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Abstract

In this thesis | investigate the hosts and cluster envirorimef a sample of 41 radio
galaxies between = 0.4 andz = 0.6. | use spectroscopic data for a 24 object subsample
to investigate their star formation histories via the sjtbrof the 4008 break. 1 find
that the higher radio luminosity or high excitation objaotthe sample have evidence for
young stellar populations, but the lower radio luminosityosv excitation objects do not.

My investigations into the Fundamental Plane (FP) of 18 efrddio galaxies, using
the same spectroscopic data as well as data from the literatlhiow that the Fanaroff-
Riley type | objects (FRIS) lie on the FP of local radio galaxaese corrected for passive
evolution but the Fanaroff-Riley type Il objects (FRIIs) dd.nicsuggest that an evolution
in the size of the host galaxies, aided by a combination afipagvolution and a mass-
dependent evolution in the mass-to-light ratios, may eryle observed offsets.

Finally, I use wide field multi-band imaging to investigabe tcluster environments of
the full z ~ 0.5 sample. I find that the environmental overdensity is paslyicorrelated
with the radio luminosity and observe a greater number afeclmompanions around the
FRIIs than the FRIs (albeit with only nine FRIs in the sample)e Thuster environments
of the radio galaxies with the greatest host luminositiasastentative evidence for an
alignment between the major axis of a galaxy and that of itstel, whilst there are
hints that the objects with the highest radio luminositiagenclusters whose major axis
is aligned with the position angle of the radio jet.

My results suggest a picture in which FRII type radio souressde in particularly
rich cluster environments at~ 0.5 but FRI type radