
be resolved and had a measurement near to either normatigaty. a VLBI core mea-
surement) and only a small but secure extrapolation wasrestjunonetheless needing an
index to be assumed. See also Appendix A.
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Main Sample+ : At least one determinable component
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Figure 2.4: Same as for Figure 2.3 except now extended tadedhe full flux limited
MS+. We again include sources with an assumed index as thglskght the ratio of
instances where an index could be directly determined tawween with our relatively
good spectral coverage, an index had to be assumed for asdingi component.
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to be very steepo(>1.5), suggesting there may be a link between these strgcture
emission from a persistent AGN (see Section. 3.4.4).

For sources not detected in the pointed observationsalitex searches were per-
formed to determine whether there was any weak, steep spe&mission present at
lower frequencies. Limits on both the core and non-coretimiere determined by ex-
trapolating with representative indices from the relevanits.

The relative importance of each of these radio component¥e-ar non-core — are

considered in the following chapter.



CHAPTER 3

The Broad Band Radio Properties of
Cores and Non-cores

3.1 Abstract

In this chapter we use the sample of BCGs identified and whatie 8EDs were de-
composed in the preceding chapter to study how the radioeptiep are related to the
cluster environment. Line emitting BCGs are shown to geheladst more powerful ra-
dio sources, exhibiting the presence of a strong, distsigable core component #60%
of cases. This core component is found to more strongly Eaerevith the [O111]500A
line emission. We also find that for BCGs in line-emitting ¢&urs, there is correlation of
X-ray cavity power with both the extended and core radio siarg suggestive of steady
fueling of the AGN over bubble-rise timescales in theseteliss The work presented

within this chapter constitutes the second half of Hoggal. 2014a.

3.2 Monochromatic L-Band Radio Properties

Initially we consider only the flux limited monochromaticdia properties of our Parent

Sample around 1.4 GHz, to gain an overview of the generalgrtigs.

3.2.1 Radio Matching

The optical BCG positions of the entire parent sample wersszreferenced with the

NVSS and SUMSS radio catalogues, initially searching withieir respective positional

uncertainties ( 1-7” for NVSS, 1-10” for SUMSS). Additionahcertainty for the radio
70
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source position arises due to the relatively large beans ¢izd5”). Where a radio source
was matched to within one beam size but greater than 2” frarotitical position, the

sources were inspected visually to ascertain whether alntatald be claimed. Addi-

tionally, where multiple matches fell within the beam sizeyt were visually inspected to
ensure multiple components of individual sources were@muately included.

A sizeable proportion of the (e)BCS clusters73%) fell within the FIRST (Becker
etal., 1995) survey region (matched to SDSS, DEC lisfL0), which has a smaller beam
size & 5”) and lower flux limit (x 2mJy) than NVSS. A much smaller portior26%)
of sources within the REFLEX-NVSS sample also fell withie RIRST region. Sources
within this overlap region were additionally cross-matdheith the FIRST survey and
radio-optical overlays inspected. With the higher regolutdata of FIRST, we find that
~15% of sources tagged as matches in NVSS were likely not ededavith the BCG. It
should therefore be noted that the absence of a similarly l@golution southern survey
is likely to introduce a bias in that mis-attributions of a@i@source to the BCG are less
likely to be noticed in the southern hemisphere. Howeveralge find that~10% of
sources in the FIRST footprint that were not detected by NW@& either detected with
the fainter threshold of FIRST or shown to be radio-loud petedently of another nearby
source and hence this bias is likely to be tempered by therldetction threshold and

higher resolution of the FIRST survey.

3.2.2 LE and NLE Match Rates

The number of BCGs matched to radio-sources can be seen ia Zahlalong with a
breakdown of whether these BCGs are optically line-emitbngnot (LE or NLE). We
find a detection percentage of 61.14+-5.5%, 62.6-5.5% and 60.37.7% for (e)BCS,
REFLEX-NVSS and REFLEX-SUMSS respectively, assuming sntpnomial errors
with a 95% confidence level.

These BCG radio-detection rates are slightly elevated comdpt other X-ray se-
lected samples. For example, Sun et al. (2009) found a 5068@&¢iibn rate for a lumi-
nosity cut of Ly 4 gHz > 10?3WHz 1 for their sample of 43 nearby galaxy groups with
Chandra archival data. A50% detection rate was found for both the Brightest 55 (B55,
Edge et al., 1990; Peres et al., 1998) and The Highest X-r&jxFkalaxy Cluster Sam-
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Figure 3.1: Radio luminosity distribution (RLD) for all BCGsithin the (e)BCS and
REFLEX-NVSS (top panel) and REFLEX-SUMSS (bottom panelja)-selected cata-
logues, separated by the presence of extended opticaliemisgs. In both figures, solid
lines trace LEs, dashed lines trace NLEs and dotted lines waper limits for galaxies
that are radio-faint to the detection limit of the relevaatvgy. A clear environmental
dependence is seen for LEs to host more luminous sources.tophganel shows the
1.4 GHz RLD for all clusters that lie within the NVSS survegi@n for both the (€)BCS
catalogue and REFLEX catalogue, with the relations for e surveys showing good
agreement and repeatability of the result. The bottom psimalvs the 0.843 GHz RLD
for clusters in the REFLEX catalogue which fall within the 8S survey region.
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ple (HIFLUGCS) (Reiprich & Bhringer, 2002; Mittal et al., 2009) samples. Ma et al.
(2013) studied a combined sample of 685 X-ray selected galasters. Matching to the
NVSS, they found a matched detection rate between the clostedinates and radio-
sources>3mJy (roughly equivalent te-1.7x107*W Hz 1 at their upper redshift limit)
of ~52.1% (or~48.5% accounting for expected background contaminatiblowever
we note that where possible we have used the lower flux detetttreshold of the FIRST
survey and also matched the optical BCG positions ratherchester X-ray positions, as
these are not always equivalent and hence would result ire sadio-loud BCGs being
missed. Considering these factors, we have reasonablenagmésvith previous radio-
BCG detection rates in X-ray selected clusters.

Our detection rate is significantly higher than for otheeviderived samples (e.g.
~30% for optical selection, Best et al., 2007; Stott et al.120with BCG mass de-
pendency. This reflects the fact that X-ray selected sangpkebiased towards selecting
the most massive, settled clusters which are more likelyst & radio-loud BCG (Burns,
1990; Mittal et al., 2009). However, a fraction of our nortetions are likely to be radio-
loud but below our detection threshold and so our detecatacan only provide a lower
limit on the overall duty cycle of radio-loudness of BCGs. This-identification of some
clusters that contain central radio sources, due to X-rais&on being incorrectly at-
tributed to the AGN rather than the ICM, may also contribute décuss possible cluster
survey mis-identifications in Section 3.4.6.

More interesting is the difference in the detection rateMeein LE and NLE BCGs.
We detect 84.1£7.6%, 87.6:7.5% and 83.711.0% of the LEs and 51466.7%, 54.7-6.6
% and 51.39.2% of the NLEs in (e)BCS, REFLEX-NVSS and REFLEX-SUMSS re-
spectively, again assuming a simple binomial errors wittb& Yonfidence level. We
note that these detection fractions are affected by instardi flux limits and further that
if we consider only our C-band pointed observations of the B@#Hsin our Main Sam-
ple then we recover detection fractions of 2681% for LEs and 48-28.8% for NLEs
down to our detection limit 0k<0.3mJy. These detection fractions compare favourably
with those of Mittal et al. (2009), who report detection fiaos of 45%, 67% and 100%
for non-cool cores, weak cool cores (1Gy1t.oo < 7Gyr) and strong cool coresgh <

1Gyr) respectively, for the HIFLUGCs sample of the 64 X-raightest galaxy clusters.
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If the simplest case is taken whereby the detection rat&éntas a proxy for the duty
cycle of AGN activity (e.g. Lin & Mohr, 2007) then this prowed clear evidence that the
duty cycle of BCGs in strong cooling flow environments is higtiean for BCGs in less

extreme cluster centres.

3.2.3 Luminosity Functions

A further clear distinction in the radio properties betwddfs and NLEs becomes ap-
parent by considering their luminosity distributions ($eégure 3.1). Radio sources in
LE BCGs are on average more powerful than for NLEs. The digtidns in Figure 3.1
are effectively complete te-few 1023WHz 1. Although the distributions in the directly
comparable (e)BCS and REFLEX-NVSS samples (Figure 3.1 toplpare not perfectly

aligned (see below), the same general result is seen.

Redshift Considerations

Differences in the redshift distributions of clusters i ttwo samples may account for
some of this scatter. Malmquist bias would suggest a preferéor detecting higher lu-
minosity sources in a sample with a higher redshift distidou The redshift distributions
of the clusters with radio-loud BCGs for the three sub-sasple shown in Figure 3.2,
with 10 uncertainties assuming Poissonian errors. We see no s@mifilifference in the
redshift distribution of our line emitting and non-line d@timg BCGs, with neither LEs
nor NLEs preferentially seen to higher redshifts. We do $e for the REFLEX sam-
ple, to low significance we have proportionally more LE BCG¢hia lowest redshift bin
(z<0.1). If anything however, this would suggest a higher rdtslmstribution for our
NLEs than LEs and should therefore be expected to bias our $drple to be more
luminous than LEs. Hence such a bias, if present, actuatiyeseo strengthen our result.

To minimise any redshift related uncertainty, the disttidus were re-plotted for only
those clusters at z 0.1 (see Figure 3.3). The distributions between the (e)BGE an
REFLEX-NVSS samples now appear to agree with less scattethentrend for LEs to
host more powerful radio sources remains.

It should be considered that there is a decreasing fracfistnang cool cores observed

to higher redshift, although this evolution is not belieggghificant over the redshift range
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of our sample (Santos et al., 2010; Samuele et al., 2011; Maldcet al., 2013).

There were 36 matched BCGs within our sample which lie in thexlap of the NVSS
and SUMSS regions. This relatively small sample was fourte a reasonably uniform
range 0fvg 843GHz - V1.4 gHz Indices ofa =-0.27 - 2.12. This range of indices highlights
the wide diversity of radio activity found within the BCG pdption as a whole. It also
highlights the large uncertainties that are invoked by assg a single spectral index for
a population of sources when extrapolating too far from glsifrequency observation.
As such we choose against extrapolating the whole REFLEXASH sample to 1.4 GHz
for direct comparison to the others (Figures 3.1 and 3.3)iastdad note only that the
same luminosity distinction between LEs and NLEs is seen.

The tendency for the strongest cooling cores to host radieea®GN more frequently
and of higher power than the weaker/non-cooling cores shbatsthe environment is
having a direct effect on the BCG activity, with the strongeir@nce being that there is in-
creased energy output from the BCG in regions where more giergquired to suppress

cooling, directly connecting the cooling/heating proessee also Section 3.2.4)

3.2.4 Cluster X-Rays to L-band Radio Connection

To further investigate how the radio-behaviour of the BCGraats with the global prop-
erties of the host cluster we retrieve the integrated ctstey emissions from the BCS,
eBCS and REFLEX catalogues. Table 6a of the REFLEX catalogotains the X-ray
luminosities calculated using our cosmology. However,BI@S and its extension both
give X-ray luminosities for an Einstein-de-Sitter univexsith Hy=50 km s Mpc—1. We
correct this to our cosmology, with typical conversion tastof 0.5-0.7 for our redshift
range. We show in Figure 3.4 the monochromatic L-band radiegps for all sources
in our Parent Sample as a function of the X-ray luminosityh&it host clusters. A gen-
eral trend for the highest radio luminosity sources to inh#i®e most X-ray luminous
clusters is seen, albeit with significant scatter. The ad@dnnature of clusters means
that the catalogue observations sample regions of muchegnelaysical extent than just
the cluster core. The integrated X-ray luminosity is therefdriven predominantly by
the cluster mass, with more massive clusters correspondingre X-ray luminous sys-

tems. The correlation observed in Figure 3.4 is thereforbgyes indicative of the most
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Figure 3.3: As for Figure 3.1 although restricted only togbcaclusters that lie within
a redshift of 0.1. We see that the difference in the distrdmubetween LE and NLEs
remains, showing that it is a true physical result and notetyestue to redshift bias. In
particular note that the relations for ()BCS and REFLEX-ViSow appear to align
better. Better identification of sources in REFLEX covergd\Y/SS but not FIRST at

lower redshifts could account for this.
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Figure 3.4: Monochromatic (1.4 GHz) radio luminosity of BEG as a function of its
cluster's luminosity. The empty corner to the bottom rigetiects the detection limit
of the radio surveys rather than a true correlation wherbasbbund to the upper-left
shows that more radio-luminous BCGs tend to inhabit more ytaaninous clusters.
Note that REFLEX-SUMSS radio fluxes were extrapolated usingndex of -0.8 for

inclusion/completeness. See Section 3.2.3 for why thisapgtation is uncertain. X-ray
luminosities were corrected to a consistent cosmology. ddshed lines are illustrative
only and represent one-to-one normalisation with a two eaflenagnitude separation.

massive clusters tending to host the most powerful radicNA@Bhich may itself be due
to more massive clusters hosting more massive BCGs and imtara massive central
black holes. A secondary effect, for cool-core clusterstegrelevated X-ray luminosities
due to the higher core densities could also be contributit@yvever this is likely to be a
much more subtle effect than the mass dependency and isendothinant driver of the

correlation.

3.3 Core and Non-core Emission

As stated in Section 2.4, the true nature of any observed i&cdivity is difficult to un-
derstand when observing a sample at only one frequency. Weonsider the properties
of the decomposed core and non-core radio components réh&iionship to each other

and their separate and linked relationships to other alasté AGN properties.
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3.3.1 Linked Emission

For each of the sources within the Main Sample, we take maoatdtic proxy measures
of the core and non-core components at 10 and 1 GHz respgctigeally, the cores
should be normalised at a higher frequency and non-coreloates frequency. However,
often our radio SEDs are more sparsely sampled far away frentraditional cm-range
wavelengths. Hence, our choice of 10 GHz and 1 GHz for the alsations are a com-
promise between ensuring the relevant components can laeaseg whilst still being
within the best-sampled section of the radio waveband. Weakadio ‘colour-colour
diagram’ of the 10 GHz core normalisation against the 1 GHzcare normalisation in
Figure 3.5.

We see that BCGs in strongly cooling clusters are much moedylito be core dom-
inated yet both cluster types host powerful radio sourcesfulther elucidate this dif-
ference in distribution, in Figure 3.6 we plot a histograntlod ratio of the 10 GHz core
measure to the 1 GHz non-core measure for the sources in tireSdaple for which we
have well determined values fboth components. As in Figure 3.5, we see a tendency
for LEs to host much more core dominated radio-sources.

Strong core components only appear to be found in LEs. Theepe of very power-
ful non-cores in NLEs, normally associated with classicl&roff-Riley type | (FR-1) and
type Il (FR-I1) sources, belies that there must at some tibeepowerful core activity in
these objects. It stands to reason that in a much larger samgWvould find such events.
However, that they are not present in the current sampleesigghat such core outbursts
must be short-lived. Indeed we find that for the 48.8% of sesithat are identified as
LEs in our Main Sample, 60.2% have a determinable core coemtoof which 83.1%
are>10?3WHz 1 (see also Section 3.4.1). However, of the remaining 51.2%oofces
tagged as NLEs only 11.6% have an identifiable core compoeny 5% of these NLE
core components are10°3W Hz! and none has a core powesx1073WHz ! (see
also Section 3.4). This suggests an upper limit toabwe duty cycles of NLEs 0k 1%
with core powers>5x10?°WHz 1 whereas the prevalence of powerful core activity is
much higher in LEs. It appears therefore as if the activinare persistent in LEs. Itis
the presence (or lack) of an actigere component that appears to be the most important

distinction between the radio properties of LE and NLE BCGgnemore so than their
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Figure 3.5: Comparison of the flux density of the radio core gonent (normalised at
10 GHz) to that of the more diffuse radio component (nornealiat 1 GHz) for those
objects that exhibit optical line emission (top) to thosatttio not (bottom). The solid
line marks equal normalisation of both components, theelhfhes a factor of ten either
side. It appears that LE clusters are significantly mordyike be core dominated radio
sources whilst also undergoing the most powerful eventd §oey points in both plots
are sources in the MS+ (L-band15mJy) which are not covered by the Main Sample (see
text). Hollow points complete the radio coverage down tofthe limit of the SUMSS
survey (15mJy> S _pang >10mJy) and hence occupy only a narrow range in flux density.
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overall incidence of radio loudness (see Section 3.2.2).

The wide range of ratios of these two components has impomaplications for
the variety of sources that will be contained within any fleested radio sample, with
samples selected at different frequencies containingydsferent source types. We

discuss this in Section 3.4.6

Complete Sample

To ascertain whether our Main Sample is representativeeofitth parent sample, in Fig-
ure 3.5 we also show (in light grey) the decompositions fbsailirces in the Main Sam-
ple+ that do not fall within the Main Sample.

Considering the top panel of Figure 3.5 we see that for the ttiesdMain Sample well
samples the parent sample. For the NLEs (bottom panel)tidliyi appears that many
grey points lie above the black points. If we consider thatwhst majority of these are
upper limits on the core component for sources where themne isdication of a strong
active core, and that the majority of sources in the Main Sarape similarly spread in
non-core flux with deeper limits on the core components dusatong deeper targeted
observations at higher frequencies, then it appears reamto assume that the advent of
deeper higher frequency surveys (e.g. AT20G deep, Frartzan 2014) will push these
core limits down. We therefore believe that the Main SampleNLEs is indicative of
the true distribution of the parent sample.

Note that although the limits on NLEs in the Main Sample+ aarsponents do tend
to lie above the corresponding points in the Main Sampley tre still all below the
brightest cores seen in LEs.

For further completeness, we also include in Figureggproximatepositions for the
remaining sources in the Parent Sample that have radio fiid@Iy< S _pang < 15mJy.
This cutoff is chosen as the level to whiah the L-band surveys used are complete. We
refer to this as the Completeness Sample (CS) but note onlyhimatio not appear to lie

anywhere special on the diagram.
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Figure 3.6: Distribution of the core to non-core ratio of malisations for the sources in
the Main Sample only that have determined values for bothpmorants. This sub-sample
of data is incomplete yet represents the most well-samglétealata displayed in Figure
3.5 and highlights that LE-BCGs are on average much moreylikethost core dominated
radio sources than NLEs.

3.3.2 Cluster X-Rays to Decomposed Radio Connection

For the Main Sample+ sources, we plot the luminosity of tkkeie and non-core radio
components against their cluster X-ray luminosities iruFgy3.7. Whilst there appears to
be a general tendency that the most powerful cores only act¢he most X-ray luminous
clusters, there is a population of powerful non-core&@* W Hz 1) found in low X-ray
luminosity (<5x10* erg s 1) clusters. In the simplest scenario it would be expected
that bright cores should evolve into bright non-cores. Tdek lof bright cores alongside
the presence of bright non-cores in low X-ray luminositystérs is inconsistent with this

simple picture, hence we must consider alternate explamafor the bright non-cores.

Activity Cycle Considerations

Whilst strong non-cores can be the result of either the su®#ipn of multiple previous
periods of activity or the fading of a single powerful outstjia powerful core can only be
observed as the result of strong, current activity. Powerfm-cores in low X-ray lumi-
nosity clusters could therefore be explained by a couplefterdnt scenarios. Individual
periods of core activity may be genuinely less powerful issl&-ray luminous clusters
but happen relatively frequently, thus leading to a buidai material. Alternatively,

powerful core outbursts may occur in low X-ray luminositysiers yet be relatively rare
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Figure 3.7: Relationship between the core (top) and noe-fwsttom) radio components
of the BCG to the overall X-ray luminosity of the host clust®&ote that the strongest

cores appear only to occur in the most X-ray luminous and éemast massive clusters
whereas strong non-cores, attributable to single outbals-dominated systems may

also be found in low X-ray luminosity clusters. Black poiate non-line emitters (NLES)
whereas red points are line-emitters (LEs). The dashed lame illustrative only and
represent one-to-one normalisation with a two order-ofnitaide separation.
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Figure 3.8: As for bottom panel of Figure 3.7 except only fog Main Sample and now
symbols are sized by physical size of the non-core compom@anseen at C-band with
either the VLA C-Array or ATCA. Note that stars represent s@gsreshere extended emis-
sion is resolved out at this resolution but where lower ngsoh and/or lower frequency
observations show distinctive lobed features - i.e. they@solved-out with our sampling
but there is known extended emission in the systems, so tleegfeectively ‘pseudo-
unresolved’. Colours again represent the state of the cl{iskeck NLESs, red LESs) al-
though circles now show sources that are resolved (at te@ugon) and squares those
that are unresolved and hence represent upper limits. Siees measured as Largest
Angular Size (LAS). For unresolved sources, the major akihe beam was taken as
the size limit. The dashed lines are illustrative only angtesent one-to-one normalisa-
tion with a two order-of-magnitude separation. The dotied fepresents a normalisation
power-law of order three and is used only as a differenti¢dee text).

and simply missed by our sample.

The former of these two possible explanations could paéntexplain the observed
‘amorphous haloes’ observed around many BCGs (e.g. A20%2it&h et al. 2001; Ven-
turi et al. 2004), and of which our current sample containvess candidates (e.g. A2627,
A407, AS753, AS861, RXJ1720.1+2638; also see Appendix Alis halo would con-
tain multiple distinct populations of electrons from a nwenbf previous outbursts, all at
different stages of ageing but crucially none of which wolskdundergoing injection and
hence manifest as an active, flatter spectrum core. In tieisas®, the superposition of

weak populations would build to give the overall bright noore. High resolution spec-
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tral index maps of amorphous haloes could support thisgifdistribution of the spectral
index across the haloes was found to be clumpy rather thaothihgosarying, although
resolution effects at the varying frequencies would malasan endeavour difficult.

To attempt to break the degeneracy between single outbndsaecumulated non-

cores, we considered the physical sizes of the sources Malve Sample.

Size Considerations

We measured the largest angular size (LAS) at C-bandl& GHz) of each source in the
Main Sample using VLA C-array band imaging for the northerarses and ATCA-6km
for the southern sources. There is a small bias here in tleaV/tA-C is slightly more
sensitive to resolving larger scale structures but thisatffs expected to be negligible.
Sizes were extracted using the AIPS task TVDIST for resok@arces or alternatively,
the major-axis of the Gaussian beam as fit by the AIPS task JM¥ds taken as an
upper-limit on the largest angular size (LAS) for unresdlgeurces. Angular sizes were
converted to physical scales using the Interactive Datayuage (IDL) routine,zang’.

In Figure 3.8 we re-plot the bottom panel of Figure 3.7 but mesight the symbol size
by the physical size of the non-core that it represents (LAK@dc scaled by constant
but arbitrary factor). We do not include here the MS+ souraesrder to keep as much
consistency as possible in the array configurations fronckvbur LASs where measured.
However, we note that archival images of the sources in the B¥ension show similar
size distributions to those observed in the MS.

The most powerful non-cores at any given X-ray luminosithege sources found
above the dotted line in Figure 3.8 - are typically large hemt sources. Specifically, in
order of increasing cluster X-ray luminosity these souaes A2634, RXJ2214.7+1350,
A160, RXJ0058.9+2657, A407, A3581, 21261, RXJ1320.1+3%@527a, A2055 and
A1763. All of these except A3581 are large jetted systemsyluth A2627(a) shows
one sided jetted structure and all others show classicalllRigbe morphology. A3581
has only a hint of a resolved jet with ATCA-6km C-band obseorai Canning et al.
(2013) however use the hybrid VLA-ANB array at L-band to shbig source has radio-
lobes that fill the X-ray cavities in this system. The smalieex and currently highly

active core suggests the non-core emission here is redajgtted and may perhaps be
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expected to expand outwards in future, which could claghkif/source as a young FRI/II
precursor. That the majority of the most powerful non-ca@eany given X-ray luminosity
are large FRI/II type sources supports the idea that powedividual periods of activity
may be responsible for the brightest non-cores and thatangait sample we may expect
to find bright cores in low X-ray luminosity clusters.

However, the general distribution shown by the bulk of thpydation below the dot-
ted line in Figure 3.8, is comprised of a mixture of large exked resolved and smaller
unresolved sources over the full range of X-ray luminositi€he extended sources here
represent a mixture of FR-type and more amorphous sourchat there is a general
trend for brighter non-cores to reside in more X-ray lumisa@lusters regardless of their
size but that the brightest tend to all be large extendedcesisuggests there may be two
different activity types occurring in BCGs.

Repeated core activity may lead to confused, fairly amouglemall scale structures
(<20kpc) comprised of accumulated material from multipleqs of core activity. This
emission may be visible for tens or even hundreds of Myrs difte AGN activity has
shut down, dependent upon the specific environmental donditThe tendency for more
powerful cores to inhabit more X-ray luminous clusters vebthlen naturally account for
the tendency for brighter non-cores to inhabit these samstans. However, any BCG
(indeed, much like any other AGN) can experience a singlengtroutburst, powerful
enough to eject material well-beyond the immediate BCGritigiand manifest as an
FR-type source. This extended lobe emission would then miat@ithe steeper spectrum,
non-core emission.

The overall brightness of the non-core will thus be a supstpm of the accumulated
material and the single powerful outburst, which could expthe extremely bright emis-
sion for the most-powerful non-cores in X-ray luminous téus - if they are powerful
FR-type non-cores superposed on top of a pedestal of acatedwmission.

In between large outbursts, the AGN remains persistentlyeaalbeit at a lower radio
power, which is reflected in the high portion of (especiallff) BCGs that have an active
core component. This suggests that when studying AGN it poitant not only to look
at the time a source is radio-loud for, but also the fractibthis time for which the AGN

is actively launching jets.
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3.3.3 [OIllI]5007A Correlations

To investigate the connection of radio-emission to othecdrs of AGN activity we con-
sider its relationship to the high ionisation [OIII]50§)Torbidden-Iine, which is a canon-
ical tracer of current AGN activity (Maiolino & Rieke, 1995 ombining longslit ob-
servations taken with the New Technology Telescope (NTT) \Zery Large Telescope
(VLT) (Edgeet al. in prep.) with those in Crawford et al. (1999), we have [OllUxés
for 97 of the sources within our Main Sample (of which 13 aréhiea MS+ extension).

These [Olll] fluxes are all from long slit observations of 4125" width so there will
be some flux lost outside the slit. However, on the whole theaauw [Olll] emission
will dominate over the more extended, non-AGN emission sgétfluxes should be rep-
resentative of any underlying correlation. We considernthi@-infrared values of O’'Dea
et al. (2008), finding that four of these sources (A2146, AL#6XJ0821.0+0752, Z3146)
have their [Olll] measurements significantly affected bgrhMIR-dominated AGN ac-
tivity. We highlight these in Figure 3.9 and remove them frdm subsequent fits. To
increase our coverage, we identify an additional 16 systemahich equivalent [OllI]
measurements are available that do not fall within our gesample yet have comparable
properties and hence are included within this analysis. da@h of these additional 16
sources, we populate their radio SEDs from the literatu @erform decompositions
(see Section 2.7 and Table H) allowing us to consider how ¢ine &nd non-core compo-
nents of the radio emission of our BCGs are directly relatati¢cotherwise traced AGN
activity for a subsample of 113 BCGs - the [Olll]-sample.

Using thebhkmethodool within the Image Reduction and Analysis Facility (IRAF
we find that [Olll] flux is correlated wittboth the core and non-core radio flux. Both
return a probability of no correlatiorn0.001 (the limit) with calculated Kendall's€oef-
ficients of 0.7533 and 0.7272 respectively. We usebtiekleyjames$inear regression tool
within IRAF to compute best-fits to the data. This algorithamdandle censors only in
the dependent variable of a data-set. Neither of our vagalsl truly independent, how-
ever here we assign the [OIll] as our independent varialieesve have selected this
sub-sample on the availability of [Olll] data and also itueggs removal of the minimum
number of data from our fits. We hence remove 9 sources withil][@hits and re-

calculate our Kendall's-coefficients to be 0.7661 and 0.7508 for the cores and nogscor
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Figure 3.9: The 10 GHz and 1 GHz normalised respectively eme non-core radio

flux components plotted against the [ON5_|007,& flux. The dashed line in the top panel

marks a linear correlation between the [OIII]50°0§nd core radio flux which spans four

orders of magnitude in each parameter (see Section 3.3h8)ddtted lines mark a factor

of twenty in scatter either side of the relation. A corredatiis also found for the non-

core (bottom panel), although with significantly increasedstter, as highlighted by the

inclusion of the dotted lines again indicating a factor of fatter in either direction.
Red triangles are sources significantly contaminated bydamfia-red (MIR)-dominated
AGN and are not included in the fit (see text). NGC1275 is showing in the upper
panel (inner green dot) to highlight the variability of itsre over~decade timescales.
Such variation in the sample as a whole is expected to acéouatsignificant portion of
the scatter (see Chapter 4.
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respectively, showing that this removal has a minimal ¢ffec
Between the [Olll] (in erg cm? s~1) and core radio (mJy at 10 GHz) fluxes we find

a best fit power-law:
[0910(Score) = (1.05+0.10) logio(Foin ) + (1.05+ 0.01) (3.3.1)

which compares to an equivalent correlation with the noregadio component (nor-

malised at 1 GHz) of:
log10(Svc) = (1.31+£0.16) log1o(Foni ) + (1.9240.06) (3.3.2)

It should be noted that although it appears in Figure 3.9 dlefcorrelations are
driven largely by the bright local sources NGC1275, M87 andrtyggA, if these sources
are removed then IRAF returns consistent fits, still with abability of no correlation

<0.001. We therefore conclude that the presence of theselatbons is robust.

[Olll] Discussion

The correlations between the radio component’s flux and[@uix (See Figure 3.9) sup-
port previously found correlations between radio and [[JUminosities (e.g. Rawlings
et al. (1989) at 178 MHz, de Vries et al. (2007) at 1.4 GHz, Taudér et al. (1998) at
2.7-5 GHz). Of these, it is interesting to note that Rawlirgsl. find their correlation
between the [OIll] and total radio power finding only low-sificance indication for a
correlation between the resolved ‘core’ radio and the [[Oftheir sample. Here we see
such a correlation, with reduced scatter over that of theenregtended emission.

Our results show that whilst both radio components coreelath the [Olll], there
is less scatter when considering only the radio core compiofsee Figure 3.9). Along
with a loose intrinsic link between core and non-core povgee(also Section 3.3), this
suggests that the true correlation is with the core compipmeth the non-core correlation
being secondary. We note that there is tentative eviden2e)(that the index we find for
the correlation with the non-core component is steeper thathe core component. We
interpret this as evidence for the core component driviregdbrrelation, as the [Olll]

forbidden line is collisionally de-excited and so traceserg AGN activity hence is more
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contemporaneous with the core radio emission. Converddlyeinon-core emission is
due to the cumulative effect of several previous activitgleg then it would be expected
to show more radio emission for a given [OllI] flux.

Labiano (2009) found a correlation between the [Olll] andHz®adio power that had
increasing gradient when considering GPS, GPS+CSS (Compeap Spectrum), CSS
and then GPS+CSS+FR-type radio sources respectively. Asguhe commonly quoted
interpretation of these source types as a loose evolugsegquence, GPS sources could
be expected to be core-dominated whereas the large, extéiRi¢ype sources are most
likely to be dominated by their extended emission at 5 GHdeé&d, the sources with the
highest Ixyc/[Oll1] flux ratios in the bottom panel of Figure 3.9 corresubto the most
physically extended sources (as seen in Figure 3.8). Unddr assumptions this then
supports our interpretation that the correlation is coreenfr. It follows that a significant
portion of the scatter found in relations between radiovagtand AGN activity at other

wavelengths is likely due to the varying timescales on wiighemission was produced.

3.3.4 Cauvity Correlations
Insight into the Activity Cycle

Obtaining deep X-ray observations is observationally espe, but possible at low red-
shift. However, current X-ray telescopes do not have thaired resolution and photon-
collecting power to routinely observe cavities at highetstaft in all but the largest sys-
tems (Hlavacek-Larrondo et al., 2012a). It has been shoatfdin a statistically relevant
sample, radio power of the BCG correlates well with the capityer, albeit with large
scatter (e.g. Bzan et al., 2004, 2008; Cavagnolo et al., 2010). Theseesudiually de-
pend upon the total radio power at L-band. Here we attemptpgared upon this by con-
sidering how the cavity power correlates with both the cor@ @on-core radio powers. A
literature search for X-ray cavity systems amongst our Mzample was performed, and
supplemented by recently discovered cavity systems (ld&k+harrondo private com-
municatior). Twenty-six of our MS clusters were found to have known X-cavities,
of which twenty-three are LEs, with the remaining three (8,18XJ0419.6+0225 and
RXJ1522.0+0741) being weak cavities in low redshift cluste
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Figure 3.10: Correlations between both the cavity power éednion-core radio lumi-
nosity (top) and core radio luminosity (middle). Solid Ighare the regression fits to the
full data-sets and dotted lines are linear fits when the uppsts on the radio-data are
neglected. A correlation with the non-core emission is etgx whereas the one with
the core is less expected, suggesting that central AGNigcis/persistent on bubble-
inflation/rise timescales. Also shown is the non-core toitgguower relationship di-
vided on the radio spectral index of the steep componentdim)t Filled circles have
Osteep>0.99 whereas open circles hawgee<0.99.
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Cavity powers are estimated using the standard techniqug$iiean et al., 2004).
The total enthalpy is given by 4pV, where p is the thermal sues at the radius of the bub-
ble measured from X-ray observations and V is the volume ettvity. We assume that
the cavities are of prolate shapé:= 41R,°R,/3, where R is the projected semi-major
axis along the direction of the jet and,Rs the projected semi-major axis perpendicular
to the direction of the jet. Errors on the radii are assumebled-20%. Cavity powers
are then calculated by dividing the enthalpy with the buayarise time of the cavity
(Churazov et al., 2001). The latter measures the time it takewity to reach its terminal
buoyancy velocity.

We plot the cavity power both as a function of the non-coraaadmponent and
the core component (Figure 3.10, top and middle panels)ndJtie bhkmethodool
for linear regression in IRAF we encouragingly find that théeired feedback energies
required to evacuate the cavities in these systems straraghglate with the non-core
radio emission from their BCGs (Kendaliis= 0.9538, with probability of no correlation
0.02%), thus reinforcing the feedback link. This correlatis expected, as the non-core
emission is most commonly composed of dying radio emissidoles that are co-spatial
with cavities and hence more commonly traces the same atthsithat which evacuated
them.

Interestingly, we also find a reasonably secure correlgé@mdall’st = 0.5723, with
probability of no correlation<1%) between the cavity-power and the core radio com-
ponent. This is more surprising, as the bubble-rise timessiaould be long enough to
decouple the cavity power from what is happening in the coitess the core activity is
persistent over timescalesfew Myrs. This is therefore indicative of reasonably steady
AGN fueling in BCGs over bubble-rise timescales.

We perform regression fits to the data using liekleyjameslgorithm within IRAF.

As in Section 3.3.3 neither of our variables is truly indeghent. We here assign the cavity
power to be the independent variable for the fitting since shib-sample was selected on
the basis of having observed cavities. However, note thiigare 3.10 we select to plot

cavity power as the ordinate to ease of comparison withexastudies. We find best fit
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power-laws:

log1o(Puc) = (1.02240.18) l0g10(Peay) + (24.03+0.16) (3.3.3)

for the non-core component and:

10910(Peore) = (0.86-=0.36) 10g10(Peay) + (22.80+0.27) (3.3.4)

for the core component respectively. Note that a fit to thegrdted L-band power gives
a consistent result with the fit to the non-core power, as lshba expected since the
non-core tends to dominate at this frequency.

We further consider the non-core to cavity power correlatisplitting the non-core
radio component into those with the steepest spectral ésdic-0.99 and those with
flatter indicesa<0.99 (see Figure 3.10 bottom panel). This value is chosers<do a
include the limits as steeper spectrum objects, which isaeable for these clusters as
they tend to be well sampled in the GHz range and flatter coenpsrwould be expected
to be detected. We see a splitin Figure 3.10 bottom panelexfoera given cavity power,
steeper spectrum non-core components tend to be lower gbamshallower non-cores.
Note that the apparent steep-spectrum outlier lies in @sy§fbell 115) with prominent
phoenix relics, which may be contaminating and inflatingrtbe-core flux measurement.
If limits are removed from this bottom panel then such a $pktill observed. We propose
that this apparent split is suggestive of evolution of thdioa@mission within individual
cavities.

The regression fits return best fit power laws to our split déta

log10(Pnc) = (0.8640.18) 10g10(Peay) + (24.67-0.03) (3.3.5)

for when the non-core component has index0.99 and:

log1o(Pnc) = (1.2240.21) 10g10(Peay) + (2351 0.03) (3.3.6)

for when the non-core component has index0.99 respectively.



3.4. Discussion 94

When a radio jet ceases a period of cavity inflation and thetedlaavity detaches
from the BCG and begins its buoyant rise through the ICM therptiveer of the cavity
is virtually fixed. The increase in volume of the cavity asropagates is counteracted
by the lowering of the surrounding pressure. The detacheidycs removed from its
AGN energy source and hence any change in total power is doibg relatively minor.
However the synchrotron emitting electron population witine cavity will begin to age
and hence the radio spectrum will steepen over time, caring significantly to the
scatter within the radio power to jet power ratio. Isolatihg non-core radio emission
and including the low-frequency radio spectral index o s an additional parameter in

such studies could therefore potentially eliminate muctihefscatter.

3.4 Discussion

That BCGs exhibit increased likelihood of hosting radiododGN is well established
(e.g. Burns, 1990; Best et al., 2007). The trends preseriiedeaexplore beyond this,
showing that there is a great range of behaviour beyond gefadio-loudness’ that

appears to be driven largely by environment.

3.4.1 LE to NLE Differences

Striking differences are seen in both the frequency of rddliminess and in the result-
ing radio luminosity of the AGN between those hosted by LEs thiwse hosted by NLEs.
Considering Figure 3.1 we see that around 50% of LE-BCGs host #iEh radio powers
above 18*"WHz ! at L-band as opposed to only around 15% equivalent for NLES. O
overall detection fractions for radio-loudness at L-banel @quivalent to those of other
X-ray selected cluster samples. However, they are aboveethmr otherwise detected
samples (see Section 3.2.2). When we remove LE-BCGs from thplsave recover a
detection fraction similar to that of otherwise selectedsange galaxies (e.g. Best et al.,
2005). This suggests that the AGN activity of BCGs in thesarenments is largely
governed by the same processes as isolated galaxies ddismaks, that is they affected
mainly by their own circumgalactic envelopes. That the cigda fraction for LE BCGs

jumps significantly above this shows unequivocally thatdbeling flow must be caus-
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ing the increased duty cycle of radio loudness, therefosedms natural that this same

cooling is, directly or indirectly, fueling the AGN.

3.4.2 Decomposed Luminosity Functions

In the top and middle panels of Figure 3.11, we plot separatenosity functions for
the core and non-core components, considering only sourdbe Main Sample. In the
bottom panel of Figure 3.11 we show the equivalent plot taiféd3.1 but incorporating
only the sources in the Main Sample. We see that the totdl apli-band is driven by
the non-cores, as expected since this is the componenttidg to be most dominant at
~1 GHz, and most often brighter overall. However we see trat thto NLE dichotomy
is further enhanced if we consider only the cores, with thodeEs typically two orders
of magnitude more powerful than those in NLEs.

This split between the LE-hosted and NLE-hosted core, rava-and integrated L-
band radio components is equivalently shown in Figure 3H&e we show the ratio of
the typical luminosity of the LE-hosted component to eqgi@méNLE-hosted component,
taken at detected fractions of 5, 10 and 15% of the Main Sanidge that this limited
range of detection fractions is due to limitations imposgdhe completenesses, particu-
larly of NLE-hosted core components where in many cases @stoheasurement is not
available and only a limit can be imposed. Nonetheless wehsgdor a given detection
fraction, the LE-hosted non-core components are typiafiyctor of ten more luminous
than equivalent non-core components in NLEs, with a simétio seen for the total inte-
grated L-band luminosity, as expected since this is moshafominated by the non-core.
However, the core component of LE-hosted BCGs at a given ttefraction is typ-
ically a factor of around seventy times more luminous tharequivalent NLE-hosted
core showing that it is the presence ofaativecomponent in the core that is perhaps the
most prominent difference between LE- and NLE-BCGs. Note tthexlimits placed on
non-precisely determined components are fairly conseevand that the ‘errors’ plotted
in Figure 3.12 are the maximum and minimum separation of thiloutions in Figure
3.11if all cores lay infinitely or infinitesimally below thenits. The large lower uncer-
tainties on the cores shown here are therefore expected hoidpely over-estimated by

this method as it would require all sources with a core limibhave an active core so far
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Figure 3.11: As for Figure 3.1 but now using only the core comgnts at 10 GHz (top),
the non-core components at 1 GHZ (middle) and the 1.4 GHz stonmatic flux for
only those sources in the Main Sample. Note that the ovgratitsum at 1.4 GHz is most
often dominated by non-core emission, as is reflected inithgssity between the split
at L-band and that of the non-core component. However, the activity is apparently
even more environmentally dependent, with core powers iEdtypically being up to
two orders of magnitude less than those in LEs.
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Figure 3.12: Ratio of luminosities of LE-hosted to NLE-rexssources at the given detec-
tion fractions, for the core components, non-core compteand the equivalent 1.4 GHz
monochromatic LF for only those sources in the Main Sameshown in Figure 3.11.
Effectively we are seeing the luminosity offset between Ind &lLEs for the core, non-
core and total. Whilst a split is seen in the non-core comptshnamuch larger separation
is observed amongst the core components, with cores in LE B@@ésally factors of
several tens higher than in NLEs. Error bars are the maximogihnainimum separation
possible accounting for limits and hence are not truly ‘estorhe large lower uncertain-
ties on the cores shown here are expected to be hugely averaésd by this method as it
would require all sources with a core limit to have an actigeecso far overlooked from
observation, which we deem highly improbable. Considering, ta clear difference in
core activity as a function of cluster environment is claiindlote that X-positions have
been shifted slightly for clarity.
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overlooked from observation, which we deem highly imprdbab

Radio Source Prevalence Effects

An alternative interpretation of the split seen in Figure$l3and 3.12, is that it may
be driven only by the increased prevalence of radio sourcd€EiBCGs. Essentially,
this is the equivalent of a vertical shift in Figure 3.11, gpased to a horizontal shift
as is inferred due to LE-BCGs being more radio-luminous. juFe 3.13 we create an
equivalent plot to Figure 3.12, but now considering theorafidetected fractions for LE
to NLE-BCGs at fixed luminosities for the separate radio congmds. Essentially, this
plot maps the vertical separation between the LE and NLEslingFigure 3.11, rather
than the horizontal separation seen in Figure 3.12. Theigmtlfor the green and red
lines within this plot are comparble to their analogues igufé 3.12. From the current
data a prevalence driven split for the non-cores cannot I uied out, although this
is deemed unlikely since if they were drawn from the same hasity distribution then
there is a high improbability of our X-ray selected clustample containing no NLE-
hosted con-cores greater thas B?°> W Hz~1 whereas~10% of non-cores in NLEs
are this powerful. We also note that the range of fixed lumtressnecessary in Figure
3.13 was driven by the detected luminosities rather tharsttleple completeness and
hence does not provide a full picture of the function’s shapearticular at the brightest
end. Indeed, the lack of cores greater tharl@®3 W Hz ! means that our blue line in
Figure 3.13 is largely unconstrained. However, if we coesithe top panel of Figure
3.11 then we note a steeper profile for the NLE-hosted corepooents than for the
LE-hosted cores. Even with a vertical shift for the NLE saenblen these inconsistent
profiles would create disagreement and hence we maintairthtbasplit is most likely
driven by an intrinsic luminosity difference in each of tla@lio components between the
two populations. Upcoming deep, multi-wavelength survaysuld allow this question
to be answered unambiguously.

In Figure 3.14 we show the equivalent plot to Figure 3.11 lmw mnclude the full

MS+ and again, a larger split is seen for the core components.
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Figure 3.13: Ratio of detection fractions of LE-hosted toENhosted sources at a range
of fixed luminosities, for the core components, non-core gonents and the equivalent
1.4 GHz monochromatic LF for only those sources in the Maimfa, as shown in
Figure 3.11.
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Figure 3.14: As for Figure 3.11 but using the full MS+. Notatthinlike the MS, which
was largely unbiased on radio priors (see Section 2.5.@M8+ extension is flux limited
at L-Band radio and hence contains a smaller fraction oforagliiet objects than is truly
representative of the full parent sample. The LF extremargivhen limits are included
are hence essentially useless for inference purposes amd snly to highlight our igno-
rance of the full picture when limited data is available. Withstanding, we see here that
the larger split is seen amongst the core values (it stangsaton that all cores should be
detected within the radio loud rather than radio quiet sampiThe smaller split in non-
cores (as compared to Figure 3.11) can be attributed to ihss ®ince with the plot being
cumulative the relatively lower detection amongst NLEdi@ parent sample would serve
to separate the lines further. That the core split remairgelamongst the entirety of the
radio loud BCG sample (to given limit) further strengthens tlase that this is a genuine
example of the environment affects AGN behaviour in a syatenway throughout the
Universe.
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3.4.3 Dual-Mode Feedback - A Duty Cycle within a Duty Cycle

Whilst LE-BCGs have a higher duty cycle of radio-loudness tN&s, what is really
striking is that the fraction of radio-loud sources that tadm anactivecore component is
also much higher in LEs. In effect this is amer duty cycle the portion of radio-loud
time for which an AGN is actively injecting radio-emittingppulations - and it appears to
be this factor that really characterises the differencevbet LEs and NLEs.

Several studies have shown that direct Bondi accretioneohtit gas on scaleslkpc
from the nucleus can provide adequate foielaveraggsee McNamara & Nulsen, 2007),
although the rate is too low for the most extreme outbursts (dcNamara et al., 2011).
Additionally Allen et al. (2006) claim a strong correlatidietween the Bondi rate and
their measured cavity powers in a small sample of well-okessirlocal systems. However,
Russell et al. (2013) find a much weaker relationship.

In their recent review Heckman & Best (2014) argue that agtde explanation for
these disparate results may be that Bondi accreting gastgoasgh an intermediate
stage where it cools prior to finally being accreted onto tleelbhole. Alternatively,
the AGN may be fueled by cold phase accretion whereby blobsolaf gas condense
non-linearly at scales-5-30kpc from the black hole and infall on less than the caplin
timescale (e.g. Pizzolato & Soker, 2005). In a recent papasidering the origin of multi-
phase gas in cool-cores, Voit & Donahue (2014) find that tla¢conduction and cold-
mode accretion are complementary processes in reguldtistec cores. At higher core
entropies conduction prevents the core from cooling radibt whereas at lower entropy,
thermal instabilities cause the formation of cold clouds subsequently precipitate onto
the central black hole and power AGN feedback. These samallirequire that in some
systems there should be large amounts of cold gas near touttieus. Indeed there
is evidence for rotating disks of cool gas in some BCGs (e.mkBi, 1979; Ekers &
Simkin, 1983; Lim et al., 2000; Wilman et al., 2005; Hamer let 2014; Russell et al.,
2014). The resultant cold clouds could then power the spogetiods of high activity
whilst the AGN activity could still relate to the wider Bonditeon average

Such a scenario appears likely within cluster cores, whegecooling flow deposits
large amounts of molecular gas within the BCG. The steadylhupl of such cold clouds

ensures that the replenishment time is low and hence ngt@gblains the high duty
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cycle of radio loudness in both NLEs and LEs. The higher duty cycleof activecore
components in LEs is slightly trickier to comprehend pureyysporadic processes. We
postulate that within the LE clusters both ready cooled medtend direct hot phase gas
fuel the AGN. Large, sporadic cold clouds would be respdaditr the brighter periods
of activity (Werner et al., 2014). In between these periedsteady trickle of hot gas and
continuous albeit lower level cold-cloud fueling wouldlldbie able to reach the nucleus
ensuring the persistency of core emission.

A similar picture to this is found in the simulations of Li & §an (2014) who find that
under idealised conditions, cool clumps condense from@h tlue partly to the actions
of jetted outflows. It could be that the presence of a weak Bpodered jet catalyses the
formation of cold clouds that can then fuel more powerfuhdist Such a process may be
partly responsible for the so called ‘molecular fountasen in some BCGs (e.g. A1835,
McNamara et al., 2014) where cool material appears to caalbahind rising cavities

before falling back towards the central engine.

Accretion Mode Considerations

We have not in this thesis explicitly classified our BCGs aséwitation or high-excitation
radio galaxies (LERGs or HERGs respectively), a distinctioat appears strongly re-
lated to the accretion state (inefficient/efficient respety for LERGS/HERGS: Best &
Heckman, 2012). However, the vast majority of BCGs are LER®@sfied by accretion
efficiences 1<£0.01Lg4q (Where Lgqq is the Eddington luminosity). At these low rates
accretion is believed to be via an advection dominated soarlow (ADAF). Whatever
the coupling efficiency of the mechanical energy output byGGBthis is not likely to
substantially change over the range of luminosities we se®ir sample as they almost
always remain in the LERG, ADAF-stage. Changes in radio lasity are therefore
most likely to correspond to changes in mechanical feedpawler (as corroborated by
Figure 3.10), rather than large changes in the accretioctsire such as the collapse of an
ADAF into a classical Shakura-Sunyaev thin-disk (e.g. ss&w of accretion structures
by Done et al., 2007).

Additionally, in analogy with the scenario seen in blackéhblnaries, the transition

from an ADAF to a thin-disk mode may be expected to coincidi wiswitch from mag-
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netically arrested to magneto-rotationally supportedettan and hence the launching of
a short-term ballistic jet (Mirabel & Rodyuez, 1994; Remillard & McClintock, 2006;
Dexter et al., 2014). Such an event would cause the collapteedarge scale-height
magnetic fields present in the inner accretion zone thategyeired for the launching of a
typical, steady jet (e.g. Mirabel et al., 1992; Fender, 30The apparently highly persis-
tent activity we infer from our sample would argue againgtrsa magnetic restructuring,
certainly for our LEs. That the periods of higher activityn@spond to a difference in
accretion structure (namely, a transition to a thin diskpherefore considered highly un-
likely and instead more likely correspond to something nadim to a greatly scaled-up

analogue of the flaring seen in Sgr A*.

3.4.4 The Mini-Halo Dilemma

Here we consider links between the persistency of BCG radis®om in LEs and the
enigmatic ‘mini-haloes’ and other low surface brightnetsscures found in cool cluster

cores that are being found with increasing frequency in Iegtdiency searches.

Definitions

We first attempt to summarise the structures believed @laie=ctly or indirectly to AGN
action of the BCG. See the reviews by Kempner et al. (2004) anchft et al. (2008). A
more in-depth description of these structures is provigeSdction 1.5.4.

Mini-halo: Approximately spherical structurefew 100s kpc in diameter centred on
the BCG (e.g. RXJ1720.1+2638: Giacintucci et al., 2014). @mtting particles are
(re)accelerated in-situ, potentially by sloshing (e.g k&alet al., 2014) or MHD turbu-
lence in the cooling flow (e.g. Gitti et al., 2002) but the spadicles may be from the
AGN. See also Section 2.7.1.

Amorphous Halo: Morphologically similar to a true mini-halo, these are rbalyg
spherical and centred around the BCG (e.g. A2052 Venturi.eR@04). The distinc-
tion is that they are of small enough physical extesit Qs kpc) to be fully consistent with
being fading, albeit confused, homogenised and distori@tl Amission. Also known
as ‘confined cluster cores’. Further evidence for direct A@Mgin of these is that many

contain disrupted radio-lobes.
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Core Relic: The detached dying lobes of radio galaxies, typicatfgw 10s kpc in
extent (e.g. A133 Slee et al., 2001). Steep spectrum andsatly found close to the
BCG as they are powered merely by fading emission from a ppgesition period.

Phoenix Relic:Analogously, these are perhaps to core relics what mirodsahre to
amorphous haloes. Essentially core relics that have fagémivbobservable limits but
have continued to expand outwards until re-acceleratetiaathey re-ignite from their
own ashes, hence the monicker (e.g. A85 Slee et al., 200]pically filamentary in
structure andsfew 100kpcs in extent.

In addition to these structures the full range of ‘normal’-BfRe radio galaxies can be

found in cluster cores.

The BCG Link

The seemingly persistent core radio activity we see withinsample coupled to the high
prevalence of steep spectrum, unresolved and amorphaugists leads us to suggest
that this supports an AGN-origin for the seed populationsadfo mini-halos.

A simple picture to explain the above mini-zoo is that theafj)i@€onstant action of
BCGs is responsible for injection of electrons to their immagel environments. Over
time, this persistent injection coupled to its natural ageleads a population of sub-
relativistic electrons (+ protons) to build up, forming aibsobservable’ pedestal. A
combination of the atmospheric mixing, ageing and re-aeaéibn processes determine
how the resultant population appears. Where the confineraettdng enough then this
pedestal will tend towards being amorphous, whereas iamests of stronger AGN out-
bursts and into less dense cores then the ejecta will morencmty keep their structure

until re-acceleration.

A Toy Model

A very simple toy model using diffusion time-frames can bastoucted to test the outline
feasibility of the above scenario. If we take the Adfvspeed of electrons in a typical
cluster to bex100kms™® (Ferrari et al., 2008) then this translates to a disperdalcity

of roughly 0.1 kpc Myr?. For a typical electron emitting lifetime of 100Myr then a

structurex~10kpc can be expected from simple diffusion alone. If we mershat even



3.4. Discussion 105

in strongly confused cluster cores, the jets will providengobulk transport away from
the central black hole then it is clear that amorphous hadoedully consistent with this
toy model, assuming the dispersion is reasonably homogenou

Extending this simple argument to longer timescales, wetlsatean electron popu-
lation persistently injected at radius zero in a settlegteucould diffuse to become an
amorphous seed mini-halo of radius 0.5Mpc in around 5Gytatitished cool core clus-
ters are found to be in place by redshiftd (e.g. Santos et al., 2010; McDonald et al.,
2013, although they typically would only be classified asaweool cores’ locally). This
would allow ample time for our persistently active BCGs tods&real mini-haloes and
support an AGN derived seed population, if the BCG radiovagtthat we see locally is
representative of activity at higher redshift. It shouldriméed however that in order for
this simple picture to explain the highest redshift miniehidus observed, in RXJ1347.5-
1145 at z0.451 (Gitti et al., 2007), then a settled structure 177 would be required.

In this simple picture it seems as if all cool core clustemsldgotentially host mini-
halos. Their apparent rarity would then be due to the finehetlconditions required
for re-accelerating the plasma, most likely provided bysklng action strong enough to
churn the ICM but not strong enough to fully disrupt the cogliltow. A picture where the
seed population is (near) continually centrally injectadgests there should be a density
gradient across mini-haloes. Such a scenario could exgtainndex gradient seen in
some sources whilst also, if constrained at greater radihbycooling flow, providing a
working surface for shocks associated with phoenix relgimilarly, this simple scenario
naturally explains the apparently continuous distribuitd halo sizes from amorphous to
mini-haloes.

Current low frequency observations of cluster cores suclh@setwith the Low Fre-
quency Array (LOFAR: van Haarlem et al., 2013) and the Mwohi Widefield Array
(MWA: Tingay et al., 2013) would be expected to find more arhons haloes, of greater

extent in this constantly fading injected emission scenari

3.4.5 Considering Relativistic Beaming

For the size of our parent sample, geometry causes us to teapmmd 20 sources to

have their jets aligned within°50f the line-of-sight. Such a population may present
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itself as a population of flat spectrum, apparently powecfules but would have their
intrinsic core powers overestimated by potentially largetérs. However we note that
we purposefully removed BLLac objects from our parent sangal as not to be overtly
affected by a handful of strongly beamed sources. Theres @b logical reason why
LE-BCGs would more commonly have aligned cores than NLEs.

Relativistic beaming of the inner-jet in an existing radmusce could account for
some seemingly strong, flat spectrum components of othersteep spectrum sources if
the jet-axis has precessed into favourable alignment shrecsteeper spectrum emission
was ejected. Our sample does include a couple of sourcehdvat previously been
considered to be mildly beamed. For example, the BCG of A2@pars to be a head-
tail source on few-arcsecond scales, but the bright corelmedyeamed (Pimbblet et al.,
2006). Similarly, A2627(a) only appears to have marginafigolved jet structure on
arcsecond scales but its AGN is X-ray dominated, hence tlenflay be boosted by the
presence of a beamed BLLac-like nucleus (Rector et al., J198®wever, for this to
account for all our split spectrum sources would require iy Yegh precession speed in
a significant number of sources. Additionally, the long tateles between some of the
archival data we use in compiling our SEDs shows that the fldt@P S-like behaviour is
persistent over-decade timescales and hence unlikely to be purely the reSbéiaming
as this would give significant, short-term variation (see [@@éa4). Furthermore, VLBA
imaging of the central regions shows symmetrical two-sidegdctures on few parsec
scales in many of our active BCGs hence showing that the s@uncd favourably aligned
for strong beaming. For consideration of the milli-arcsst®cale radio properties of
BCGs as recovered with the VLBA, see Chapter 5.

Overall, we concede that some blurring of results due tativedéic effects are es-
sentially unavoidable for any large sample of radio-AGNwhkwer due to the arguments

stated here we do not believe beaming to overtly affect caulte.
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3.4.6 Implications for Surveys
Clusters - X-ray and SZ Surveys

X-ray cluster surveys are sensitive to contamination bgrgfrAGN. Indeed the most
X-ray luminous cluster known, ‘The Phoenix’ (McDonald et 2012) was initially over-
looked in X-ray cluster surveys due to it containing a powk(f.»_1qev~3x 10*%erg
s 1) obscured AGN. The true nature of the source was not realiséitidetection with
the South Pole Telescope (SPT: Carlstrom et al., 2011) usen§unyaev-Zel‘dovich (SZ)
effect (Williamson et al., 2011). Similarly, mis-alignedttlat-spectrum radio BCGs can
be erroneously interpreted as AGN, broad-line radio gelXxBLRGSs) or BLLacs. This
can result in massive clusters being overlooked as themys-will be attributed to the
AGN, potentially leading to un-representative samples. v€mely, X-rays from strong
radio sources within clusters may be erroneously attribtidethe extended ICM leading
to over-estimated cluster masses (Rector et al., 1999).

BCGs whose radio spectra flatten towards higher frequencedikaly a considerable
contaminant in Sunyaev-Zel‘dovich (SZ) cluster surveysniap the large spatial scales
required for SZ detections at the characteristit5-200 GHz range, single dish telescopes
and short-baseline arrays are employed. However, the wix$dilux decrements can be
affected by radio point sources and hence often flux measmenfrom higher resolution
observations taken at lower frequencies are extrapolgtei the frequency of interest
(e.g. Knox et al., 2004; Coble et al., 2007; Lin et al., 2009\ e with a measured
rather than assumed spectral index, this method has obstarscomings for the cases
of spectral flattening or inversion.

As an example, extrapolating from the low frequency flux nieasients in NGC1275
without accounting for its highly variable and energeticaominant self-absorbed core
component would lead to underestimating the 100 Gtanckflux density by around
two orders of magnitude (see also Dutson et al., 2014). Bvamstances where the host
cluster is still detected such contamination could newededs severely affect resulting
mass measurements. If found to be common this would havete wide-reaching
consequences cosmologically in terms of not only futurgesuplanning but also current

and past SZ-survey interpretation. The contamination rihéu exacerbated by the fact
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that in many cases these active core components are fourd/ariable on month-to-year
timescales (see Chapter 4).

It is therefore apparent that having multi-scale, conterapeous (as much as pos-
sible) radio observations over a comparable frequencyaaodghe SZ observations are
required to properly address this issue within SZ surveysther consideration of the
level of this contamination is given in the following chaptieat considers the high radio
frequency properties and variability of a sample of BCGs \pitbminent flatter spectrum

emission (Chapter 4).

Blind Radio Surveys and Mimicked Evolution

The presence of two very different spectral radio companergans that the source pop-
ulation sampled in a flux-limited radio survey of AGN is higldependent upon the ob-
served frequency; unlike the case for a population of sisgéetral index sources. Higher
frequency samples (roughly comparable to a horizontat spliFigure 3.5) will contain
a higher proportion of core-dominated systems whereas teguincy selected samples
(more equivalent to a vertical split on Figure 3.5: e.g. vaaaHem et al., 2013; Tingay
et al., 2013) will favour those dominated by steeper spettmission (see also Sadler
et al., 2014). Whilst it is already well established that higgguency surveys will pref-
erentially detect young sources, for BCGs the effect is fiygmore subtle in that high
frequency samples will preferentially detect those sosinwéh the highestnner duty
cycleof core activity (i.e. BCGs that are more persistent).

As the youngest and most recent AGN activity will peak spaistiat higher frequen-
cies due to their GPS-like nature (e.g. O'Dea, 1998; Sadlat.£2014), samples taken
at frequencies below the characteristic turnover will preftially detect older outbursts.
Samples at progressively higher frequencies will thereefarntain a greater proportion
of younger sources. Conversely, for a single observing faqy, matching samples at
increasing redshift will show the same effect such that ty@uation of radio sources to
higher redshift, particularly for redshifts ¢f2 (where a restframe:15 GHz characteris-
tic GPS peak would be redshifted below 5 GHz), will appeamgmr and more active -
effectively mimicking evolution in the source population.

Much increased spectral coverage is required before ingonents to the radio k-
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correction above a simple power-law extrapolation can b#icoed possible/necessary
or not. However, the effect should be considered when shggyie redshift evolution of

the radio population.

3.4.7 Beyond BCGs - Implications to AGN Feedback Globally

Whilst trying to explain the entire AGN population by studgionly the BCGs would
be clearly unwise given their extreme nature, BCGs are nefesh the extreme end of
the galaxy mass function and hence understanding them @wesrhplications for AGN
globally.

Fundamentally, the black hole at the centre of a BCG is godeamty by mass and
spin, the same as for any other. The unique behaviour of B&sEeHAGN is then due
only to their size and location. One implication of this @oviment is that BCGs have
such a high duty cycle because they essentially remainakgiyoung. They undergo
repeated periods of activity with a halo replenishment tmech shorter than for normal
galaxies due to the cooling flow. Due to this we can see thetsftd AGN feedback as it
is still ongoing. One important implication we see here @tiihis the core components
that appear to be the main differentiator between LE and NIiEsescale considerations
are therefore paramount to ensure that the radio emissiog bensidered was powered
by the same activity causing the other AGN tracers. This me&alebs prevalent in field
AGN where they are expected to have much longer recurremastihan BCGs, however
it is clear that to fully link the radio-behaviour to the AGNen information beyond the

radio-quiet/radio-loud dichotomy is required.

3.5 Conclusions

We have studied the radio properties in BCGs drawn from a lsaggple of X-ray selected
galaxy clusters. The sample is split by the presence of @pimission lines (H+[NIl]),
using the proxy that when these lines are present the clostst likely corresponds to
being a strong cool core and when absent the dynamical dtéte cluster is markedly
less relaxed. We present and collate a large radio data elanthis sample and consider

the overall radio properties of the sample as a function girenment. Furthermore, we
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decompose the BCG radio emission into two components - aatributable to ongoing
injection AGN activity and a non-core comprising everythalse. We then consider these

components in order to better understand the activity. Ghved find that:

e The duty cycle of radio-loudness is significantly higher BRE£Gs in strong cool-

core clusters¥85%) than for those in non strong cool-core cluster§%.5%).

e LE BCGs are typically much more radio-powerful AGN at thang@on NLES -
~50% of LE BCGs hosting a radio sourcel °*WHz ! at 1.4 GHz whereas only

~15% are similarly radio-powerful in NLEs.

e The prevalence, and typical power, of activeradio core is highly dependent on
cluster state. 60.2% of LE BCGs in our sample contain a distgigable core of
which~83.1% are>10?3WHz 1. Conversely, only 11.6% of our NLE BCGs con-
tain a distinguishable core, with ordy5.0% of our NLE BCGs containing an active
core of >1073WHz L.

e This core component shows better correlation with the cexabAGN tracer, [Oll]
5007A, than the ageing non-core component. Itis thus likely sihgitificant scatter
often found in studies between radio emission (particulédm low resolution
surveys) and other AGN tracers is due to the timelapses leetwmission periods
being long enough that the different relative lifespansitiécent populations (e.g.
deionisation time of atoms versus synchrotron lifetimelet&ons) will dominate

the relative emission ratios.

e The brightest cores are only hosted by the most X-ray lunsrgusters, although

bright non-cores can be hosted by both high and low X-ray hasity clusters.

e Both non-core and core radio emission correlates with ggwiwer in LEs. It
appears that BCGs are persistently radio-active over beid#dimescales in these

environments.

e The radio-power versus cavity-power correlation appeaevblve with the spectral

index of the radio source.
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e An increasing fraction of flat and inverted spectrum soulicesamples selected
at increasing radio frequency may mimic luminosity evaatiin the total radio
population if not fully accounted for. Additionally, sucbwwces likely present an

important contaminant to SZ observations.

Overall, we find that BCGs are a varied population with a wideetg of radio be-
haviour. Future studies in the so-called ‘new golden ageadfo astronomy that we are

now entering with existing and upcoming facilities shouttcaver many more facets to
these intriguing behemoths.



CHAPTER 4

High Radio Frequency Properties and
Variability of Brightest Cluster Galaxies

4.1 Abstract

In this chapter we consider the high radio frequency (15 —@GBiZ) properties and vari-
ability of 35 Brightest Cluster Galaxies (BCGs). These areriest core-dominated
sources drawn from the parent sample of more than 700 X-fagteel clusters, thus al-
lowing us to relate our results to the general population finéthat>3.4% of the BCGs
in our parent sample contain a peaked component (Gigaheakdd Spectrum, GPS) in
their spectra peaking above 2 GHz, increasing>&5% if only cool-core clusters are
considered. We see little evidence for strong variabilit¢aGHz on short (week-month)
timescales although we see variations greater than 20%0aGHz over 6-month time-
frames for 4 of the 23 sources with multi-epoch observatiddsich more prevalent is
long-term (year-decade timescale) variability, with aiople variations greater than 1%
annually at 15 GHz being commonplace. There is a weak tremartts higher variability
as the peak of the GPS-like component occurs at higher freyuéVe demonstrate the
complexity that is seen in the radio spectra of BCGs and dssitiespotentially significant
implications of these high-peaking components for Sumnyzeidovich cluster searches.
Tentative evidence is seen for an additional component enntim/sub-mm spectra of
BCGs that may be attributable to direct emission from thera¢aiccretion flow rather
than originating in a jet. Such a component may be preserftarspectra of all low-
accretion rate AGN but usually saturated by jet-emissiay becoming visible at high

radio frequencies and for sources with weak jets.
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The majority of the work presented within this chapter cauasts the submitted paper,
Hoganet al. 2014b.

4.2 Introduction - High Radio Frequency Properties and

Variability of BCGs

There has apparently been a fine balance between heatingalagcwithin clusters in
place for at least half the Hubble time (e.g. Vikhlinin, 20@8att et al., 2010; McDon-
ald et al., 2014). Furthermore, the energy imparted by AGtWiae does appear to be
sufficient to offset coolingn averagde.g. McNamara & Nulsen, 2007; Dunn & Fabian,
2008). However this is not the case at all times, suggestiaigaeriods of cooling must be
interspersed by periods of AGN energy injection. Added ts iththe growing realisation
that in the most settled cool-core (CC) clusters where theaeentral peak in the cluster
X-ray surface profile indicative of substantial coolinge BCGs have a radio-loud duty
cycle approaching unity (e.g. Burns, 1990; Mittal et al.020, also see Chapter 3). This
suggests that in these systems there must be cyclic actwigreby the BCG is more
active in some periods than others.

Most previous studies using radio observations to traceARIN feedback have been
carried out aK1.4 GHz (e.g. Best et al., 2007; Stott et al., 2012) and soati® prop-
erties of BCGs in thez10-300 GHz range are somewhat poorly constrained. Single-d
surveys of the sky at the higher end of this range are typicdiballow and have rela-
tively low resolution (e.g. Planck Collaboration et al., 20} whereas even at the lower
end, small beam sizes make interferometric surveys of argabie area both difficult
and expensive. However it must be noted that several recewtys have allowed for
huge advances in the understanding of the radio-sky ategrézn 10 GHz (e.g. 10C
at 15.7 GHz, AMI Consortium et al. 2011; AT20G at 20 GHz, Murgtyal. 2010 and
the AT20-deep (pilot) also at 20 GHz, Massardi et al. 201anEen et al. 2014). Con-
sequently, only a few of the brightest BCGs have well charesetd radio-spectra in this
crucial spectral range.

In Chapter 3 we considered the radio properties of BCGs in anpasmple of over
700 X-ray selected clusters (Ebeling et al., 1998, 200hrihger et al., 2004). These
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were split into CCs and non cool-cores (NCCs) using the preseoptical emission
lines around the BCG. Such lines are only found in systems eatitral cooling times
less than 510 years, equivalent to a central entropy less than 30 ke¥ and hence
can be used as a proxy for the cluster state (Cavagnolo e0DaB, Rafferty et al., 2008;
Sanderson et al., 2009a). The radio spectral energy disitiits (SEDs) of the BCG in
246 of these were populated, typically between 74 MHz and B@,&nd decomposed
into active and inactive components attributable to ong@nd historical accretion re-
spectively (see Chapter 3). Not only was the radio duty cy€IB®Gs in CCs seen to
be substantially higher than in NCCs, it was found that the nitgjof CC-hosted BCGs
showed evidence for ongoing core activity that manifestfiprimarily as a spectral flat-
tening above a few GHz. Often this emission is missed in l@gudency surveys. Further
confounding the lack of information, increased variabiig postulated to higher radio
frequencies as the emission is expected to originate frameasingly smaller physical
scales.

In this chapter we select a sub-sample of the BCGs studied ipt€h3, believed to
contain the most dominant active cores. These sourcessidlerén CC clusters where
active feedback is prevalent. Furthermore, the dominamdkeoradio core component
in these sources indicates that the SMBH is actively acayedi a significant rate. We
observe them with a variety of facilities to extend theiricadoverage up to 353 GHz
as well as observing a number of them at different epochstwlatongside historical
observations, allows us to study their variability. Thisrp#s us to explore the origin of
the point-like central radio emission as well as to constthe amplitude of variation in
the accretion rate during active periods of ongoing feeklb@ilst the feedback powers
derived from X-ray cavities trace the AGN energy output agexd over tens of megayears,
this shorter term variability provides insights into themastantaneous processes within
the core.

One system that has been well-monitored at radio frequsigceater than a few GHz,
and indeed constitutes one of the most well-studied exagilactive AGN feedback in
a cluster core is NGC1275/3C84 in the Perseus Cluster (e.gridgehet al., 1993; Con-
selice et al., 2001; Abdo et al., 2009). Large amplitudeataons in the radio spectrum of

this source have been known for many years (Pauliny-Toth 8ekmann, 1966).
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Recently Dutson et al. (2014) undertook a comprehensivaystd the radio and
gamma-ray properties of NGC1275, considering its radioadmlity over five decades
in both time and frequency. The radio spectrum consists tdepsspectrum power-law at
frequencies below approximately 1 GHz and an inversion altlois leading to a peaked
profile. It should be noted that the source is not stronglyreh(Krichbaum et al., 1992;
Nagai et al., 2010). The power-law component, attributegelly to the presence of ex-
tended lobes and a 300kpc mini-halo (Burns et al., 1992pnstant in its flux. However
the peaked component is found to vary significantly in botk {more than an order of
magnitude) and turnover frequency on few year/decade tales. Such variations have
been previously linked to individual components in the jetroilli-arcsecond scales, as
recoverable using Very Long Baseline Interferometry (VLBIg. Suzuki et al., 2012).
Interestingly, Dutson et al. (2014) find compelling corrasgence between this few-year
variation of the high radio-frequency peaked componentthadigh energy gamma-ray
emission but no strong connection between the short-teaririff’ seen in the gamma-
rays and the 1.3mm flux. In a study of the core X-ray propedfés’ BCGs, Russell et al.
(2013) found that roughly half contained an X-ray point ssuat Chandra resolution. It
is worth noting that three of these (A2052, Hydra-A and M84x&vseen to vary over
similar 6-month to decade timescales, which is similar tttmescale of variation seen
in the radio emission of NGC1275.

One of the aims of the current chapter is to investigate wdretitne high radio fre-
guency properties of NGC1275 mark it out as a peculiar objeetleether such periods
of high activity in the spectral range above 10 GHz are comarnongst the BCG popu-
lation.

Recently the Sunyaev-Zel‘dovich (SZ) effect (Sunyaev &doeich, 1972) has been
used to compile large catalogues of galaxy clusters (e.gd&dinde et al., 2010; Re-
ichardt et al., 2013; Marriage et al., 2011b; Hasselfield.e2@13; Planck Collaboration
et al., 2011a, 2013c,a). Unresolved radio sources pressign#icant systematic for
these searches and may lead to underestimated or compietetyed SZ decrement in
the 15-200 GHz range (see e.g. Knox et al., 2004; Coble e08l7;2.in et al., 2009). Fur-
thermore, the single-dish nature of many SZ-observatoneans that often the removal

of contaminating point sources relies on uncertain extetmm of higher resolution but
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lower frequency data. Our results therefore have potéytsagnificant implications for

SZ studies of clusters.

4.3 Sample

The sample of sources chosen for this study were selectethply from Chapter 3 as
having the brightest{ 10mJy), flat-spectrum coresa « 0.5), so that a detection above
100 GHz was possible. The parent sample described in Chaptae?s an all-sky, X-ray
flux-limited sample of over 700 clusters as outlined abovetie number of sufficiently
bright sources is relatively smak(30 or < 4%).

To increase the target list we added seven brigkbQmJy at 5 GHz) sources ei-
ther in fainter clusters and/or clusters that have beenideistified until now. Four
of these sources are in fainter clusters (A1l, Perlman et989; 4C+55.16, lwasawa
et al. 1999; A2270, Healey et al. 2007; and RXJ2341+00) arektim clusters above the
eBCS/REFLEX flux limit (RXJ1350+09; RXJ1832+68pBringer et al. 2000; Gioia et al.
2003; and E1821+64, Russell et al. 2010). All seven of theseces have been identified
as AGN, given the association of radio and X-ray emissionwéi@r, only E1821+64 is
actually strongly (more than 50%) contaminated in the X{sgyan AGN, in this case a
QSO. In the other six cases the cluster pesviouslybeen mis-identified as a BLLac as
a result of them having seemingly flat radio spectra and sXthays had been attributed
to the AGN. However, all six of these clusters have centrédgas with strong, narrow
optical line emission, characteristic of cooling flow BCGsd®@ford et al., 1999) and in
all other aspects are similar to the sources selected in €hapfTherefore, we propose
a re-identification of each source such that the X-rays azdgminantly from the cluster
and not a central AGN.

The source selection is by no means complete but is repegaenof the brightest,
core-dominated radio sources in cluster cores. Thereferbalieve that the spectral and
variability properties we determine for this radio-brigggmple can be used to constrain

the properties of the complete, X-ray selected sample asoéewh
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4.4 Data and Reduction

441 GISMO

GISMO is a 150 GHz (2mm) bolometer camera built by the God&pace Flight Cen-

tre (Staguhn et al., 2008) for use on the IRAM-30m telestopdich is located at an
altitude of 2850m on Pico Veleta, Spain. GISMO operates dasitwvinstrument being

operable for around a two week period every six months. Quitgitime on the telescope
GISMO is operated in a shared risk pool observing mode, dusihich telescope focus
and pointing observations are regularly performed on IRAMlrator sources.

We obtained data from 3 epochs, using GISMO to observe 29 n841& sources
in the April 2012, November 2012 and April 2013 observingguaspectively, with as
many source overlaps between runs as possible (see TapleSbiirces were typically
observed for 5-10mins using a standard lissajous scanmingt.s The telescope has a
typical FWHM of 16.7” and the absolute flux calibration of GI&€Ms found to have a
typical 16% uncertainf

Data were reduced using the GISMO specific section of the CIREBtware package
(Kovacs, 2008). Pointing and flux models specific to each run adated during each
GISMO run and the package itself is being continually updaté/e therefore reduced
our data using a version of CRUSH (2.15-2) that post-dates alr data collection and
hence contains optimised parameters for each of our déda-se

Most of our sources have signal-to-noise ratios (SNRs) tless 10 for each scan.
We therefore found the -faint option within CRUSH to delithe best results in most
cases. For non-detections we re-mapped the data using ¢le fidtering. Only one
source (A1885) was recovered using -deep but not -fainteltime -deep option is known
to over-filter sources with SNR greater than 5 and will craaggative flux haloes, we
took our flux measurements from the maps created using tive dption. A1885 was
recovered with a SNR of4 and hence measuring the flux from the -deep map for this
source is not believed to introduce any additional errore $pecific filtering mode used

for each source is shown in Table I.1. Atmospheric extinctgautomatically corrected

1IRAM is supported by INSU/CNRS (France), MPG (Germany) a@b (Spain)
2performance reports available for each run at http://wramies/IRAMES/mainWiki/Continuum/GISMO/Main
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for within CRUSH, using an estimate of the most recent ta (@Riz) value as measured
by the on-site tau-meter. However, some of our data (pdatilyuduring the Nov. 2012
run) suffered from a faulty tau-meter not inserting the eotrmeasurement into the FITS
file. Time-dependent records of the on-site tau values weterded manually during
each run, which were compared to the values recorded autathatin the log files. To
ensure consistency, we manually inputted the best estigstith tau-value using the
-tau.225 GHoption within CRUSH for each of our source reductions.

Maps were produced and fluxes extracted using the CRUSH gbolv’. Gaussian
fits were performed for each source with the resultant flux BYWHM reported along
with source peak and map RMS in Table I.1. Only Hydra-A shosigdificant extent
and hence its flux was extracted from a user-defined regionxeBlwere additionally

verified using the kvis data-display tool (Gooch, 1996).

442 CARMA

Twenty three sources were observed at 90 GHz using the CARNBAf@mometer (e.qg.
Woody et al., 2004) in D-array between 21st May - 15th June2201 which twenty
overlap with our GISMO sources. These observations wer@eed in queue mode by
initiating pre-determined blocks, which could be started abandoned part way through,
depending on observing conditions and at the discretiohetelescope operator. Each
block contained an observation of a planet for primary fluxocation. This observation
is run through CARMA pipelines to provide a primary flux scabe the observations.
Additionally, a strong bandpass calibrator was observedetxh block (the bandpass
calibrator used was either 3C279, 3C345, 3C454.3 or 3C446, deygeon observability).
Science targets were visited several times at various hgglea to maximise uv-coverage
and sandwiched between 1 minute observations of a nearlsg miadibrator.

Data were reduced by the standard methods using the CARMAnisetil version of
the MIRIAD data-reduction software package (developedraathtained by University
of Maryland). Some automatic flagging of bad data is perfatnbet the visibilities were
also inspected and flagged interactively. Files with basidbmation, taken at the time
of observation were provided and used as a calibrationirsgaptoint. Corrections for

antenna positions were performed using the most co-terhpntposmodels provided by
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the observatory. Further bandpass, phase and flux comsatiere applied using standard
MIRIAD tasks as determined from the observed calibraticurses.

Deconvolution and cleaning of the subsequent maps wer@atsarmed using MIRIAD
and the kvis data-display tool used to extract fluxes, verifig additionally extracting
fluxes using the AIPS task JMFIT.

443 AMI

The Arcminute Microkelvin Imager (AMI, Zwart et al., 2008} a versatile instrument
located at the Mullard Radio Astronomy Observatory (MRAOptimised for study of
the SZ effect, AMI consists of two interferometer arrayse 8mall Array (SA), with ten
3.7 m antennas with baselines of 5-20 m; and the Large Arrdy (ith eight 12.8 m
antennas with baselines of 18-110 m. These arrays are thimisgd for large (3 — 10
arcmin) and small (30 arcsec — 3 arcmin) scale observatiesigectively. This set-up
allows study of the large-scale SZ effect with accurate att@risation of the contami-
nating radio source environment. Both arrays measure tQepislarisation at the central
frequency 16 GHz. Data are taken in six channels, each ohvdid2 GHz, over the range
13.9- 18.2 GHz, allowing a local spectral index to be detagdifor strong sources.

We used the AMI-LA to observe seventeen of our sources, vatthdarget visited
either two or three times in 2012 (see Table 1.2). Obseraaticonsisted of 8 minute
integrations sandwiched between 1 minute phase calilsasos. In the April-June scans
the sources were themselves used for self-calibration tifeoEeptember follow-ups we
additionally observed nearby phase calibrator sourcesA&end 3C 286 were observed
for use as amplitude calibrators.

Data reduction was performed using the local (to MRAO) inib®software RDUCE.
Reduction pipelines were used to apply amplitude and predd®ation, flag for telescope
errors and Fourier transform to produce frequency chanmealslitional flagging for bad
data was carried out interactively through visual inspectf the channel data.

Data are written out of REDUCE as uv-FITS files which were read AIPS for
deconvolution and cleaning using IMAGR. Maps were produitedeach channel in
addition to a single image for the full bandwidth. None of sources were found to be

resolved and so fluxes were extracted using the AIPS taskDlslird verified using kvis.
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We investigated the flux calibration and find a typical 5% utaety, which we propagate

into in our uncertainties.

4.4.4 OVRO and UMRAO

Since 2007 the Owens Valley Radio Observatory (OVRO) has bsang its 40m tele-

scope to undertake a 15 GHz monitoring campaign of over 188 rsources (mainly
blazar Fermi-LAT gamma-ray candidates, see Richards,&@l1). Five of the sourcesin
our sample have been monitored as part of this OVRO mongarampaign. Addition-

ally, since January 2013 eleven extra BCGs with strong higiorirequency emission
selected from this work have been included within the dymamuieue, allowing regular
(typically every 10 days) observations for these sources {&ble 4.1).

The OVRO 40 m uses off-axis dual-beam optics and a cryogegicdiectron mobil-
ity transistor (HEMT) low-noise amplifier with a 15.0 GHz ¢enfrequency and 3 GHz
bandwidth. The two sky beams are Dicke switched using thesaifce beam as a ref-
erence, and the source is alternated between the two beaansdN-ON fashion to re-
move atmospheric and ground contamination. A noise levelppiroximately 3-4 mJy
in quadrature with about 2% additional uncertainty, mostle to pointing errors, is
achieved in a 70 s integration period. Calibration is acldav&ing a temperature-stable
diode noise source to remove receiver gain drifts and theditursity scale is derived from
observations of 3C 286 assuming the Baars et al. (1977) v&Rid4 Jy at 15.0 GHz. The
systematic uncertainty of about 5% in the flux density scaleat included in the error
bars. Complete details of the reduction and calibration guace are found in Richards
et al. (2011). We check the pipeline data for, and removayihgal scans whose ampli-
tude is obviously discrepant (of which we find less than 1%Jdifionally we remove a
small minority of points where uncertainties reach morath@%.

One of our sources (4C+55.16) that is included within the OMR@nitoring cam-
paign was also monitored at 15 GHz by the 26m telescope of tinetsity of Michigan
Radio Astronomy Observatory (UMRAQO; Aller et al., 1985, 201 The UMRAO mon-
itoring of this source is not ongoing, however the additidrire UMRAO data to the
OVRO and AMI data means that for this source we have well-$agnhlightcurves at

15 GHz extending forwards from 1985 to the present.
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4.4.5 SCUBA-2

The SCUBA-2 (Holland et al., 2013) observations were madeasatsgb a poor weather
programme (JCMT weather Bands 4 andtbzsgH, = 0.15—-Q03) as part of Canadian
and UK projects (M12AC15, M12BC18, M12BU38, M13AC16 and M13&)Between
February 2012 and July 2013. The observations were madeati srap (“CV Daisy”)
mode with integrations of 30 minutes each.

The observations were reduced using the standard SMURFagadkienness et al.,
2011; Chapin et al., 2013). We used the standard flux caldwaif FCFg50 = 527+
26 Jy beam! pW1. The resulting maps reached noise levels of typically 4-Bimedam 1
(depending on conditions) which was sufficient to detect bedf of the sources observed.

Note that the SCUBA-2 data reduction was done by Dr James Géalcld University

of Hertfordshire.

4.5 Results

4.5.1 Spectral Energy Distributions

In Chapter 3 we performed spectral decompositions for a latgaber of BCG SEDs
finding that in many cases the spectrum flattens above a few; @Gdicative of these
sources containing an underlying strong core componenthdrcurrent chapter we ex-
pand the spectral coverage for our subsample of 35 of theseesinto the mm/sub-mm
regime. We indeed see that in many instances these activpar@nts extend to high
frequency and typically rollover at the highest radio-fieqcies, consistent with recently
accelerated synchrotron populations.

We performed fits to each of our extended SEDs, using the CURVEprogram of
IDL. Generally our sources could be well fit by either a powesr; Gigahertz Peaked
Source (GPS)-like

, equations 10.0.2 and 10.0.1. Also see][]Orientil4 conepbr a combination of
these. Individual SEDs, fitting notes and parameters argepted in Appendix J. Our
SCUBA-2 data were included in the SEDs although excluded ftmrspectral fits as in

several cases it appears to be indicative of an additiobaltgdoorly constrained compo-
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Figure 4.1: Example SEDs for four objects. In panel (a) wénlgint the frequencies of

the observations presented within this chapter, in additidhe widely used radio-surveys
NVSS/FIRST, WENSS and VLSS to help contextualise our frequenverage. We see a
variety of spectral shapes, sometimes well-fit by a singlemanent as in MACS0242-21
whereas in other cases requiring both a power-law and a G@$dmponent (see text).
Note that the SCUBA-2 data-points at 353 GHz are included énS&Ds but excluded

from the plots as they often appear to be suggesting thermresd# an additional, poorly

constrained component at the highest frequencies (se®5dd5.6).
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nent becoming prominent in the mm/sub-mm regime (see Seét®6). Four example
SEDs are shown in Figure 4.1.

In some instances, as in RXJ0439+05 (panel a of Figure 4€li@S-like compo-
nent is distinct and inverts the spectrum above a break éecubelow which we see a
steep spectrum power-law tail to lower frequency. Thesecgsuare likely to be under-
going powerful recent activity in their cores. At frequeegibelow the self-absorption
turnover of the core component the spectrum becomes doedifgtan underlying steep
spectrum power-law component, that may be suggestive leéraitnresolved radio lobes
or the presence of an amorphous halo of confused emissiamggier et al., 2004). In
other instances, as shown in E1821+644 and 4C+55.16 (paraaid o of Figure 4.1)
the integrated spectrum shows only a flattening in the GHgeavhich may stay flat to
high frequencies as in E1821+644 or tail off as in the caseG#56.16. We are likely
seeing sources at different stages of their AGN life-cycleh the power and timing
of the latest outburst dictating the ratio of powerful higidio-frequency core emission
to steeper low-frequency emission from more physicallyeeged regions. The multiple
components hint towards relatively short (less than 10Myne-frames between major
periods of activity in BCGs. Yet other sources, such as MAC2624 (panel d, Figure
4.1) appear well fit by a GPS model with a turnover frequendgwd GHz. These may
be instances dominated by a single period of older activitgne the ejected emission has
propagated outwards and expanded, permitting the peakye tawards lower frequency.
When the peak falls much below 1 GHz, such sources may befaasss compact steep
spectrum (CSS, O'Dea, 1998).

Notes on the General BCG Population

Twenty-six of the thirty-five sources are found to containRS3like peaked component.
Physically, GPS sources are believed to be young radio esuwvhose spectra are peaked
due to synchrotron self-absorption (O’'Dea, 1998). That we §trongly peaked compo-
nents within our BCG spectra is indicative of powerful enmosson small-scales. This
could be either due to restarted radio-sources in thesetstpe a recent period of height-
ened activity amongst a continuously active source. Eithéinese scenarios are consis-

tent with the high duty cycle expected for these cool-corgtéad AGN. We plot in Figure
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Figure 4.2: Flux of the GPS-like component as a function effiequency at the peak.
Note that in the classification scheme of O’Dea et al.(198%) lowest peaking of these
components, if an isolated source, would likely be iderdiiées CSS rather than GPS.
However, we note that in the evolution scenario for this fgraf sources, CSS sources
are just slightly older GPS sources and hence we refer td #ilese peaked components
as ‘GPS-like’ for brevity. Each source is represented twemnected by dashed lines).
Circles show the peak flux of the GPS component whereas dowmgfagangles show
the combined flux of both the GPS and any power-law componeatsared at the GPS
turnover frequency. In the majority of instances we seedh#te turnover frequency the
GPS component is dominating the flux. It should be notedatally all radio-loud
BCGsmaycontain a peaked active component, although in most sydtesss would be
expected to peak far below the integrated flux and hence betectdble in all but the
brightest systems.
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4.2 both the peak flux of the fitted GPS-component and the aoedlppower-law + GPS-
component flux of each of our GPS-containing sources as aifunaf the GPS turnover
frequency. These are mainly found to be GPS dominated, withaominority of sources
found where the combined flux is significantly greater than@®PS component alone.

We find that the spectral turnover of the GPS component inte@reof these twenty-
six sources lies above 2 GHz, of which only Hydra-A has a soitmdant core that does
not overtly affect the integrated spectral shape at fregesngreater than a few GHz.
In the simplest case we can use this to put a limit on the nurmb8CGs containing
powerful peaked cores that greatly affect the spectrum altbg observing frequency
of most wide-sky surveys (e.g. NVSS/FIRST at 1.4 GHz, WENSSMvat 325 MHz,
VLSS at 74 MHz, see Appendix J, Condon et al., 1998; White etl8B7; Rengelink
et al., 1997; De Breuck et al., 2002; Cohen et al., 2007). Oopsawas drawn from
the 726-source Parent Sample described in Chapter 2. If wieastiffrom this the 196
sources that fall below Declination -38nd so were not considered by our initial GISMO
selection criteria (see Section 4.3) then we find th8t4% of BCGs contain a brighter
than 10mJy synchrotron self-absorbed active core compgqaaking above 2 GHz. This
fraction increases t&-8.5% if we consider only the cool-core clusters. Our incastgl
spectral coverage of the full sample means that this nunsbenly a lower limit and
that the true fraction of BCGs with GPS-cores may be much higineleed this simple
analysis neglects systems whose spectra appear to betgatigi$lat out to high radio
frequencies where multiple superposed flux components ragydsent.

That strong spectral deviations at frequencies higher ¢éhimw GHz are not uncom-
mon in BCGs has important implications, including but notited to the activity of the
population as a whole and also the expected contaminatielanal extent of peaked AGN

components in BCGs on SZ signals. We consider this furtheeati&n 4.6.

4.5.2 Nature of Variability

Understanding the radio variability of AGN is important &gforms us on several phys-
ical processes. Short-term variation allows to place s@estraints on the region from
where any observed radio-flux propagates (i.e. a sourceotasamy on less than the

crossing-time) whereas longer term (few year) variation rdorm us as to the likely
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fueling mechanisms of AGN. At radio frequencies, the varaitself can be due to dif-
fering energy densities within the jet, which may be due tchange in the accretion
structure and fueling rate at the jet-base. Alternativehanges in flux may be due to
individual components within a jet becoming brighter ag/timeract with other material.
However, fully characterising the radio variability of AGN inherently difficult as the
measured variability can be attributed to different mecéras and will be most prevalent
on different timescales depending on the observing frequen

As an example, consider a synchrotron self-absorbed seampled at a frequency
just below the turnover which shows a flux increase. Withauttemporary observations
at and above the peak it would be difficult to say whether trdbtimhal received flux is
due to an increase in total power-input to the jet by the AGhd(aence the normalisa-
tion of the entire SED should increase) or whether overalgbwer-output is falling but
that the lower intensity and expanded physical scales oéthigting regions lead to the
turnover moving to lower frequency and so giving a flux incedelow the peak while
the overall normalisation remains constant. Ideally thgre®SED would be sampled si-
multaneously and fitted, accounting for self-absorptioa aariety of epochs in order to
recover the true variability in the underlying power outpltnfortunately, such a cam-
paign is prohibitively expensive. Nevertheless, limitge ¢ placed on the variability of

BCGs at different frequencies and timescales.

4.5.3 Monochromatic Variability
Variability Index

We use the debiased variability equation (e.g. Akritas &Bady, 1996; Barvainis et al.,
2005; Sadler et al., 2006) to attempt to place quantitaitiwiéd on the monochromatic flux
variability of our sources. This index accounts for the uteiaties in flux measurements
and hence should be robust against artificial positives. Vdreability Index (V.1.) is

defined as

VrRmMs=

100 \/z(s— <S>)2-y0?

45.1
<S> N ( )

where § is an individual flux measurement; the associated uncertainty, S > the

mean flux and N the number of observations of a given source ligfdcurves with a
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large number of points this statistic gives a measure ofythieal variability of a source
about its mean flux. This analysis begins to falter for ligintes with a small number of
points where the mean is not necessarily representativé ofeasured fluxes however
it is useful even in the limit of N=2 as a positive returned. ¥élindicative of significant
variation whereas an imaginary returned V.. suggests dseiwved flux difference is
most likely attributable to measurement uncertainty. Aitation of this method is that
over-estimation of the error on flux measurements can maakvegiability. However,
this variability would be below any limits found for variati below the given errors.
Given limits on variability would therefore be correct, aibless restrictive than if less
conservative flux uncertainties were used. Although it $thtve noted that such a limit
does not of course restrict the potential for the source g alow this level. Similarly,

under-estimation of errors can falsely indicate varispilvhere there is none.

Variability at 15 GHz: OVRO

For the eleven sources added to the OVRO monitoring camuaiga MJD 56320 (Jan-
uary 2013; see bottom panel, Table 4.1) we find that no sohieesa positive Variability
Index. This suggests that for all eleven sources the diffszen measured flux is within
the 1.0 uncertainties of the individual measurements such thati#aids to an imaginary
value for the square root. This is somewhat surprising,esfioc a non-varying popula-
tion we might expect around half to have slightly positives/and half slightly negative
V.l.s. The lack of any positive V.I.s may therefore indicttat our flux uncertainties are
over-estimated. A positive V.I. requires that the numaratithin the root of Equation
4.5.3 be positive, which at the most basic level just reguilat the average fractional
flux deviation from the mean flux be larger than the mean foaeti error.

In Figure 4.3 we plot the typical percentage deviation frdma mean flux for each
source, as well as the mean fractional error on the flux (diga as a percentage). Ad-
ditional data are provided in Table 4.1. We see that in atbinses of the eleven sources
monitored since January 2013 the typical flux deviation sslthan the typical error,
hence showing why no real V.I.s were returned. For a nonnsitally-varying popula-
tion of sources we might expeest68% of flux measurements to lie within one standard

error of the mean. That our typical percentage uncertargie around twice our typical
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Figure 4.3: Dotted line shows the minimum percentage vaitials that would have cor-
responded to a positive Variability Index (typical dewviatifrom mean flux greater than
mean fractional error) for the OVRO sources, sampled at 1z Gitypically one-week
timescales. The green dashed line shows the actual tymeattbn from the mean flux
for each source respectively. Note that only A2270 showsifsogint variation (dashed
line above dotted line). Sources are arranged left-totrightheir maximal measured
flux at 15 GHz. The detectable percentage variation is tylgicauch lower for brighter
sources, with some deviation from a one-to-one correlatiio® to uncertainties on flux
measurements varying by source. Sources are: A) 4C+55.18XB0439*, C) A2270%,
D) A2052, E) RXJ1558*, F) RXJ2341, G) RXJ0132, H) AS780*, K&R350%, J) A2055,
K) A2415, L) 28276, M) A2627, N) A2390, O) A646 and P) A1348. tidhat five of
these (indicated with *) were in the initial OVRO monitorifigt and hence longer time-
baseline data are available, where plotted values are tabdsalated when the time-frame
was matched to the other eleven. See also Table 4.1.
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Figure 4.4. OVRO variabilities for only the five sources ie tbriginal lists, measured for
the full (from January 2008 onwards, red lines and offsettarity) and restricted (Jan-
uary 2013 onwards, black lines) time-frames. Dotted lirresisthe minimum percentage
variabilities that would have corresponded to a positivealality Index (typical devia-
tion from mean flux greater than mean fractional error), wlsrdashed lines show the
actual typical deviation from the mean flux for each sourspeetively. Note that only
A2270 shows low-level significant variation (dashed lin@wabdotted line) when only
data during the matched time period whereas when using thddia, both A2270 and
RXJ0439 show significant variability, as would be expectgddnsidering the lightcurves
in Figure 4.5. Although not a perfect measure, this does ghodence that variability at
15 GHz is most prominent over longer time-frames, henceideniag variation of BCGs
on longer than single year timescales is important. As imf&gt.3 we order the sources
left to right by their maximal measured flux at 15 GHz. See dksiole 4.1.
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Figure 4.5: Longer term lightcurves for the five sources thate in the original list of
OVRO targets. Where AMI observations were available, the iBoorrected to 15 GHz
using an index fitted to the AMI data split over the six chasrfer that observation
specifically. We see strong variation over typically yeardscales in both RXJ0439 and
A2270 at 15 GHz. Note that MJD 54000 corresponds to Septe2#e2006.
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flux deviation from the mean suggests that our errors are-estmated by a factor of
2-3. However, we cannot steadfastly claim that our sourcesérinsically non-varying
and that they should therefore adhere to Gaussian statestid hence we merely claim
that they typically are restricted to varying by10% on roughly one-week timescales,
although note that this limit may in fact be a factor of 2-3 é&aw

Two of the five sources that were in the OVRO monitoring campaiver the full
period (top and middle panels, Table 4.1) return real Valitgdndices when the V.I.
is calculated over the full timerange (A2270 and RXJ0439)dnly one (A2270) is re-
covered when the V.1. is calculated over a timerange resttito match that of the other
eleven sources (see Figure 4.4). In Figure 4.5 we show theHbIiGhtcurves for these
five sources. Clearly both A2270 and RXJ0439 display largeifiareases over the full
timescales considered although it is interesting to naettie variability of RXJ0439 as
shown by the increase from MJD 54500 - 55500 would be misseohi§idering only the
restricted timescale. It is interesting to note that whely dme matched timeframe data is
used, A2270 returns a barely significant variability but whiee longer-term monitoring
is included then a very high level of variability is seen. §uggests that at 15 GHz,
variability of sources is most likely to be seen over gre#ttan year time-frames.

The measureable percentage variation that would havenextwa real V.I1. (and there-
fore a significant measure of variability above the noise)egfrom source to source,
typically being lower for brighter objects. However, by pestion of Figure 4.3, we
can claim that the 15 GHz variability of these BCGs is typicadistricted t0<10% on
roughly one-week timescales (see Table 4.1). Additionally see evidence that much
larger magnitude variation may be common in BCGs on few-yieagdcales. This mir-
rors the finding of Hovatta et al. (2007) who found varialitin few-year timescales in a
sample of blazars from a greater than 25 year monitoring eégnpvith the UMRAO and
Metsahovi telescopes. The OVRO monitoring campaign is ongogmngch the statistics

on this longer-term variability will naturally improve wittime.

Variability at 150 GHz: GISMO

Of the thirty-five individual sources observed with GISM@gnty-three had at least one

repeat observation hence allowing variability to be meaguOf these, and considering
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Table 4.1: Variability Indices for the OVRO data. The mead amedian timescales be-
tween observations are given in days, with N being the tatailver of times OVRO ob-
served each source during the considered monitoring péxid® 54470 to MJD 56750,
5th Jan 2008 — 8 Apr 2014). Note that a real V.I. is recovered for RXJ0439 whtes
full monitoring period is considered but not when only usthg restricted timescale (see
also Figure 4.5. A much better understanding of the longemntvariability of BCGs is

expected to become apparent with continued monitoring.

Source | V.I. |Typical % variationMean fractional Mean | Median| Mean | N
from mean flux | error (as %) |TimescaleTimescaleFlux (mJy
Extended Time Baseline (from MJD 54470)
RXJ1558NaN 4.7 5.4 7.5 4.0 195.8 (303
RXJ0439 8.0 7.5 4.2 5.8 4.0 131.9 (393
AS780 [NaN 6.1 12.3 9.0 6.0 130.0 (205
A2270 (22.0 20.3 4.3 7.0 4.0 308.4 |326
RXJ1350NaN 4.8 6.8 7.1 4.0 201.2 |321
Matched Time Baseline (from MJD 56320)
RXJ1558NaN 4.1 4.6 8.3 5.0 261.1 |52
RXJ0439NaN 2.5 3.4 6.3 5.0 1315 |67
AS780 [NaN 4.1 9.7 9.6 5.9 128.9 |45
A2270 | 1.7 2.3 2.3 7.1 5.0 3219 |60
RXJ1350NaN 53 7.2 8.4 5.0 1955 |50
Added to Monitoring List MJD 56320
4C+55.16NaN 1.2 1.9 6.8 5.0 1539.2 | 63
A1348 [NaN 14.6 37.7 11.4 7.0 55.2 |37
A2052 [NaN 2.3 5.8 6.1 4.2 2725 |71
A2055 |NaN 5.1 13.0 6.2 4.9 120.1 |70
A2390 [NaN 5.5 15.0 5.6 4.8 885 |76
A2415 [NaN 5.3 14.7 7.3 5.0 123.1 |59
A2627 [NaN 5.4 135 55 4.2 99.4 |77
A646 |NaN 10.7 27.8 9.1 5.0 58.2 |47
RXJ0132NaN 3.9 10.1 7.2 5.0 155.5 |60
RXJ2341NaN 3.8 7.8 6.6 4.1 156.9 |65
Z8276 |[NaN 6.7 14.6 6.8 4.3 95.3 |62
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Figure 4.6: Detectable variabilities that would have cepended to a positive Variability
Index for the GISMO sources, sampled at 150 GHz on approriyp&tmonth timescales.
Sources are arranged left-to-right by their maximal meagdlux at 150 GHz. The de-
tectable percentage variation is typically much lower foghbter sources, with some de-
viation from a one-to-one correlation due to uncertainieslux measurements varying
by source. Sources are: A) Hydra-A, B) 4C+55.16, C) A3581, D2 A® E) RXJ0439,
F) RXJ2341, G) A2052, H) RXJ1558, I) MACS0242, J) 28276, K) AB4L) RXJ0132,
M) AS780, N) A2627, O) RXJ1350, P) A2055, Q) Z8193, R) A646,R%§J1832, T)
A2390, U) A496, V) E1821, W) PKS0745.

only detections, seven sources were observed at all th@shspvith the remaining six-
teen observed twice. Only four sources returned real Mlles namely 28276 (V.1.=43.5
: 2 observations), A2270 (8.2 : 3), MACS0242 (23.2 : 2) and F5%&R1(10.2 : 3).
However it should be noted that working out the V.1. for ouS®O observed sources
is less informative than for those observed with OVRO simee\.1. works primarily by
determining the difference from the mean flux. Clearly, whatyawo (or three) obser-
vations of a source are available then such an average imkessingful due to the large
uncertainties on the flux. Nonetheless, a real V.I. stilieates which sources are really
variable at the investigated cadence. Therefore insteadlotilating the minimum de-
tectable typical percentage variation about the mean (asiaae for the OVRO data, see

Figure 4.3), for GISMO we instead calculate:
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i) For sources with two observations - thetual minimum required percentage change
between the first and second fluxes to return a real V.I. (asguthe reported uncertain-
ties)

i) For sources with three observations - tte¢al minimum required percentage change
across three epochs, from the first measured flux assumimgpesimodel where the ob-
servations are symmetrically distributed around the fluthefcentral observation (i.e1 S
-S =S - S3). This is a simplistic approach and would require a soureg does not
vary between epochs 1 and 2 to vary by twice the expected netarebn epochs 2 and
3 to be detected, however it does allowestimateof the minimum average variation per
six-month window that would be detectable.

The results of this are plotted in Figure 4.6, where we seewiieaare sensitive only to
variation of above typically 30%. Thactual percentage variations of the four sources
with real V.1. values are also shown.

In Figure 4.7 we plot the fractional flux changes between gathof GISMO obser-
vations for a source. As in Figure 4.6 we see that the majofigbserved variability is
within the error envelope. The large variations of some sesiias seen in Figure 4.6 are
again apparent. One point that becomes obvious in thiscpéatirepresentation is that
the majority of our observed variation is of sources fadingrathe 1-2 years covered.
This may hint towards systematic flux offsets between GISM@sy however these are
carefully checked forand should not dominate. A natural alternative explanatigses
simply because we selected the sources to be (likely) tlghtest amongst our parent
sample at 150 GHz as a result of their lower frequency spesitiegpes. Most physically
motivated models for variability have the higher frequerayission preceding lower fre-
guency flux rises. This is due to a jet (or ejecta) on smallescheing self-absorbed
when first launched. As this emission propagates to largdescthen the self-absorption
turnover will move to progressively lower frequencies stitdit the lower frequency flux
rises lag behind those at higher frequencies. It thereftaneds to reason that a source
which is brightest in the few GHz range is likely to be at adatage in its outburst and

therefore more likely to be faintening at higher frequescie

3performance reports available for each run at http://wvamies/IRAMES/mainWiki/Continuum/GISMO/Main
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Figure 4.7: Ratio of the measured GISMO fluxes at 150 GHz batveach of the two
epochs. The dashed lines indicate the error envelope dine tba% typical flux uncer-
tainty. Open symbols are for sources that appear more the@ dwe to being observed
during all three epochs; consult also Table |.1. Sources#ly appear to be fading, as
expected for a sample chosen as the brightest at the selegarh. The source that ap-
pears to show very strong variation is Z8276, which is sedade drastically at 150 GHz
between April 2012 and April 2013.
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The April 2013 observation of M0242-21 was observed withghtaptical extinction
(tau = 0.70), which may contribute to the GISMO flux drop of ab60%. However,
we note that this source is a Submillimeter Array (SMA) cadtbbr and shows a similar
percentage flux decrease over this period (at 1.3)rsuggesting that the variability is
real.

Given the high error envelopes, that we detect variabilioagst our sample of re-
peat observations at 150 GHz suggests that significanttiariaf such sources at high
radio frequencies may be relatively commonplace over 6tmtmyear timescales. Such
variability has important implications particularly fouByaev-Zel‘dovich observations

(see Section 4.6).

4.5.4 Measuring Percentage Variation

In addition to a V.1., we also determined a measure of thecai@nnual absolute percent-
age variability of our sources at 15 GHz. Measuring the makipercentage variation
of a source over any given time period is highly susceptiblsmeéasurement uncertainty
since one bad outlying flux can greatly skew the result if motextly identified as erro-
neous. Instead we effectively determine a robust meastuteeaohaximal gradient of the
lightcurve during the monitored period.

For the sources with OVRO monitoring at 15 GHz we calculageggbrcentage varia-
tion between the maximum and minimum measured fluxes ovep#riod. This is found
to be highly skewed by erroneous outliers hence instead keeganean of the six per-
centage differences measured between the 95&5th, 94&@&7tH, 92&8th, 91&9th
and 90&10th percentiles (n.b. for sources only in the mamwplist since Jan 2013 with
less than 100 observations, we used the 95&5th percentifgerand the 5 unique ranges
below this to a minimum of 85&15th percentiles beyond which automatically clas-
sified any resulting measured variability as an upper-)imithis range is more robust
against measurement uncertainty yet still gives a good mmead the maximal variation
over a given period.

A mean over six ranges was chosen, by trial and error, to bassoreble compromise

“http://smal.sma.hawaii.edu/callist/callist.html
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Figure 4.8: Percentage variation at 15 GHz as a functioneptsition of the fitted GPS
peak. OVRO sources correspond to those calculated in $et#o4. Three sources have
historical observations from the 1970/80s at 15 GHz with Ryée telescope (see text
Section 4.5.4) and we include the percentage variations tbese longer time-frames,
calculated in a similar way for comparison. Open symbolstieflux decreases over the
monitored period whereas filled symbols denote flux increadée see a general tendency
for higher peaking sources to be more variable althoughish®t a strong trend and the
ratio is highly dynamic, as highlighted by the case studfd&X)1558-14 (shown as large
crosses) and NGC1275 (shown as large stars) also see Se@&)or-dr comparison we
plot as faded points the normalised percentage variatiotieei OVRO monitoring for the
HFP sample of Dallacasa et al.(2000). These inhabit a sichigdribution to the peaked
components within our BCGs showing that these are not diksitoiyoung radio sources
elsewhere.
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between too few measurements being susceptible to randatadtions but too many
moving to percentiles over which less variation was meakas well as being even and
so more easily allowing non-varying sources to have vanetiaveraging to effectively
zero (note that in practice the probabability ohittually averaging to precisely zero is
minimal, however the probability of it approaching zeronsreased with an even num-
ber).

To determine whether these measured percentage variatiossreliably constitute
genuine variability or an upper-limit on variability, wedk a measure of the two-point
Variability Index (Equation 4.5.3 with N=2) for each of tleesix percentile ranges. We
required that a minimum of four of these return real V.1. \eddor the percentage variation
to be classified as a value, otherwise it was taken as an lipper-We normalise our
mean measured percentage variation values by the mearedidtein years between the
measurements used, thus recovering a measure of typicahbwvariation. Where only
a limit on variation is recovered, we normalise by the totalniored period in years
(roughly 1 year for 11 sources added to OVRO list).

Three sources (4C+55.16, RXJ0439+05 and Z8193) have luatd®d GHz data pre-
ceding OVRO monitoring from either the UMRAO campaign orrged observations
with the Ryle Telescope. We combine these with the OVRO daddiad the percentage
variations over longer timescales.

In Figure 4.8 we show our calculated absolute percentagatiars at 15 GHz as a
function of the peak position of the fitted GPS. A mixture ofisies increasing and de-
creasing in brightness is seen. A weak general trend for igfieelt peaking sources to
show most variability is seen. Such a trend is expected, aglehturnover frequency
suggests self-absorption closer to the jet-base and henissien from smaller scales,
which can more easily translate to faster emitted varigbilHowever, it must be noted
that the GPS-peak frequency is expected to move and alsatiabiity is non-constant,
hence both parameters are expected to undergo linked mrallVe illustrate this dy-
namic relationship by including on Figure 4.8 evolution&mgcks for two sources with
long-term monitoring; RXJ1558-14 and NGC1275. Both are deemove extensively
across Figure 4.8 but always remain within the region ocaaijy the other points. We

consider these sources as case studies in sections 4.6426a8d
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For comparision with the more general galaxy population deiteonally include on
Figure 4.8 the normalised percentage variations at 15 GHth#ofifty sources (of fifty
six) in the High Frequency Peaker (HFP) sample of Dallacasd. €2000) that are in
the OVRO monitoring list. These show a similar weak trendhi® peaked components
of our BCG spectra, suggesting that our peaked componentbecarplained as being
recently (re-)activated emission on small scales. Sucls®on may either be attributable
to an effectively ‘new’ source that has not been previouatlig-emitting or, perhaps more

likely in BCGs, a large recent enhancement in the radio-duipthe AGN.

A GPS link to variability?

The behaviour of NGC1275 and RXJ1558-14 suggest that a dinkcbetween GPS-

peak frequency and variability is not present. Instead aadyao ratio is seen between
these parameters whereby the position (and indeed préseieself-absorption peak in
relation to the observed frequency of a source can have a Effgct on the amount of
variability seen.

The position of the peak appears to weakly correspond to hoekly a source can
vary at a given frequency although not necessarily how dyitkoes vary over any given
epoch. Indeed, whilst the presence of a flat or peaked commpona BCG’s SED can be
indicative of it being more likely to vary at high radio fregpcies there does not appear to
be a single observable proxy for the level of variation anddeethe only way to robustly
remove high frequency contaminants remains contempotesngaservation.

It should be noted that GPS sources actually constitutegerafitypes and that many
sources classified in the literature as GPS and HFPs arellgdiaang flat spectrum
quasars or blazars (see Discussion by Torniainen et alZ)20the variability of these
sources is naturally expected to be different to genuimegerm GPS objects. Amongst
genuine GPS sources the peaked spectral shape is maintairedecade timescales and
long-term variation of the absolute flux level of this is sé&ler et al., 2002). This longer
term variation (years to decades) is similar to what we sdbarpeaked components of
NGC1275 and RXJ1558-14 and hence further supports that trabilay herein is likely
due to similar physical processes to that in more typical @Bfgcts, which may be

related to opacities within the jet flow.
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Figure 4.9: Lightcurve for 4C+55.16. UMRAQO points are thenyeaverage. Note that
AMI observations have a central useable frequency of 16.83,@vhich was corrected
to the value shown here using the in-band spectral index.

4.6 Discussion

4.6.1 Case Study: 4C+55.16

As mentioned in Section 4.4.4 one of our sources, 4C+55.Knéar-continuous 15 GHz
lightcurves available for almost two decades, allowingausdnsider its longer term ac-
tivity. In Figure 4.9 we show the combined lightcurve cotisig of UMRAO, AMI and
OVRO observations. Note that our AMI observations have &rakfnequency of 16 GHz.
We fit a single spectral index to the SED of 4C+55.16 above 10,@&dpvering an index
of 1.2 and use this to correct our AMI fluxes to 15 GHz.

A steady decline in total flux density is seen towards the étitcdJMRAO lightcurve
for this source (2007, MJB: 54000). Our AMI fluxes are consistent with those recovered
with OVRO, within the errors. However, if we remove the alselflux calibration of the

AMI observations then they are perhaps self-consistert hatving caught the source as

SS=pAv@
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it brightens, before it is then reasonably steady througttwei OVRO monitoring. Vari-
ability of this at 15 GHz is slow, varying by approximately%Q0n decade timescales.
This compares to significantly less variability on typigatine-week timescales. How-
ever, from the GISMO observations of this source we do gdefasriation at higher
frequencies showing that although the overall SED may oaly slowly over several
years, short-term ‘flickering’ of the flux at frequencies abd 00 GHz is still evident

over much shorter periods.

4.6.2 Case Study: RXJ1558-14

RXJ1558-14 shows remarkably similar behaviour to NGC12gitdisplaying around
an order of magnitude less flux. NGC1275 is a well-studied@which constitutes the
prototypical example of a variable BCG with a GPS-like comgrdrshowing steady mm-
variability over few year timescales (see Dutson et al. £@dr a thorough discussion of
the variability properties of NGC1275).

RXJ1558-14 has been monitored by OVRO since 2008 and shtlesviariation at
15 GHz over this time-frame. However, the source has histtlyi been used as both a
VLA and VLBA phase calibrator and has a wealth of observatiavailable in the NRAO
archive meaning we can study its behaviour over long tineslin

In the top panel of Figure 4.10 we show long-term lightcuadsoth X-band (8.4 GHz)
and C-band (4.8 GHz) for RXJ1558-14. Data were compiled froenliterature and by
downloading FITS images for all available observationfimNRAO-archive and extract-
ing flux measurements using IMFIT. We split the lightcurveifour time-windows,
indicated on Figure 4.10 as ‘A, ‘B’, ‘C’ and ‘D’. In panel A (g8eWright & Otrupcek,
1990) we see that the 5-to-8 GHz spectrum was invértthough this is not the case at
later times.

In the middle panel we plot the SED for RXJ1558-14 with dad&its coded to cor-
respond to these four time-windows. In the bottom panel wesmnly on the GPS-like
part of the spectrum, again coding the data-points althdwege we additionally show

illustrative GPS-models to the data in each of the time wiveloAs we move through

6\We use ‘inverted’ within this paper to refer to radio speatith increasing flux to higher frequency;,
which is the opposite to the usual scenario for a typicaljpseared synchrotron spectrum.
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Figure 4.10: Top panel: C- and X-Band light-curves for RXJ-8%, showing steady
decline since 1972. Middle panel: SED where points coloomtesponding to the time-
windows indicated in top-panel. Bottom panel: lllustratiits to the GPS component of
the SED for each of the time windows. As time goes on the GR&-pppears to move
downwards in both flux and lower frequency. Note that the égjHfrequency points
in time-window D (and to a lesser degree window C) appear émtly high - this is
discussed in the text. Note that MJD 40000 corresponds'fo\2dy 1968.
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time windows A to D we see the GPS-peak appear to move bothwawits in flux and
also in turnover frequency.

RXJ1558-14 displays double-lobed structure on parseeseath an unresolved cen-
tral core, as seen at 2.224 and 8.154 GHz in 1997 by Fey & Ch@0ft0) and more
recently at 4.86 GHz in 2012 (see Chapter 5). Although theserwhtions are at differ-
ent frequencies and thus cannot be used to get any securemmeasthe expansion, it
is worth noting that no new features are seen to arise betivessse observations. The
lobes seen in the 4.86 GHz map presented in Chapter 5 lie apptely equidistantly
7 milli-arcseconds either side of the central componentwdfassociate the high core
fluxes observed in 1972 with the launching of these knots ithéme intervening 40 years
the knots travel with an apparent transverse velocity ofegmately 1.02 ¢, permitting
viewing angles between 4&and 90 that are entirely consistent with the symmetry seen
in the source. It is therefore consistent, and indeed higgkdyy, that the very high core
fluxes observed in the 1970s were attributable to the enmssidhe features which are
now observed as expanding lobes on milli-arcsecond scaléshe subsequent fall in
flux is attributable to these lobes propagating away fronctre. Such a scenario would
suggest that variability of RXJ1558-14 (and indeed otherses) above a few GHz may
be associated with the launching of individual jet compds@md may precede the time
at which these are observable given current angular resokit VLBI monitoring of
self-absorbed sources that are varying above a few GHz negftre allow such flux
changes to be directly linked to individual parsec-scalegenponents, as has so far only
been observed for a few bright sources (e.g. NGC1275: Suzaki,012).

The highest frequency data in window D (and a lesser degreelow C) appear dis-
crepantly high and may be indicative of a new period of atstithat will become appar-
ent at lower frequencies only as the emitting knots move d@wand the self-absorption
turnover peaks to lower frequency. VLBI monitoring of theuste may therefore detect
new knots forming and propagating outwards in the comingdec

In further analogy to NGC1275 we note that RXJ1558-14 hasspspectrum power-
law tail to low frequency. In NGC1275 this tail is associateithva 300kpc radio mini-
halo. A similar structure may be present around RXJ1558adever we note that in the

TIFR GMRT Sky Survey (TGSS) imaging of this source there ajppéo be reasonably
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symmetric structure extending almost 200 kpc from the cBes£ 91.8) and hence the
steep spectrum emission may be indicative of large scakesloBuch lobes may be the
result of either a previous large outburst, or evidencetti@source has been continuously
active for a long period albeit with varying levels of actwduring this time. Interestingly,
X-ray cavities are detected by Chandra in this source (Heks@rrondo et al., 2013;
Russell et al., 2013) with total physical extent of H213kpc.

Due to its relatively good long-term SED monitoring we calesiRXJ1558-14 as a
case study in Figure 4.8. We calculate the GPS-peak freguaamt measured variability
in RXJ1558-14 for each of the four epochs highlighted in Feg#.10. We can directly
measure the 15 GHz percentage variability in epoch D onlsinduvhich OVRO mon-
itoring data are available. For each of the other three eposle measure the C band
(4.86 GHz) and X band (8.44 GHz) values at the epoch boursjarsng these to ex-
trapolate an estimate of the 15 GHz flux. We plot the positiobRX¥J1558-14 on Figure
4.8 during each of these four epochs. Initially, in epoch Afind typically 4% variation
annually at 15 GHz. During this epoch the peak is just belowGHy and hence the
spectrum is still relatively self-absorbed at this fregoyenin epoch B we are further in
time from the event that caused the peaked component of F58318's spectrum. The
peak has moved to lower frequency meaning that a steepeofpidug¢ spectrum crosses
15 GHz and hence contrary to the general trend we see highiabildy during this
epoch. In epochs C and D the variability continues to lesseth@ turnover frequency
drops. It may be possible that a second, sub-dominant coemp@eaked at much higher
frequency (see Figure 4.10, bottom panel) is also preseheispectrum. If this compo-
nent varied differently to a lower peaked component themitld show increasing flux
as the other was decreasing at 15 GHz and hence could lesserved monochromatic

variability.

4.6.3 Case Study: NGC1275

As presented and discussed in Dutson et al. (2014), NGC12/6den regularly moni-
tored for over four decades and shows long term variabilitthbin terms of its GPS-peak
frequency and spectral normalisation.

In order to place NGC1275 on our Figure 4.8 we take estimatéseotPS-peak fre-
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guency and 15 GHz variability in three epochs: 1979-83 (hod-igure 4.8), 1983-2005
(epoch b) and 2005-2013 (epoch c) (see also Figure 5, Abdg 2089). Initially, during
epoch a, the peak is well above the 15 GHz monitoring frequamc we see a sharp
increase of around 5.5% annually. During epoch b, the sebeption peak ‘rolls up’ the
spectrum to lower frequency and is accompanied by a relgtsteady decline of about
3% annually over an extended period that may be coincidirnly @panding features on
parsec scales. Finally in epoch c there is another periodarpsy increasing flux (almost
12% per year) which coincides with the peak moving to highegdencies. Overall the
trend is for long-term climbs followed by troughs, with tharability at 15 GHz depen-
dent on both the position of the peak relative to this as wetha underlying variability

in the total normalisation of the spectrum.

4.6.4 Comparisons to the general GPS population

An important consideration to make is whether the varigbédind wide variety of spectral
shapes that we are seeing in BCGs is exclusive only to thisadpsass of objects or
whether they are applicable to the wider population of radiorces.

There are many examples of high peaking sources in thetliterde.g. Rodguez
et al., 2014) but large samples are required to fully deteentiow common these are
amongst the overall radio-source population. Classifyiegked radio sources is difficult.
Often only non-contemporaneous observations are availaelaning that variability of
inherently flat spectrum sources can lead them to be misifiles (e.g. see Tornikoski
et al., 2009, and references therein). Alternatively, ewbien a spectrum is sampled at
multiple frequencies and a peak observed, without follgneuer several years it is very
difficult to determine whether this is a true, slowly varyi@@S source or a usually flat-
spectrum source undergoing a rapid flare. Further compligahe issue, it appears as if
the contamination of GPS catalogues by variable source8hfichcs is dependent upon
the GPS host galaxy, with quasar-type GPS sources much rmomaconly mis-identified
than those in more typical galaxies (Torniainen et al., 2Q007).

In the AT20G survey of the southern sky at 20 GHz (Murphy et2010), there are
3763 sources (detection limit of 40mJy at 20 GHz) that haneukaneous observations

at5, 8 and 20 GHz. Of these, 21% are found to have peaked ap&4% show a spectral
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upturn over this range and 8% are inverted, suggesting agi@ale 20 GHz. This fraction
of inverted and peaked sources is significantly higher tha»8.4% of our parent sample
peaking above 2 GHz. There is however a clear selection deertls a higher fraction of
inverted and peaked sources in the 20 GHz selected sampléntloar sample of BCGs
detected at high radio frequencies but selected from a pasmple unbiased by radio
priors. Indeed, in the 5 dégsampled down to 2.5mJy for the AT20-deep pilot survey
(Franzen et al., 2014) 83 sources are detected and haveinagdtaneous spectra from
1.4-20 GHz. Of these only 2.4% show a spectral upturn, 15/8pea@aked and 6.0% are
peaked above 20 GHz. These reduced fractions of ‘exotictsgldypes in comparison to
the full AT20G suggest that the area-limited nature of theeycoupled with the deeper
detection limit means that more of the ‘typical’ single-sfpam sources that constitute
the bulk of extragalactic radio sources are detected. erast al. (2014) find that about
12% of their sources vary by more than 15% over 3 years at 20 @Hizh is comparable
to the levels of variability we detect for our sources at 1523ske Figure 4.8).

Dallacasa et al. (2000) matched 1740 sources withcpiz > 300mJy in the GB6
catalogue (Condon et al., 1994) to the NVSS catalogue (Contcadn £998), finding 102
candidate inverted spectra. Simultaneous follow-up d¢leandidates at 1.35 - 22.5 GHz
with the VLA revealed 55 to be genuinely inverted sourcesilg the remaining 47 were
flat spectrum sources whose variability meant that nhonesopbraneous observations
had caused their spectra to appear peaked. These 55 saheiesiEP ‘bright sample’)
thus mean that 3.2% of their initial matched sample havetsgigeaks>3.4 GHz. Taking
the same frequency cut we find more than 1.9% of our parentisapgak at similarly
high frequencies. Whilst still lower than the detected fiatbf Dallacasa et al. (2000), if
we consider that our sample contains BCGs detected irragpexdttheir radio-loudness
and hence contains a portion of radio-quiet objects therdetgction samples appear to
be in reasonable agreement. We note that in a follow-up p&panghellini et al. (2009)
define an HFP ‘faint sample’ of sources withdsH, between 50 and 300 mJy in the GB6
sample. Sixty-one HFPs with peaks at frequencies above HBdge identified in this
sample however they do not state the size of the parent samplmning a comparison to
their detection fraction cannot be made.

Overall it appears as if the peaked components of our BCGgpaet reasonably sim-
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ilar in their properties to the general GPS/HFP populatidimvever, a worthwhile point
to note is that of the 26 sources in which we fit a GPS-like camept, 20 of these (repre-
senting 76.9%) also contain a steep spectrum power-lawntdreguencies. If the usual
interpretation of peaked sources being young radio so@&sea, 1998) is assumed then
this suggests that BCGs are typically either continuoustivedut go through repeated
periods of higher activity that may be associated with thmtdhing of jet knots, or they
are regularly restarted sources. Hancock et al. (2010vi@tl up 21 sources found to be
inverted in the AT20G between 8 and 20 GHz with the Austraée3cope Compact Ar-
ray (ATCA) at 40 and 95 GHz. Of these 21 targets, 12 were fourlzbtgenuine peaked
sources, of which 3 (25%) showed evidence of being restadtzbr than truly young
radio-sources. Although caution must be employed for thallsnumbers that we are
considering, this tentatively supports the idea that peakenponents in BCGs are much
more commonly attributable to continuously restartedvégtthan in the GPS population
as a whole.

We point out that continuous radio core activity over a loimgetis known in galax-
ies not selected as BCGs; for example, FRII radio sources;hwimive measured ages
of up to 1 years (see e.g. Machalski et al., 2007; Mathews & Guo, 201&)d-are
still being powered — can have cores with radio luminosities aind those in this chap-
ter, with many having flat or rising spectra. However, if th&M) activity of BCGs has
been regulating cluster cores for around half the Hubble fieag. Vikhlinin, 2006; Pratt
et al., 2010; McDonald et al., 2014) then this implies atfitimescales over an order of

magnitude longer than even these long-lived sources.

4.6.5 Implications as an SZ contaminant

Considering the SED shapes of our sampled sources (see Apg€ndt is clear that

extrapolation of the spectra from below 10 GHz towards theresting range for SZ
decrements (between roughly 15 and 200 GHz) will in many cas®lerestimate or
completely overlook the contribution of an active self-ated component. Added to
this is the further complication that variability bringgquiring contemporaneous high-
resolution observations to ideally account for contamisdas is of course possible with

interferometric SZ instruments such as AMI and CARMA).
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For a sample of 45 galaxy clusters observed at 140 GHz with BOAM, Sayers
et al. (2013) used the 1-30 GHz spectral index in additionnbats from their 140 GHz
maps to constrain the contamination by point sources. Alghothey concluded that
typically only about 25% of the clusters showed a greaten ttfi6 fractional change of
the SZ signal, they noted that this level of contaminatios mach more prevalent in cool-
core clusters (11/17, roughly 65%). We note thktof the BCGs in our current sample
are believed to lie in cool-core clusters. Sayers et al. 82@etect no clear point sources
at 140 GHz from their sample of 17 cool cores with typical meptee RMS values of
0.7-1.5mJy, whereas from our significantly larger paremysa (40% of our 530 cluster
parent sample are tagged as cool core, see Chapter 3) we 82tattl50 GHz. This
suggests>6.0% of BCGs in all clusters exhibit bright BCG emission in thenmange
rising to >15.1% if only cool-core clusters are considered. Theseegdue lower-limits
since our 150 GHz follow-up is flux limited and also incompléh that some clusters
are not observed at 150 GHz. The true level of contaminatiaool-core clusters could
therefore be even higher. We note that the prevalence oéfiedt or inverted spectral
components in hon cool-core clusters at frequencies be®2z is much reduced (see
Chapter 3), hence the level of contamination at 150 GHz is@®peo be significantly
lower in these systems.

Interestingly, of the>15.1% of the CC-hosted BCGs in our sample, more than half
(>8.5% of the total CCs) have a peaked component with a turnoeeabGHz. Under-
estimating the point-source contamination will be patady severe for extrapolation of
the steep component that dominates the lower frequencyrapedhese types of object,
if higher frequency observations are not available by widicldentify the spectral flatten-
ing (or inversion). SZ catalogues are therefore potentiaithised against the inclusion of
cool-core clusters and may regularly underestimate thee Ygy in these systems, due to
BCG radio emission canceling the SZ decrement. Interestihig could suggest that the
mass bias between X-ray and SZ derived cluster masses iamemaent than previously
assumed.

During their observations, the Planck Consortium compileiersive catalogues of
high radio frequency sources (e.g. Planck Collaboration. e2@13b, 2011b). In Planck

Collaboration et al. (2011b) the extragalactic source coagtee with those of the South
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Pole Telescope (SPT, Mocanu et al., 2013), Atacama Cosmadklggcope (ACT, Mar-
riage et al., 2011a) and the Wilkinson Microwave Anisotréfipbe (WMAP, Komatsu
et al., 2011), at the lower frequency range of Planck. HoweRkanck Collaboration
et al. (2011b) show that there may be a steepening of thedlyppectral index above
70 GHz which could mean that contamination of the Cosmic Mieree Background
(CMB) power spectrum by radio sources below the Planck detetimit could be less
than currently thought. However, this may only apply to thight end of the luminos-
ity function. A population of GPS/HFP sources (in additionat potentially ubiquitous
mm/sub-mm component, see Section 4.6.6) in low-luminds@N (LLAGN) and BCGs

could present a low level contaminant to the CMB power speattieep, high radio fre-
guency radio surveys are required to shed light on the lugiipéunction of faint sources

in this range.

4.6.6 Potential Additional sub-mm Component

Examination of our SEDs (see Section K) shows that a numbsowices have inverted
spectra between our GISMO observations at 150 GHz and SCUBBs2rvations at
353 GHz. That is, the spectral slope switches from beingnfalat frequencies below
150 GHz to rising just afterwards. This is most notable in B6MACS1931-26 and
RXJ1504-02. The observed indices are too shallow to beysalgtibutable to dust-
emission (Edge et al., 1999) although extrapolation of thesfpbectrum core component
in conjunction with Herschel-SPIRE observations at 250, &%d 50@um for the Herschel
Lensing Survey (HLS, Egami et al., 2010; Rawle et al., 20h2s that these compo-
nents combined can explain the spectral upturn in MACS1331Hdwever, there is still
unaccounted for flux 020 and 10mJy at 353 GHz in A646 and R1504-02 respectively
after accounting for both these contributions, roughlyieajent to Rsz GHz of 1 x 107
W Hz! for both sources.

An intriguing explanation to account for this ‘missing flus'that we may be seeing
an additional component in the radio/sub-mm spectrum chbgean Advection Domi-
nated Accretion flow (ADAF: e.g. Mahadevan, 1997; Narayaalgt1998; Ulvestad &
Ho, 2001; Narayan & McClintock, 2008). These are believedxiste commonly in

conjunction with jets, in low radiative efficiency accretisources and multiple models
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exist that attempt to explain the bolometric spectra of lamihosity AGN often invoke
ADAF+jet models (e.g. Falcke, 1996; Wu et al., 2007; Nemmieal.e¢ 2014). A com-
mon feature of ADAF models is the existence of a synchrotedfiabsorbed component
that typically peaks at mm-wavelengths. To investigatetivyesuch a component could
explain our anomalous SCUBA-2 fluxes we take the base modelatfadevan (1997)
for a black hole mass of %10°M,, with a viscosity parameter of 0.3 and a ratio of gas
to total pressure of 0.5. For a typical BCG accretion rate a1 AIDAF range (e.g. see
Russell et al., 2013) of ¥1074-3 x 107> Mgqq this predicts an ADAF-power of 1 x
1072-23 W Hz ! at 353 GHZ, which we note is an order of magnitude lower thaold/o
be inferred if all of the missing flux at 353 GHz in A646 and R45IP were from an
ADAF component. The modeled ADAF-powers scale with blaclemoass and accretion
rate, however to align these with our missing flux would reguinfeasibly high black
hole masses or accretion rates that would no longer be cdngatith an ADAF-like
accretion structure. Furthermore, the simplest modeldipré¢hat the upturned spectral
index be close ta [1 0.4 for a single synchrotron self-absorbed spectrum. Whbilst
fitted core components in A646 and RXJ1504-02 do unpredetmieasured 150 GHz
fluxes in both instances (by 1.0 and 0.3mJy respectivelyijnple interpolation between
these ‘missing fluxes’ would give indices far too steep to thbaitable to simplest case
self-absorption. Alternatively, extrapolation with ardax [0 0.4 from the missing flux at
353 GHz would overpredict our measured fluxes at 150 GHz.

For the reasons given above we rule out the presence of ggsdDAF component to
explain our missing flux, although we note that our findingsxdorule out the presence
of an ADAF component hidden well below our observed (or nmghi flux. The most
likely explanation for the ‘missing flux’ then becomes a conation of low level dust

emission and variability in the jetted core component.

4.7 Relationship to X-ray Point Source

We have shown both in this, and the preceding chapters thdtx@uGHz GISMO obser-
vations are typically well above the self-absorption twerdrequency for the radio core

component. Therefore these measurements should in mest pesvide a measurement
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of the core that is unaffected by self-absorption.

In a study considering the nuclear emission properties oB8@Gs, Russell et al.
(2013) found no apparent correlation between the nucleeayX2—10keV flux and the
5 GHz core radio flux in a sub-sample of 22 central clustengesa(see their Figure 9).
The core radio fluxes used in their study were from SED decaitipas (see Chapter 2)
and the authors noted that these may in some cases oveltestimadrue core radio flux
if contaminated by remaining non-core emission. Perhap® mi@valently, given Figure
5.1, the 5 GHz sampling frequency is also likely to be belogvgblf-absorption turnover
in many of these cores and hence the true core radio power enagibhg underestimated.
The lack of a correlation suggested that the nuclear X-regygeas likely to originate from
the jet base.

Nuclear X-ray 2—-10keV fluxes derived from Chandra observatiare available for
24 of our GISMO observed BCGs (Russetiyate communication Russell et al., 2013;
Hlavacek-Larrondo & Fabian, 2011; Hlavacek-Larrondo et2013). X-ray fluxes for a
further 6 BCGs that have good radio-coverage at higher radmguencies and for which
a reasonable 150 GHz flux can be inferred were also used (#uektonal sources are:
3C 186, Cygnus-A, 10910+41, 1C1459, NGC 1275 and Phoenix#AFigure 4.11 we
plot these X-ray fluxes against our 150 GHz radio fluxes. WHhilste is significant scat-
ter, a general trend does begin to become apparent in thatdppear to be two different
relationships. The majority of BCGs accrete radiativelyfioceently, and considering only
these objects a weak correlation between the nuclear Xnedyl80 GHz radio fluxes is
seen. However, as highlighted by the cases of A2052, Hydhs/A&CS0242 and Z8276
these parameters abmth found to vary over few year timescales which may suggest
that there is an underlying relationship and that the nuckeeays (at least partly) orig-
inate from the jet base. Differing variability timescalesboth components will serve
to lower the observability of this relation, particularlgrfradio frequencies below any
self-absorption turnovers.

Apparent on Figure 4.11 is that there are a population of B&@sadppear to have
highly elevated X-ray fluxes in comparison with their radiaission. The highest X-ray
excess is found in E1821+644, a well known but rare radibtiedficient BCG. Also

showing X-ray excess are sources that appear to have moteaBlike beamed central
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Figure 4.11: Plot showing the X-ray {F1xev) VS Radio (150 GHz) fluxes. Most sources
align and are consistent with being low accretion rate, {satke equivalent objects

whereas there are a small number of sources with an X-raysexalkove this. These

constitute quasar-like objects that are more likely to bereting with greater radiative

efficiency as well as the most BL-Lac like objects, which segjg a jet-origin for at least

a component of the nuclear X-ray flux that is more favouraldgdied than the radio

emission.

engines. This relationship points at two modes of accretiddCGs. In the majority of
cases the BCGs accrete radiatively inefficiently and a wesaldtbetween central X-ray
and radio fluxes is seen, but in rare instances BCGs can acoogeefficiently and will
lie above this relationship. That the apparently more hidgil@amed objects also have an
X-ray excess suggests that there is at least a componem oittral X-rays that originate
in the jet, and that these are more boosted than the radisiemisUncovering the full

picture requires clean radio core measures that are unedféy self-absorption.
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4.8 Conclusions

We have expanded the radio SEDs of a sub-sample of 35 BCGseskfemm the sample

of over 700 clusters presented in Chapter 2 and studied in €hdpfThese sources are
all hosted by cool-core clusters where active feedbacklis\@® to occur, and show the
brightest flat or inverted components in their spectra ah hagdio frequencies. These
bright cores suggest that the central SMBH is currently etatg at an appreciable rate
and so determining the spectra of these cores to higherdrexyuallows us to investigate
possible physical origins for the radio emission. We coaesad the variability of these

sources at both 15 & 150 GHz, enabling us to better understeramplitudes of variation

in SMBHs during their more active phases. We find a wide vaéspectral shapes and
in many cases see that these core components exhibit asdpsak above 2 GHz, similar
to the GPS/HFP population of young radio sources. Our resalh be summarised as

follows:

e Cool-core hosted brightest cluster galaxies contain djsighable active radio core
components in over 60% of cases (Chapter 3). This core camigdominant
at frequencies higher than a few GHz. We see from our curngiotsample that
>15.1% of cool-core hosted BCGs contain a radio source grélaser 3mJy at
150 GHz (equivalent to a radio powerof1.2x 10°3W Hz 1 at our median redshift
of 0.126) and that more than half of these8(5% of all CCs) contain a distinguish-
able peaked component to their spectra with a turnover éeguabove 2 GHz that
would be missed by lower frequency observations. This stibafsthe majority of
CC-hosted BCGs show recent activity, of which a significanttfoamcshow strong

active accretion at any given time.

e These core components appear to be similar to the GPS/HFRgbops that are
usually interpreted as young radio sources. That thesespeakmponents are usu-
ally accompanied by steeper spectrum power-law emissidovar frequencies
suggests that BCGs show regularly restarted, ongoing gctithese sources es-

sentially enjoy a repeated youth.

e Sources do not commonly show strong variability at 15 GHz larts(week to

month) timescales, with a typical limit 6£10% indicating steady accretion over
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these timescales. We note however that there could be udyidbhat we are miss-
ing due to it being hidden within error. There is an increaisetlence of variation
on 6 month timescales at 150 GHz although accounting for areagent uncer-
tainty we find that in most cases this variability can only bstricted to an upper
limit of <35%. That we do see variability on less than 6 months at 150 §kigz
gests this emission originates within the inner 0.01 pc efdhd hence is tracing

the inner regions of the jet or accretion flow.

¢ We find that sources can show steady variation at 15 GHz o%eyelar timescales,
although typically with less than 10% per annum. Variapilf up to 20% pa
is observed in a small number of sources during the mosteagiriods of their
lightcurves (although we note that our selection of the enitty brightest systems

may more favourably select highly varying objects).

e This year-scale variability is found to be weakly relateth® position of the peak in
the GPS component of the spectrum. Whilst for any individoakse the position
of the peak at any given tindoes noserve as a proxy for the definite amount that
source will vary, a higher peattoesindicate an increased likelihood of large scale

fluctuations.

e We find that>3.4% of BCGs in our parent sample of 530 sources at Declination

greater than 30contain peaked components peaking above 2 GHz.

e The fraction of BCGs with a peaked components peaking abovd2i&reases to
>8.5% if only cool-core clusters are considered. Overallfiwe >15.1% of cool-
core clusters contain a 150 GHz point source greater thary.3nhis suggests that
much more than half of all cool-core clusters with bright 1GBlz central point
sources have spectra whereby even well-determined spettrees below a few
GHz would give very large underestimates of the flux at 150 @GHztrapolated
and hence constitute a potential contaminant for SZ surasythese sources can

wipe out any SZ decrements if not fully accounted for.

e We find evidence of a potentially ADAF-related componenthe tm/sub-mm

spectra of some of our sources, similar to those seen inaeeeal LLAGN. If
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such a component was confirmed then this would be very irttegeas it would
allow much improved understanding of the accretion proee$s these systems,
especially understanding the state of the black hole in éetwmajor activity pe-
riods. Whilst further study is required to confirm whether ABAomponents that
dominate the mm-range radio spectrum are present in a $&zézabtion of BCGs
(and indeed the general radio galaxy population) such a ooet, even if typi-
cally not isolatable, could be an important contributortte overall radio-power of
radio-sources and potentially a low-scale contaminanbtb BZ-observations and

the CMB power-spectrum.



CHAPTER 5

High Resolution Core Properties
A VLBA Survey

5.1 Abstract

In this chapter we consider the parsec-scale radio pr@sesfia sub-sample of 59 bright-
est cluster galaxies, using new observations taken with/tt®A over the period 2009

- 2013. These galaxies were selected as having a high piipaificontaining active

parsec-scale core components as a result of their lowelutesoand spectral radio prop-
erties, as described in the preceding chapters. We find & @fregnall-scale morphologies
in cluster cores, suggestive of diverse variety in both theail launching conditions as
well as the inner-environment within these clusters. Addglly we find a large number
of unresolved sources, further supporting the idea thatéeel accretion with a high duty

cycle is common amongst cool-core-hosted BCGs.

5.2 Introduction - The Parsec-scale Radio Cores of BCGs

Perhaps surprisingly given that they are well known as ssaésiteresting radio sources,
Brightest Cluster Galaxies have been relatively little gdan parsec-scales; as is achiev-
able with VLBI observations. Nevertheless, several switi@ve looked at these small-
scale properties, although often restricted to only thetfamsous and bright BCGs. Even
amongst this small sample of studied objects, variety ia gethe recovered properties.
Taylor (1996) used multi-frequency VLBA observations todst Hydra-A, finding it

to have highly symmetric inner jet structure where both tbeeand inner-jets showed
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evidence of being either free-free or synchrotron self diisd. Similar symmetric and
absorbed structure was found in the centre of A2597 (Taylak. £1999b), again using the
VLBA. In both of these systems atomic hydrogen (HI) is seeabrorption against the
core, which the authors suggest may be situated withiB@pc torus with the symmetric
jets propagating away from the plane of the disk. More rdgeAugusto et al. (2006)
undertook a comprehensive study of the BCG in A2390 using/ar@aa variety of res-
olutions. They found a two-sided but non-symmetric sourt&/bBA-scales. However,
on slightly larger scales with eMERLIN they found a mediuiresl compact symmetric
core that they suggest may be a source at an early stagid (1@rs) of X-ray cavity in-
flation. This source also shows significant HI absorptionregdhe core (see Chapter 6).
Bucking this apparent trend is 3C 338 (BCG in A2199) which lyasraetric jets (Gentile
et al., 2007) but with no HI seen in the system (Dwarakanati.£1994). Interestingly,
Gentile et al. (2007) consider the X-ray cavity and larga@lecadio properties in A2199
and find that there is discord between the core power and thgemequired to inflate
the cavities leading them to conclude that the accretiongp@mto the central engine is
not constant.

Not all BCGs exhibit symmetric parsec-scale jets. Lara ef1899) find one-sided
structure in 3C 264 within A1367 using the European VLBI Netkv(EVN). On VLBI
scales NGC 1275 is asymmetric, with the counter-jet comsistith being free-free ab-
sorbed within a mildly beamed source (Biretta et al., 199alkéf et al., 1994; Vermeulen
et al., 1994). In other cases, one-sided jets are seen imtiee-regions of BCGs (e.g.
3C 465 in A2634 and B0936+29 in A690, Venturi et al., 1995).e3édntwo examples
are taken from a larger, flux-limited, complete sample ofigeghlaxies and show that
the inner-properties of BCGs can be similar to typical FR Irses (Giovannini et al.,
2001). Giovannini et al. (2001) also show that for a flux leaditsample of VLBI cores,
the parsec-scale properties of both high and low power radigces are qualitatively
morphologically similar. They suggest therefore that tnenching mechanisms for radio
jets may be consistent across source types and that sulnsequi@tion of morphology
(e.g. FR 1 or FR 1l) may be a result partly of the launching poiug dominantly affected
by the external environment.

A common theme throughout these targeted studies is thdtdtentz Factory) of
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the jets is uncertain. For A2634 and A690, Venturi et al. @9thd the jets to be beamed
and highly relativistic (greater than 0.6c). This potelhtiputs them on a par with typi-
cal highly relativistic jets in FRIs whengs greater than 3 (equivalent to a velocity above
about 0.94c) are not unusual (Giovannini et al., 2001). Hewet has been noted that
symmetric parsec-scale sources are rare in flux limited \@a8hples but relatively com-
mon in cooling-flow hosted BCGs. This has been used to suggatsthie dense inner-
environments of clusters can greatly retard initially hygtelativistic jets over the order of
only a few parsecs (e.g. Liuzzo et al., 2009). Further comdling this issue is that often,
the interpretation of a given source is degenerate, in thaiuld be explained by either
highly relativistic jets at a wide angle to the line-of-sigit mildly relativistic jets more
closely aligned (e.g. Taylor, 1996; Gentile et al., 2007)dAional variety in the inner-jet
morphologies could arise due to precession of the black tvogs motion bending ini-
tially straight jets, perhaps explaining the Z-shaped irmerphology of A1795 (Liuzzo
et al., 2009).

One aspect that is unclear is what, if any, effect the widestelr properties have on
the radio properties of BCGs in their innermost regions? rauet al. (2010) studied
the BCGs in a nearby, optical richness selected sample ofuBecs using the VLBA
and recovered a 52% detection rate. They also found evidenessystematic difference
whereby BCGs in cool cores commonly exhibit two-sided jetictire and those in NCCs
most commonly showing one-sided jets. They interpret thigassible differences in the
jet speed; with highly relativistic jets in NCCs prefereritiabne-sided due to Doppler
boosting whereas mildly relativistic jets interact moraaffly with the denser environ-
ment in CCs and hence appear two-sided closer to the nucleas.stidy was unbiased
by cluster type, however, which meant that they were rdastlito only four CCs within
their main sample. This was increased to ten by the additiditevature CC systems
although it is possible that subtle biases may affect tlie édso Section 5.5.3).

In this chapter we aim to test whether most (if not all) BCGsanlecore clusters have
symmetric structure on parsec-scales. Of our sample ofisenis, only RXJ0341+15 is
not classified as line-emitting (Crawford et al., 1999) andrethis has potentially weak
lines. Proxy therefore suggests that we are investigatihgawily cool-core dominated

sample. Additionally, Liuzzo et al. (2010) found that foethmainly NCC sample they
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typically recovered more than 80% of the unresolved arasgécuale flux. We can here
test whether similarly high fractions are recovered in CCtbd8BCGs, as well as rein-
forcing our core decompositions from previous chapters. tke high radio-active duty

cycle scenario it may be expected that significant structspatial frequencies interme-
diate between the milli-arcsecond scales sampled by VLBRAthae few arcsecond scales
of one-site interferometers is present. This suggests weaxjpect to recover a smaller
fraction of the unresolved arcsecond-scale core flux foremmmnstantly restarted and
persistent central engines than single outburst systermaseyti they are caught during a
period of high core emission, they are more likely to be sheetd and hence have the

bulk of this emission on smaller scales.

5.3 Sample Selection

We select our VLBA targets from the parent samplesg0 X-ray detected galaxy clus-
ters from the combined BCS, eBCS and REFLEX (Ebeling et al.8,12000; Bhringer
et al., 2004, respectively), as described in Chapter 2, sapghted by the addition of
the MAssive Cluster Survey (MACS, Ebeling et al., 2001). Thmsdps our total parent
sample to be considered for VLBA follow-up te875 clusters. As in Chapter 4 we re-
strict this sample by here using a northern telescope timablbaerve (at a push!) down to
DEC>-30° and so we draw from a sample of 530 clusters.

In the present chapter we are interested in the small-scafeefies of BCGs within
strongly cooling core clusters. To maximise our likely dwi@n fraction we therefore
targeted all BCGs in line-emitting clusters for which theicaspectrum decompositions
performed in Chapter 3 predict there to be an active core compicabove a threshold of
10mJy at 10 GHz (11.5mJy at 5 GHz for representative corexinfle=0.2) that are in
regions of the sky observable with the VLBA (DEG30°)!. These systems are believed
to be undergoing current accretion episodes and thus asetegito display flux on milli-

arcsecond scales, enabling us to observe this inner eménnat a crucial point of the

INote that this sample will be greatly extended with the isma of all likely active cores in the full
observable parent sample, observed to a lower flux levels@ tata constitute an additional 76 sources and
were observed in summer 2014. See Chapter 7.
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Figure 5.1: Total flux recovered on parsec-scales with thBA/kersus the predicted core
component fluxes at 5 GHz predicted by the spectral deconnmasin Chapter 3.

AGN feedback cycle.

Additionally we observed six sources (A795, A1668, RXJ023122701, Z3179 and
Z8197) of varying brightness at C-band on arcsecond scake®y®hich the spectral
decompositions of Chapter 3 predict negligible contribngiédrom an active component.
These six sources can be used as a control when applying aimgsin the present
chapter to the cool-core hosted BCG population as a wholegdiitian to providing a
test of the predictive power of the techniques employed inpBdra3. Thirteen sources
from within the parent sample but not decomposed in Chaptesrd added to our VLBA
sample as they were predicted to contain parsec-scaldigtuas a consequence of their
high radio frequency behaviour (see Chapter 4).

The VLBA data utilised within this chapter was taken at C-béx8l GHz) and spans
two observing programs: BEO56, which consisted of 37 olad@ms that included 21
unique clusters and BE063, which comprised a further 38uengpurces (one split over
two nights). There was no overlap of targets between thespogal IDs and so our

sample is comprised of 59 unique clusters of which 9 werermkseat two epochs and 4
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were observed at three epochs. See Table L.3 for the full lealisp
Our predictions of core activity in Chapter 3 were vindicabgtthe present data and
hence we believe that our sample is representative of BCGroingdy cooling core clus-

ters (see Figure 5.1).

5.4 VLBA Data

5.4.1 Observations

All of our data were taken in full polarisation, phase-refecing mode. Sources were
observed for between 24 and 96 minutes to achieve compasajrial to noise for our
predicted fluxes, split over several visits to increase owvecage. The VLBA underwent
a back-end upgrade with a new correlator fitted towards tkheo€2010 (see Deller et al.,
2007). BEO56 data were taken before this update and hene€82aMHz bandwidth with
a central frequency of 4.971 GHz whereas BE063 data beneifit fine updated receiver
and so have 128 MHz bandwidth at central frequency 4.852 @hhzsource integration
times were adjusted accordingly.

BEO56 data were taken over three runs: Run 1 on the 23rd/2éttember 2009,
Run 2 on the 5th February 2010 and Run 3 on 31st May/1st Jure BEO63 data were
observed as a filler project’ and as such the observatioms git into short 2 to 3 hours
blocks, each containing between 3 and 5 science targetse Weze 11 of these blocks
taken between 5th March and 6th July 2013. Each of the threefar BEO56 observed
a global fringe-finding calibrator at the beginning, middied end of the run, whereas
for the shorter observing blocks in BEO63 a fringe-findingjlirator was observed only
at the beginning and end. Each science observation was sdratimbetween 1-minute
phase calibrator scans. Additionally, two further nearllibrators were observed for

each science target to improve fringe and amplitude cadldma

5.4.2 Reduction

All data were correlated using the co-temporal VLBA cortetaat Socorro. Specifically
this was the VLBA-Hardware/Cray for BEO56 (Benson, 1995) #redVLBA-DIFX for
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BEO063 (Deller et al., 2007). Reduction and imaging were grared using the AIPS
software package.

We used the VLBA-specific package of reduction tasks withiR&to first load and
check the data consistency. We then corrected for the idrawspand earth orientation
parameters (EOPs) using VLBATECR and VLBAEOPS respegtibelfore running
VLBACALA to correct the sample voltage offsets and amplguzhlibrate the data. We
further checked the data to ensure reliable results and figegpant data (using AIPS
tasks UVFLG and WIPER). Most of our data were quite clean Witle RFI. We did
note unavoidable increases in noise when looking towakdsl&xlinations, particularly in
the northernmost antenna (Hancock and Brewster). To atteampaintain a reasonable
synthesised-beam shape we usually chose to remove onlydist data and accept a
slight noise increase by keeping these antennae to improte-south coverage. We only
completely removed antennae where absolutely necessafyt @ubstantially affected
overall final calibration of an individual source. In thesstances, data were re-reduced
without the worst affected baselines. Additionally, the &ns Valley antenna was found
to be blocked by the mountains for a small number of scansvatlevation and was
subsequently removed for these scans.

Antenna parallactic angles were corrected using VLBAPANTE mstrumental de-
lay residuals were removed globally using VLBAPCOR. Frifiggeng to remove global
frequency and time-dependent phase errors was performed WL BAFRING. Cali-
brators were globally fringe fitted. Science sources founté strong £50mJy) were
self-fringed. Below this cut-off, it was found that selfrfging occasionally introduced
significant errors. We attempted to fringe-fit all sourceggsoth methods (self and
not-self), finding results to be more reliable if self-fring was restricted only to the
very brightest sources. The final method used for each iddatisource is recorded in
Appendix L.

Further inspection was performed to ensure reliable catiitn tables, with a small
amount of post-calibration flagging required. Relevanibeation tables were applied to
science sources, which were subsequently split into iddadi uv-files using the AIPS
task SPLIT. Imaging was performed using IMAGR, with sevetatations then per-

formed to ensure dependable recovery of any extended emissi
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5.5 VLBA Results

5.5.1 Detection Rates

We detect with the VLBA all 53 of the sources predicted to eamiactive core com-
ponents (see Section 5.3) including two VLBA detectionswwiicovered fluxes that are
consistent with core limits imposed in Chapter 3 where a cas suspected present but
not confidently predictable. Of the six sources observedmoich the decompositions
predicted no active core component, none were recoverddthé VLBA (to a typical

3 o limit of <0.4mJy). We therefore claim that our predictions of corévégtwere vin-
dicated by the present data and hence believe that our sasmglpresentative of BCGs
in strongly cooling core clusters.

Our VLBA sample is purposefully biased towards sources atdfive components and
hence our high (90%, 53/59) detection rate cannot be claionedly reflect the duty cycle
of CC-hosted BCGs (although note that it is comparable to the@1ection rate for CC-
hosted BCGs found by Liuzzo et al. (2010)). However, if we adeisChapter 3 where
upwards of 60% of cool-core clusters were found to have atsgdgcdistinguishable core
coupled with our 100% recovery of predicted cores and thedages where parsec-scale
cores were recovered consistent with predicted limitsn thve can expect over 60% of
cool-core hosted BCGs to contain recoverable flux on milisacond scales down to
~0.4mJy. This further supports a very high duty cycle of attiin these systems. For

more discussion of the duty cycle of BCGs see Section 5.6.2.

5.5.2 Recovered Fluxes

We find good agreement between the integrated recoveredrllix@e component pre-
dicted in Chapter 3 as shown in Figure 5.1. There does how@ysraa to be a tendency
to over-predict the core contribution for fainter sources.

It is worth reiterating here what is meant by ‘core’ compaonélore predictions were
for the total emission that can be attributed to ongoingvdgtihence are best compared
to the integrated VLBA emission. In instances of sources$ #na resolved on milli-
arcsecond scales, the unresolved central VLBA componeets $ection 5.5.3) are of

course lower than the integrated emission for resolvedcesur By separating the core
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component and finding that it agrees with the emission on-amtlsecond scales (which
can only be attributable to recent, few-decade long agjiwe implicitly see that remain-
ing emission is attributable to previous activity episodean extended outburst. As such
it is further evidence that BCGs are frequently restarted.

Core predictions in Chapter 3 were often significantly lowemtthe unresolved C-
band flux recovered at arcsecond scales, where typicalutesed with the VLA and
ATCA were a couple to a few arcseconds. In Figure 5.2 we shovirélagion of the un-
resolved arcsecond scale flux that is recovered at milserond scales for the sources in
the current sample that were also observed at C-band witardte VLA or the ATCA.
We show this recovered fraction both in the total integragadssion recovered with the
VLBA and also that contained only in the unresolved millesecond VLBA core. In
a minority of cases we see that more flux is recovered with th8A/than was de-
tected in the previously observed unresolved arcseconeredtsons. This is attributable
to low-level variability over year-decade timescales (tinee between VLA and VLBA
observations being up to two decades, see also Chapter 4).

A clear difference is seen in Figure 5.2 between sourcesobdé campaigns BE063
and BEO56. This is attributable to the observing strategydiacussed more in Section
5.6.1. What is apparent in Figure 5.2 is that there is a widgeani recovered fractions.
Coupled to the correlation in Figure 5.1 this indicates that® as a population experi-
ence widely varying activity cycles. In some situationgsyast all of the radio emission at
C-band appears to have been accelerated in a single acireig/whereas in others there
appears to be a much lower fraction of the total emissiongoattributable to ongoing
accretion even when the core is in an active state, whichtptomvards short re-ignition

time-frames € 10Myr) or persistent core activity.

5.5.3 Morphology
Classification

Within our sample we find a variety of morphologies. We partarse this variety by
classifying sources as two-sided, one-sided or unresolredtures that appear above 4

times the local noise are considered. To increase robusstf@sources visited more than
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Figure 5.2: Flux fraction of arcsecond scale C-band measeménacovered by VLBA. A
clear difference is seen between sources in proposal ID BEd6 BE056. See Section
5.6.1 for a discussion of why this may be the case.

once (specific to BEO56) we produce maps for each individceah $n addition to a con-
catenated image with the proviso that repeatedly recov&radture is highly likely to be
real rather than a mapping artefact. Additionally, we irtdpd overlays of the sky-maps
with the synthesised beam maps to help minimise instancgealy CLEANed and
phase-error induced artefacts being erroneously integgreNotes on individual sources
alongside image and source parameters can be found in Apgdend

In Figure 5.3 we show six example sources to highlight thesephologies. In
the top-left panel we show RXJ1558-14, which is classifietheiag two-sided where
the source exhibits a miniature symmetric double struciutk inner hot-spots that are
clearly distinct from the central core. Alternatively, tveaded sources may have jets that
are blended with the core as in Z8193. In the middle panel gfifei 5.3 are a couple of
one-sided sources, with bright central cores and then avellabright and faint single jet
in NGC 6338 and RXJ1350+09 in the left and right panels respdyg. When the source
shows no robust structure that is inconsistent with the bglaape then we classify it as

unresolved, as for Z2844 and A646 (bottom panels of Figu8g 5.
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Figure 5.3: Example parsec-scale morphologies for RXJ1B5&8193, RXJ1350+09,
72844, A646 and NGC 6338, clockwise from top-left respeadiv Contours arg/16,
V/32,,/64, etcx the noise in each panel. Note that two-sided, one-sided aregalved
sources are all present. See text for more details.
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One source, the low declination RXJ2014-24, could not belsBl mapped. Multiple
components appear present in the source but it could nothustly recovered and hence

is not considered in the following.

Distribution of Morphologies

Of the 52 detected sources that could be reliably mapped, ndetifiat 21 (40.4%) are
unresolved, 23 (44.2%) are one-sided and 15.4% (8/53) aresiched. This breakdown
of morphologies differs from the results of Liuzzo et al.{®) who for their sample of
10 CC-hosted BCGs found 7 to be two-sided and 1 unresolved, métheimaining 2 not
detected. We do however find an increased fraction of tweesgburces above that of
their NCC-hosted sample where they found no two-sided souficesne-sided and 1
unresolved in a sample of 24, with the remaining 9 not deteci@vo sources, A2052
and A2390 are present in both our current sample and the sashpiuzzo et al. (2010).
These sources are classified as two-sided by both studresigh we note that the two-
sided nature of A2390 only becomes apparent in our concterimage. It may be
therefore that our snapshot campaign is less able to reextended emission. Deeper
maps with increased uv-coverage may be expected to recdwghar fraction of two-
sided sources within our sample and hence we suggest thabal#o of detected sources
in CC-hosted BCGs being two-sided is best interpreted as a lowier There is however
a large mis-match with the almost 90% previously claimed sadur results oppose
the hypothesis of two-sided sources being near-ubiquito@Cs due to their jets being
mildly relativistic and quickly retarded (e.g. Rossi et 2008).

Alternatively, we note that the two-sided sources withingample appear to be in the
most core dominated systems (see Figure 5.4). These acallydiright systems that are
experiencing strong, ongoing accretion. Many of the stestgnost studied radio sources
are in such a state hence the BCGs studied so far in the literatith VLBI resolution
may be biased towards these types of object, perhaps thetplaining the seemingly
very high incidence of two sidedness in BCGs. Alternativelg, may be limited by the
signal to noise ratio and the true two-sided fraction may behlrhigher, although we note
that the flux ratios between the central component and thhedowould need to be higher

in many cases than the ratios seen in the brightest mostsivelled objects in order for
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the two-sided fraction to approach unity.

It appears as if all common parsec-scale morphologicaktgpe present in CC-hosted
BCGs. We therefore find that both one- and two-sided millsacond scale structures ap-
pear in strong cooling clusters. We note that our sample doesclude NCCs and so
we cannot comment on the related claim that two-sided strestare not found in NCCs
(the only NLE within our sample appears one-sided). Whilstéhdoes appear to be a
dependence on cluster property of overall prevalence & aotivity, the observed mor-
phology of this short-term activity will be dependent mainipon where in the activity
cycle the AGN is when observed. This structure is therefoygeeted to vary on few-
decade timescales.

It is possible that our one-sided sources do fit the mildlgtrastic jet scenario of
Liuzzo et al. (2010) if they are assumed to be recently laadadnd hence the receding
jet has not yet reached the distance at which it becomedeiisiis is however deemed
unlikely due to the high fraction of one-sided structuresd #me fact that they inhabit
clusters with a range of core dominance and so do not appéxa toerely restricted to
recently activated cores.

Beaming is likely to affect a portion of our objects and p@haontribute to the
one-sided fraction although we do not expect this to be a dantifactor. The parent
sample compiled in Chapter 3 was X-ray selected and objeassified as BL Lacs were
excluded. This should mean that our sources are less likehetbiased by beaming
than a radio-selected sample, although it cannot be rulethatiprecession could mean
that whilst the larger-scale radio emission appears to Isaligned the inner-jets may be

closer to the line of sight.

5.5.4 Core Dominance

There is a general trend between the prevalence of the corpaent to the overall emis-
sion of a source (i.e. the ratio of the core-component (10)3tdn core-component (1 GH
z), see also Chapter 3) and the recovered flux fraction (toplpRigure 5.4). In a handful
of cases, more flux is recovered in the current VLBA obseovetithan was seen at lower
resolutions. This shows that highly core dominated souezé#hiting powerful ongoing

activity can vary by upwards of 20% at 5 GHz over timescales fd#w years to decades
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(dependent on exact observation date with ATCA/VLA - see AyipeA, also Chapter 4).
There is significant scatter in this relationship, which nbaydue to a number of factors.
One is the scale of the non-core emission. As the ‘recovesadion’ refers to the frac-
tion of the central unresolved arcsecond scale comportent,this is dependent upon the
overall scale of non-core emission. For large extendedcesythe recovered fraction is
often higher as the arcsecond core better reflects curreistsem. For more frustrated
sources where emission is contained closer to the AGN a highetion if any, of the
non-core emission remains unresolved at arcsecond resoknd hence the fraction of
this emission attributable to ongoing activity decreases.

We see tentative evidence that two-sided structures maydoe common in the most
core dominated systems (top panel, Figure 5.4) and thateisetisources a higher frac-
tion of overall emission is contained on milli-arcseconélss (lower panel, Figure 5.4).
Negligible difference is seen in the recovered fractionairses which are classified as
unresolved and one-sided. It is unlikely that we are losimgugh flux beneath the noise
to consolidate these figures. More likely is that for the lem® dominated sources, more

of the total emission is on spatial scales too large to be kahwaith the VLBA.

5.5.5 Variability

For the subset of sources we have multi-epoch VLBA obsematfor, we see little evi-
dence for variability of the innermost core component on-feanth timescales. The only
source for which we see a significant change is 28276, whigihtans by~15% between
Run 1 and Run 2 of BEO56. This is consistent with what we segaehfrequencies for

this source, which appears to be experiencing a partiguative period (see Chapter 4).

5.6 VLBA Discussion

5.6.1 Sample Variance

In Section 5.5.2 we saw a marked difference in the fractiothefunresolved arcsecond
scale central component recovered on milli-arcseconasdatween campaigns BE056

and BEO63. This can be explained by considering the obsgstmategy of these respec-
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Figure 5.4: Top panel: Fraction of the flux of the unresolvecsecond-scale central
component that is recovered on milli-arcsec scales as aifumof the core dominance
of the system (shown as the core to non-core ratio, nornthb$el0 GHz and 1 GHz
respectively, see Chapter 3). As expected, the general tsefadt sources that appear
more core dominated on macro-scales with flatter specrave tmere of their total flux
concentrated in the current outburst. Non-detections thi¢hVLBA are generally steep
spectrum but not necessarily resolved on arcsecond stelesg low core to non-core
ratios. Lower panel: Range of recovered arcsecond-scatefrthgtion on milli-arcsec
scales as a function of the milli-arcsecond scale morpholdje see a higher average
recovered fraction with much smaller range for two-sidedrses. Red crosses mark the
average for the recovered fraction of each morphology.
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tive programmes.

BEO56 specifically targeted highly core dominated systerhsresis was believed
that an active core contributed most of the integrated fluxte source over all scales.
Conversely BE0O63 targeted mainly sources where an activgpenant was predicted to
be present but not dominant at C-band (see Chapter 3), evearfdrijdeed commonly
for) sources that are unresolved at C-band with baselinelseobtder a few kilometres
(mainly VLA-C / ATCA-6km). It stands to reason therefore thess of the unresolved
arcsecond flux is expected to be recovered on milli-arcs#soales, with significant flux
expected on intermediate scales. e-MERLIN is the besttiatil attempt to recover this
emission and will be vital for fully understanding these s®s. This observing strategy

can therefore explain the apparent dichotomy seen in Figi2re

5.6.2 Duty Cycle

It is reassuring to note that all of the VLBA non-detectioms en systems classified as
being non-core dominated (see Figure 5.4). In Chapter 3 wedfthat although>80%
of BCGs in CCs are classified as radio-louel(?3W Hz 1) at L-band, only around 60%
are classified as having a distinguishable currently acome component. Whilst this
is a lower limit, our current non-detections confirm thasthiaction of currently active
systems does not reach unity. Although these systems wautdnonly be classified
as radio-loud AGN on the basis of their lower-resolution and powers, they are not
currently radio-active AGN to the detections limits of owatd. The recurrent nature of
the AGN activity within BCGs leads us therefore to concludat thhen considering the
duty cycle of AGN that there are two, likely dependent, duygles to consider - the
near-unity duty cycle during which the BCG undergoes acteedback whereby there
is large scale interaction with the environment (i.e. théiodoud phase) and the duty
cycle within this active phase during which the AGN is adyMaunching jets on milli-
arcsecond scales. This inner-duty cycle of radio activeigeaot unity although is high
(>60%).
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5.6.3 Two-sided Sources

Eight sources within our sample are classified as showingr{r/mmetric, two-sided
structure. Liuzzo et al. (2010) suggested that similarcstme found in 3C84 and 3C338
could be due to rapidly decelerated mildly-relativistitsjeSuch a scenario could explain
the observation that significant ongoing activity at theesoof cool-core hosted BCGs
does not necessarily always translate into large scalespams classical jet structures.
Dense material towards the centres of cooling flow BCGs mayliiagecelerate the jets
so that they are ultimately able to progress less far (Rds#i,e2008). These frustrated
jets could then give rise to both the steep-spectrum sukeaond emission and eventually
the small scale, steep-spectrum amorphous structures coipmwbserved around BCGs.

In this scenario Liuzzo et al. (2010) suggest an intrinsftedgénce in the jets of CC
and NCC-hosted BCGs. The jets in both are launched highly visatially and hence
are likely to be light jets with initially lower mechanicabper. However, in CCs the high
density ratio between the jet and dense inner-ICM creategrikelelmholtz instabilities
that perturb the jet causing it to slow down, entrain matextal become ‘heavy’ close
to the nucleus (sub-kpc scale). Such jets are more mecHigmoaverful, and the work
required directly links the jet to the ICM on sub-kpc scale®vehcavity inflation occurs.
It is therefore cooling material within the BCG which essaliyi dampens mechanical
feedback. Small scale frustrated jets may also help to aser¢he local turbulence of
the cold gas phase, increasing the interaction betweertii$ot-phase gas which must
exist at some level to link large scale cooling of the hot phasheating from the radio-
AGN and effective removal of excess cold molecular matggal. Russell et al., 2014,
McNamara et al., 2014).

It is worth noting that Liuzzo et al. (2010) found that theuotsided sources were all
in cool-core clusters with cooling rates greater than 99yt . We do not have cooling
rates for our clusters and hence cannot perform a direct aosgn. It could be that our
lower fraction of two-sided sources is in part due to theusan of weaker cool cores
in our sample. Our use of the presence of optical emissi@s Ishould ensure our cool
core clusters are all reasonably strong cool corggé5x 10® years) however a strong
cool core does not necessarily equate to a high central negessition rate as measured

spectrally (Hudson et al., 2010). Determining the sengjtiof inner radio structure to
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the precise ICM density is a topic for future work.

5.6.4 Dual AGN

Systems hosting dual SMBHSs are expected to be importannidenstanding galaxy evo-
lution, however it is not yet certain what the best obseoral signatures for finding
these systems is likely to be (Comerford et al., 2013). Naedess, a small number of
dual-AGN have been confirmed such as in NGC 6240, NGC 3393 akd 88, with sep-
arations of 900pc, 150pc and 3.4kpc respectively (Komosah,&2003; Fabbiano et al.,
2011; Koss et al., 2011). Only one object, 0402+379, haghahunambiguously been
shown to host dual black holes withlOpc separation (Rodriguez et al., 2006). As BCGs
are believed to undergo semi-regular mergers (see Secttoh)lthey may prove to be
abundant hosts of dual black holes as SMBHs from mergertoféile dynamical centre.
One issue with detecting dual SMBHs beyond the local neigttimod is that in order to
detect them, both must be active at the same time. The highcgtates of AGN within
regularly fueled CC-hosted BCGs may provide optimal condgifam such a scenario and
therefore VLBI studies of the central regions of CC-hosted BC@sd prove bountiful
in searches foxkpc separated SMBHSs.

Recently, Gitti et al. (2013) reported a candidate blacle thahary system in the BCG
of the CC cluster RBS 797. This BCG has an almost orthogonatiped dual jet system
on kpc scales (Gitti et al., 2006) and so is an intriguing odete to host a potential dual
AGN. The authors undertook EVN-VLBI imaging and find two caempcomponents at
~T77pc separation, which they interpret as either dual nircleiclose binary or as a core-
knot system where the connecting jet emission is below tetiection limit. Coupled
to the large scale mis-aligned emission then the former egehscenarios could betray
the presence of a second SMBH in the system. Multi-frequ&fidyA observations are
required to break the degeneracy.

We find several examples in our current sample of systemsmittiple distinct com-
ponents. Of our two sided sources, RXJ1558-14 has cleaiyndi knots (see Figure 5.3)
although here the interpretation is clear in that we arenastecovering the connecting
emission in our snapshot campaign rather than the multigeponents being evidence

for the source containing multiple nuclei. Abell 2390 is darly classified here as two-
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Figure 5.5: Central regions of A2390. Contour levels are thmesas in Figure 5.3 al-
though now the positions are shown relative to the centradpmment. There is a jetted
extension to the south of the nucleus with distinct knog-likature seen 20mas to the
north. This structure is also recovered in the VLBA maps ofAsto et al. (2006). We
do not believe the northern structure to be indicative of@gd nucleus in this source,
instead preferring the interpretation of this as a knot m iorthern jet that aligns with
the larger-scale structure and therefore we classify thisce as two-sided. See the text
for more details.

sided, however it is different in that it has southerhOmas extent (equivalent to a physi-
cal extent of~33pc) attached to the nucleus and the distinct second caenp@®76pc

to the North, consistent with the positions of structurenidiy Augusto et al. (2006)
and also seen in Figure 5.5. We could be seeing a one-sidedesaith the detached
component being a second nucleus. The relative orientafitns distinct component to
the Southern extent and the lack of any other potential A&\ signatures in this source
however suggest this to be unlikely and that we are seeinggéesnucleus system with a
knot.

Similarly several of our sources (A11, A2627, MACS 0242-2G0I15044, RXJ0132-
08, RXJ0352+19, RXJ2341+00) that are classified as one-sigee what appear to be a
distinct nucleus with the one-sided nature manifestingffiss a distinct knot. However,
in most cases the nuclear component shows extent in thdidireaf the second compo-
nent and that the projected separation is smafé(v pc) and so it is expected that deeper

observations would detect bridging emission. MACS 02422fhe exception, where
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both detected components are fully unresolved, howevéraicVLBA maps at S- and
X-band serve to show that this too is a core-knot system (Beas al., 2002). Addition-
ally none of the sources that are flagged as having multigkindi components at VLBA
resolution are flagged as ‘double-double’ radio sourcespmrskales similar to RBS 797.
Interestingly the majority of the sources that in Figureldwiere found to be X-ray bright
and for which we have VLBA observations, are found to be ddeeson milli-arcsecond
scales. This may point towards mild beaming in these cordparhaps suggests that the
X-ray emitting and radio emitting regions of the jet are notirely aligned, which may
have implications for jet precession and helical jet madels

We note that we are limited only to the inner few tens of passaanost cases and
that our observations are relatively shallow. It appeaas mhultiple milli-arcsecond scale
components are fairly common within BCGs. However, we firteligvidence to suggest
any of our BCGs host dual AGN or that short separation dual SEIRH: common in
CC-hosted BCGs. Our detections of CC-hosted BCGs with multiptendicomponents
would suggest that the core + knot scenario is the most ligeplanation for the double

component seen in RBS 797 (Gitti et al., 2013).

5.7 A Note on the Fundamental Plane of Black Hole Ac-
tivity

As mentioned in Sections 1.5.2 and 4.6.6, a FundamentakRiBlack Hole Activity

exists that relates the 2—10keV nuclear X-ray luminositg, 5 GHz nuclear radio lumi-

nosity and the black hole mass across many orders of magnftoch stellar mass to

super-massive black holes (Ferrarese & Merritt, 2000; brerét al., 2003).
log Ls gHz=0.60L0g Lx, ,4. +0.78L0g MgH + 7.33 (5.7.2)

In a study of 19 clusters, Hlavacek-Larrondo et al. (2012h)nfl that their BCGs all
lay systematically on aabovethis Fundamental Plane. This implies that either the usual
scaling relations do not hold for this class of object or thlack holes in BCGs may be

ultramassive £ 10°M.,).
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Figure 5.6: Reproduction of Figure 5 in Merloni et al. 2003wsources observed with
the VLBA during this project overlaid, alongside those o&icek-Larrondo et al. 2012b
for comparison. The sources observed within this projagnhaavourably with the BCG

sample of Hlavacek-Larrondo et al. 2012b. E1821+644 is @tiadly efficient source

and hence is not theorised to lie on the plane, an interfpoatatipported by its outlying

position.
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Chandra measurements of the X-ray 2—10keV fluxes of the dqydnat sources are
available for 23 of our VLBA observed BCGs (Russg@tiyate communication Russell
et al., 2013; Hlavacek-Larrondo & Fabian, 2011; Hlavacekrando et al., 2013) and
our VLBA observations of these objects allow direct measafethe 5 GHz central flux.
To allow us to place our objects onto the Fundamental Planeetrieved the K-band
magnitudes for each of our objects from the 2MASS catalo§keugskie et al., 2006) and
used these to estimate the black hole masses using ghelkMelation (Graham, 2007).
We removed RXCJ1347.5-1145 as it does not have a 2MASS measuateleaving us
with a sample of 22 BCGs of which 14 have measured central Xhiags and 8 have X-
ray limits. These sources are plotted onto the FundametaakRn Figure 5.6. We find
that the majority of our sources lie in a similar position km$e of Hlavacek-Larrondo
et al. (2012b) (of which we have two common sources; A2390RKE80745-191). This
supports the interpretations of Hlavacek-Larrondo et2f11¢b) although we caution that
our mass estimates are highly uncertain. One of our souEd21+644, is found to lie
well below the plane. The Fundamental Plane is however oatived for inefficiently
accreting black holes whose accretion progresses in an Alik&Rlow (Merloni et al.,
2003). This supports the interpretation of E1821+644 aseg radiatively efficient BCG

and also shows that the majority of BCGs are inefficient aocset

5.8 Summary

In this chapter we have presented VLBA data from a sample 0b68core hosted BCGs.
Taking the population as a whole it would appear as if thereotsa ‘holy grail’ activity
timescale or outburst energy for BCGs - they may all on avecag@teract cooling (e.g.
McNamara & Nulsen, 2012) but each BCG at any given moment cam&&ide variety
of states. In particular we find that BCGs in cool core clustars exhibit a wide range of
parsec scale morphologies encompassing both one-sidetivarglded alongside unre-
solved structures. We also find no evidence that short-agpardual SMBH are common
in CC-hosted BCGs.



CHAPTER 6

HI Absorption
Probing the Gas at the Centres of BCGs

6.1 Abstract

In this chapter we present a search for HI absorption agé#westadio continuum of 17
BCGs that uses data taken using the VLA, ATCA and WSRT. We desoib evolving
selection criteria that use the continuum and small-scalpesties described previously
within this thesis to recover a high (up to 70%) detectiom rad present the resultant
spectra. Overall we clearly detect HI absorption within birses, tentative detections
in 3 and recover upper-limits on the HI content in the remagr®. A range of column
densities are recovered. We additionally consider 5 cleteaions from the literature to
give us a combined sample of 13 HI absorption systems witldG8, which more than
doubles the number of such systems known. We show that itealt cases, the material
appears either at the systemic velocity or mildly redsHiftEhe work within this chapter
was performed in collaboration with Dr Raymond Oonk of ASTR@nd forms the basis

of a paper to be written up.

6.2 HI Introduction

6.2.1 Motivation

An important constituent of understanding the AGN actiatyd feedback cycles in the
centres of clusters is determining the distribution andngjt\aof gas within the systems

after it cools from the hot phase. Not only is the cold and ic@pgias one of the major
178
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reservoirs for material depositing from the cooling flowsitlso this cooled material that
is believed to power the central AGN and give rise to the ragossion that constitutes
the focus of this thesis. Several studies over the past farsyieave revealed there to be
substantial quantities~(10'°M ) of cold (<100 K) material at the centres of the most
massive cooling clusters. Such studies have targeted etyari lines tracing a range of
species; including optical lines to trace atomic and iathigas (e.g. Balmer and Nitrogen
lines, Crawford et al., 1999), molecular lines to quantifg t4 in the mid- and far-IR
(e.g. Edge et al., 2002; Egami et al., 2006; Donahue et al12@O lines (McNamara
& Jaffe, 1994; O’'Dea et al., 1994b; Edge, 2001) and atomidicgdines (e.g. C[ll], O[l]
and NJlI], Edge et al. 2010a,b).

One species that is under-sampled is atomic hydrogen (HB.Zll.cm transition has
not thus far unambiguously been detected in emission waiBICG. However, detecting
HI in absorptionagainst the radio-continuum is a powerful technique, altjiat has only
so far been detected in a small number of clusters (e.g. dedfle, 1988; McNamara et al.,
1990; O’Dea et al., 1994a; Taylor, 1996, see Section 6.24}.only does this provide
a probe of the cool gas{100 K) that ultimately powers the AGN and star formation,
detecting absorption in a pencil-beam observation aganstry small central source
provides us with the best method, given current limitatjdos measuring the gas within
the central regions of the BCG<(00pc). Essentially we are able to trace the material
that is in the final stages before going on to power the AGNtHaumore, the depth of the
absorption signal depends only upon the intervening Hlreoldensity and the brightness
of the background source. This means that unlike HI emisianis extremely difficult
to detect beyond the low redshift universe, HI absorptiamicaheory be detected at all
redshifts (although in practice it would be limited by ra@itechnology, strength of the
continuum source, RFI and the ionosphere below about 30 MHuaivalent to redshift
~ 50, e.g. Curran et al., 2013b). There is of course the addeglamation that before
a very high redshift (e.g. 210) source can have absorption observed against it, such a

source with high continuum flux atZ10 needs to be found!



6.2. Hl Introduction 180

6.2.2 General Early-Type Galaxies - HI Emission Studies

Several large surveys have been performed, aimed at uaddmsg the distribution of
atomic hydrogen in the general early-type galaxy (ETG) paan (e.g. WSRT-SAURON,
Morganti et al. 2006; Oosterloo et al. 2010; ATLAS Cappellari et al. 2011; Serra et al.
2012; ALFALFA, e.g. Fabello et al. 2011). The resultant Hligsron maps have revealed
there to be a broad range of HI masses and column densitiasrs&¥ Gs. There ap-
pears to be environmental dependence, with around 40% dffieGs typically found to
contain detectable HI gas whereas this fraction drops toratd 0% for ETGs within the
Virgo cluster (Oosterloo et al., 2010; Serra et al., 2012yaAge of gas morphologies is
seen. In about half of the nearby ETGs with detected HlI, thssig distributed in either
a disk-like morphology or a massive ring-shaped resernwmrt¢ 190kpc; Emonts et al.,
2010). These structures are similar to the distributioroafsed gas (e.g. Morganti et al.,
2006) and suggest that the different gas phases are rekatednically. In the remaining
sources however there is evidence for both inflowing and @muitfly gas, tidal streams
and disturbed morphologies (Morganti et al., 2006) and geaps as if these disturbed

morphologies may be more common in group member galaxiesa(8tal., 2012).

6.2.3 HI Absorption Studies

HI absorption against radio cores has been used to trace gasnsy with typically
around a 30% detection rate in compact radio galaxies to éicabmlepth ) greater
than 0.01 (e.g. van Gorkom et al., 1989). The detectionibrags however heavily de-
pendent upon not only the intrinsic column density but ateodovering fraction () of
the intervening gas, that itself is dependent upon the gapmtogy. Measured column
densities are found to vary broadly, which may be intringiperhaps at least in part due
to observational effects. Indeed the measured column tyeissiound to anti-correlate
with the linear extent of the background source (Curran eR8ll3a), perhaps suggesting
that uncertainties incare limiting in many cases. Additionally, these same awtimate
that a common spin temperatures i) is often assumed although not really justified.
From a sample of 23 sources selected from the 2Jy sample @\Rdlacock, 1985;
Tadhunter et al., 1993, 1998) and observed with the Veryé &ugay (VLA), Australia
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Telescope Compact Array (ATCA) and Westerbork Synthesisd&aeiescope (WSRT),
Morganti et al. (2001) found a detection fraction for FRIsl€tection out of 10) consistent
with the HI in these galaxies being distributed in a thin disée also Curran & Whiting,
2010) whereas for other radio sources the presence of a tihiok coupled with more
disturbed blueshifted outflows was inferred. This mirrdre findings of Emonts et al.
(2010) who find large extended FRIs to occur largely in g@sxiithout large ¥ 108M )
neutral gas reservoirs but also not to be associated wittmgegers. Alternatively, com-
pact radio sources are found to preferentially occur inig-(up to 2<10'°M ) systems
where the gas is distributed in giant tori. These authorgssigthat the radio jets in these
systems are confined by the large amount of gas present oratlteely that they may be
fueled by different processes to the giant radio galaxiescofding to AGN unification
schemes (see Section 1.6), the zeroth order view is that stirabon should be more
likely in type-1l AGN as our line of sight traverses the torieometry is therefore often
used to explain the detection fractions of HI absorptiorhimitAGN. However, that Hl is
detected in several types of radio-morphology systemsad as evidence against the re-
guirement for a torus in radio AGN (e.g. Morganti et al., 2DQAlternatively it has been
suggested that some of the HI non-detections could be dine tdV¥-continuum ionising
the gas, as it appears that HI is never seen in galaxies wigh>t 1073w Hz~1 (Curran
et al., 2008; Curran & Whiting, 2010).

Recently Gereb et al. (2014) observed a sample of 93 radid-A@h the WSRT.
Their almost 30% detection rate was comparable to previtudies, although interest-
ingly they used a stacking technique to show that this is ncglg a threshold dependent
characteristic. Amongst their detected sample they foumgpeal T of 0.02 whereas
amongst the non-detections the limit was pushet<t0.0002, showing there to be an
intrinsic dichotomy. The diverse range of profiles seen ggastive of multiple clouds
within these systems rather than an isotropic toroidakiistion. Furthermore, the au-
thors find that their detection fraction increasesxt42% for sources that are compact
in FIRST (5 arcsecond resolution White et al., 1997), andeases further te=55% if
only sources that are confirmed compact on milli-arcsecoates by the Compact Radio
sources at Low-redshift (CORALZ de Vries et al., 2009) suraey considered. Addi-

tionally, a deeper is found for more compact sources. The authors suggesttisanty
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be an evolutionary effect whereby compact sources are nargfally young and that the
presence of HI in these systems may trigger activity altihathg trend could be related

to cs.

6.2.4 Focus on BCGs

Using HI in absorption to search for the cooling gas in clustaes has been done for
many years. McNamara et al. (1990) used Arecibo and (prids tcollapse!) the Green-
Bank 300-ft telescope to survey 14 CC and 2 NCCs, detecting Hihstgavo of the CC-
hosted BCG, namely MKW3s/NGC 5920 and 2A0335+096. Coupledtivétdetection
of HI in NGC1275 (De Young et al., 1973; Crane et al., 1982; Jeiffa., 1988), this was
given as the first evidence for HI forming directly by cooliogt of the cooling flow. Only
a handful of other BCGs have had HI observed against them. éDal. (1994a) found
a narrow &200 knt1) component that appeared redshifted with respect to thermsys
velocity as well as a broader componestQ0 knt 1) consistent with no dynamical offset
in A2597. As mentioned in Chapter 5, both Hydra-A and A2597ehBiv absorption
against their milli-arcsecond cores as sampled by the VUBA is consistent with being
distributed in a 30pc scale-height torus (Taylor, 1996;Idagt al., 1999b). HI is also
seen in another powerful radio-BCG, Cygnus-A (Conway & Blai@95), again against
the central component. Other than these very powerful BC&s dietections have been
made (although there have been many limits). In a sampletdgkctrum radio sources
Curran et al. (2006) observed the BCG PKS1555-140/RXJ1558iding strong HI
absorption against it. &on-Cetty et al. (2000) detect a broad absorption in PKS 1353
341/RXJ1356-342 that is a large elliptical situated withmoverdensity of galaxies and
thus qualifies as a BCG. Note that this cluster had previoustpnlmverlooked because the
bulk of the X-ray flux was incorrectly attributed to the catilat-radio spectrum AGN,
rather than the extended ICM (see also Section 4.3). Onca,abaiHI within this BCG
appears to be distributed in a disk several kiloparsecssacro

This somewhat heterogeneous sampling of BCGs is mirroretierrécovered gas
properties, as they show a wide range of widthel@0-1000km s1), optical depths
(~0.001-0.07) and column densitiesfewx 107123 cm~2). The presence of HI appears

to be linked to the presence of a strong cooling flow, howelrere does not appear to
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be a consensus on the gas dynamics, with studies claimihth#hgas can be redshifted,
blueshifted or at the systemic velocity. The gas in the isregions is expected to be
clumpy and so a wide range in profile shape is expected. Wiitiisnchapter we describe
our campaign to increase the number of BCGs with detected Blbsorption in order to

build the statistics to be able to conclusively determinetibr the material is situated in

a torus or outflows/inflows.

6.3 Sample

We have thus far made 21 observations for HI absorption in B@&hese, four sources
observed with the VLA were re-observed with the WSRT; in twstamces confirming
detections and in two instances returning deeper limitses€hobservations have been
spread over more than a decade and hence the selectiomachiéee evolved. We first
describe the data themselves and then after this descrbsatple evolution and the

implications this has on the detection rate (Section 6.5.1)

6.4 Data and Reduction

6.4.1 VLA Observations

Seven sources were observed with the VLA over the periodtB-I@ne 1999 under
project code AE130 (P.l. Edge) with the array in a hybrid Adbhiguration (for sources,
see Table 6.1). The data were taken with the (pre-WIDAR) Vio#elator in right-hand
circular polarisation spectral mode, with a bandwidth d@&R&Hz split across 64 channels
giving a spectral resolution 6£98 kHz. This narrow bandwidth meant that each obser-
vation was tuned to the expected systemic velocity and sd-bantres varied slightly
betweer~1.15-1.35 GHz.

Data were reduced using AIPS. Loading, inspection and fitepgiere all performed
using the standard methods (see e.g. Chapter 2). Overall dhling was done using
the primary calibrator 1331+305, with a separate calibrabserved nearby to each sci-
ence target for phase calibration. However, the primary m@&observed at each of the

individual frequencies. The flux scale for each source wasefore set (with SETJY)



6.4. Data and Reduction 184

using spectral models for each of the phase calibratorsifigubke contemporaneous ob-
servations in the NRAO calibrator list, with the bias acdaahfor by comparison to the
primary. Otherwise the pseudo-continuum data were caédraccording to the standard
proceduresand then applied to the spectral line data using TACOP. Ga#drscience
targets were then SPLIT off and image cubes produced with B/RA Spectra were ex-

tracted with ISPEC and read into IDL for further analysis.

6.4.2 ATCA Observations

Four sources were observed with the ATCA over the period 1h-ddnuary 2011 under
the project code C2152 (and observed concurrently with C18&8Chapter 2; P.1. Edge)
with the array in the ATCA-6A configuration. Data were takethihe CABB correlator
(Compact Array Broadband Backend; Wilson et al., 2011), Wiabows for dual-mode
observations in full polarisation. A 64 MHz bandwidth smiter 2049 channels gives
a spectral resolution of 31.2 kHz. This is supplemented kiesn ‘zoom-bands’, each
with 1 MHz bandwidth and a fine resolution of 0.5 kHz. Thesemd@ands can be placed
apart within the 64 MHz bandwidth or successively, to previg to 16 MHz worth of
finely sampled spectrum. For each source we placed eighe¢@idbm-bands successively
about the expected systemic velocity for associated Hliwitie system and eight were
successively positioned to search for OH, although we madgetections of this and do
not mention it further.

The primary ATCA calibrator (1934-638) was observed at theeoling frequency
of each science target and used for absolute flux calibrafidditionally, 0823-500 was
observed tuned to the frequencies of RXJ1558-14 and Al134&ifther verification of
the flux scaling. Each of the four science targets was vigeeral times across a wide
hour-angle range to maximise uv-coverage, with each vesidwiched between short
scans of a nearby phase calibrator. On source integratisralyaut nine hours for each
of A3112 and S555, eight hours on RXJ1558-14 and four hour&1848. However,
very bad RFI meant that significant fractions of this time everst, most notably for

RXJ1558-14 where only about three hours of integration vezshle.

1As described in the AIPS cookbook, http://www.aips.nrea/eook.html
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Reduction was done using the ATNF MIRIAD package. Data weaidéd and known
RFI (‘birdies’) flagged automatically usingtlod. The HI rest frequency was also set at
this stage. Data were inspected in the usual ways and daarepints and RFI flagged
usingblflaganduvflag Significant flagging of RFI was performed manually usitigag.
The data were then flux and phase calibrated in the usual veaySection 2.3), using the
standard MIRIAD toolsrffcal gpcal gpbootandgpcopy. The bandpass was calibrated
by runningmfbooton the primary calibrator (unresolved at these frequepciggh the
solutions applied to the science targets. Data cubes weatett, CLEANed and restored
in MIRIAD. The spectra recovered from these cubes were faonstill be affected by
strong RFI. In each case, it was found that using the imagédsfine the source region
and then extracting spectra from the calibrated uv-fileagiavspecproduced the best

results. The spectra were then read into IDL for further gsial(see also Section 6.5).

6.4.3 WSRT Observations

Ten sources were observed with the WSRT. These were splittbrkes proposal codes:
R11A/005 and R11B/024 (both P.I. Edge) that were observéaddass December 2010
and August 2011, and proposal code S11B/008 (P.l. Oonk)whatobserved between
April and December 2012. The data were taken in dual poldisaspectral mode,
and had 1024 channels spread across a 20 MHz bandwidth givépgctral resolution
~19.5 kHz. As always, band centres were tuned to the expeetihifted positions of
HI associated with the systemic velocities.

Data were reduced and subsequent fit parameters provided Baymond Oonk of
ASTRON. Reduction was performed using the Common Astronoofiw@re Applica-
tions (CASA) package, utilising a script (cagert.py) developed by Dr Raymond Oonk
and Dr Reinout van Weeren (previously of ASTRON, now an EimsEellow at Harvard
CfA). Full details of this part of the data reduction will beogided in an upcoming paper,

of which this chapter forms the basis.
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6.5 Spectra and Results

As mentioned in the previous section, spectra from the VLA ARCA campaigns were
loaded into IDL for plotting and further analysis. For eagestrum we fit the line free
channels with a second order polynomial using the IDL raffOLY_FIT’, in order to
remove the continuum. In most instances the continuum wdisfiivey a power-law,
but the addition of the quadratic term allowed better rerho¥any remaining bandpass
errors. We present the resultant spectra for the VLA dataigurés 6.1 and 6.2. The
ATCA spectra are presented in Figure 6.3. On each of thesérapee show the position
of the redshifted systemic position for HI as well as the canim flux level at the position
of the line minimum (or the systemic HI position for non-detens). Note that spectra for
the WSRT data were created by Dr Raymond Oonk and are not peelskare although
will be included in the subsequent paper.

The HI absorption troughs in A2390 and 28276 were each fiti#fuasingle gaussian
component using the IDL routin&AUSSFIT. The absorption profile seen in RXJ1558-
14 was better fitted using a two component model, which waopeed using the IDL
routine ‘CURVEFIT’ (see Figure 6.4). The RMS for each spectrum was measured and
a 3 detection limit imposed for sources with no detected alksmmp In Table 6.1 we
present the recovered optical depths and linewidths. Natiepgarameters reported for the
sources observed with the WSRT were determined by Dr Raymami.O

Column densities (in cn?) were calculated according to:

T .
Ny = 1.823 x 1018%‘ / (V) dv (6.5.1)
f

where g is the covering fraction, Jpin the spin temperature and the integrated optical
depth is in km/s (Wolfe & Burbidge, 1975; Gereb et al., 200 used a consistent spin
temperature of 100K for our calculations ofyN This is believed to be representative for
gas outside the immediate nuclear vicinity (e.g. Taylorletl®99b) as may be sampled
by our arcsecond scale resolution observations. Howelvdigigas is indeed situated
very close to the central SMBH then a value of 8000K may besbé¢é.g Conway &
Blanco, 1995), in which case the true column densities wbaldignificantly higher than

calculated herein. We assume a covering fraction of unityoaigh we note that this is
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Figure 6.1: VLA spectra at the redshifted positions for Héatption in 6 of our 7 sources
observed with the VLA (see also Figure 6.2). Red arrows mgiche systemic poition
for redshifted HI. Clear detections are made for A2390 and768Rat were corroborated
by follow-up detections with the WSRT. There is potentiallpp@a significance detection
in Z8193 although this is consistent with noise and hencaires deeper follow-up.
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Figure 6.3: ATCA spectra at the redshifted HI for the four s®msrobserved in project
C2152. Red arrows indicate the expected systemic positibfl absorption. The wider
64 MHz CABB spectral bands are displayed here although netetliese are entirely
consistent with the higher resolution zoom band recovepedtsa.
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Figure 6.4: Two Gaussian fit to HI absorption line profile in R%58-14, showing there
to be a broad component centred near to the systemic velaotya narrow component
that is redshifted with respect to this.

likely to be highly uncertain and almost certainly an ovéreate (see also Section 6.7).
Calculated column densities are reported in Table 6.1. ltesys without detected HI

absorption we take ad8limit on tau and assume a linewidth200 km/s.

6.5.1 Detection Rates - Using Radio Priors to Increase Detection Like-

lihood

The earlier data taken with the VLA targeted flat spectruma&LCGs, returning a detec-
tion rate of 2/7. Although these predated the SED decompasi{Chapter 2), their flat
spectrum nature means that these were typically core deetrsystems. However, the
detection rate is still relatively low although this is pags partly due to the much higher
detection limits and narrow sampled bandwidths when coetpirour later observations,
coupled to the fairly low continuum fluxes in some cases.

The ATCA targets were selected as a result of their brighteswmived on arcsecond
scale, continuum fluxes. One source was detected, RXJ1858lthough the presence

of HI in this system was previously known (Curran et al., 2086yl hence our success



6.5. Spectra and Results 190

Table 6.1: The sources targeted for HI absorption with reced parameters. Sources
observed with the VLA were under project code AE130 and werégomed June 1999,
those with ATCA were code C2152 and performed January 201lrc8swbserved with
the WSRT were observed under proposal codes R11A/005 and/B24 Both P.I. Edge)
between December 2010 and August 2011, and proposal cod@BL(P.I. Oonk) be-
tween April and December 2012. Note that all of the WSRT olstems were reduced
by Dr. Raymond Oonk of ASTRON - they are not the author’'s owmkw&CG redshifts
are from:1 VIMOS, Hameret al2014 submitted? CO, Edgeet al2015 in prep.2 SDSS
(e.g. Ahn et al., 2014} Wilman et al. (2006)? Crawford et al. (1999). *These values
are for tentative detections and were measured from plots.

Array | Source |Redshiff RMS T FWHM N(HI)
(mJy/bm/bin)  (peak) (km/s) |1x10%° cm 2

VLA A2390 [0.2304 3.75 0.084+ 0.012j154.0+24.9 25.1+ 7.3
VLA 78276 |0.0757 2.15 0.072+ 0.015 58.2+14.0) 8.1+ 3.7

VLA A1885 |0.0893 1.89 <0.131 <200 <50.8
VLA 78193 |0.182% 2.58 <0.063 <200 <24.5
VLA |RXJ0439+0%0.2076 3.07 <0.133 <200 <51.6
VLA AG46  |0.1278 1.55 <0.087 <200 <33.8
VLA 7235 0.08% 1.64 <0.226 <200 <87.7

ATCA | RXJ1558-14
ATCA| 1-Gaussian 0.0968 2.23 0.067+ 0.002 118.04+4.1| 15.3£1.0
ATCA Broad |0.0968 2.23 0.0484+ 0.002 132.64+6.0| 12.44+1.1
ATCA| Narrow |0.0968 2.23 0.048+ 0.003 41.84+3.5| 3.94+0.6
ATCA| Combined |0.0968 2.23 0.0824 0.019Combination 16.3+ 1.3

ATCA| A3112 [0.076G 2.80 <0.007 <200 <27
ATCA| A1348 |0.1199 2.54 <0.068 <200 <26.4
ATCA| S555 |0.0448 1.23 <0.013 <200 <5.0
WSRT A1795 | 0.062 0.75 0.0051 600 5.9
WSRT/RXJ1350+090.1325 0.25 0.0054 280 2.9
WSRT A2390 |0.2304 0.84 0.0787 190 29.0
WSRT 78193 [0.182% 0.36 0.015* 217* 6.3*
WSRT NGC6338 |0.0273 1.20 0.052* 257* 25.9*
WSRT|RXJ1832+680.204% 0.31 0.011* 200* 4.3*
WSRT| 78276 |0.0757 2.17 0.082* 62.5* 9.9%
WSRT| NGC4104 |0.02823 0.25 <0.206 <200 <80.0
WSRT|RXJ0000+080.0387 0.27 <0.012 <200 <4.6

WSRT| 72235 0.08% 0.68 <0.059 <200 <22.9
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rate for blind targets was 0/3. Although the three other sesiwere all unresolved on
arcsecond scales, we can now see with the hindsight of the &f€Dmpositions per-
formed in Chapter 2 th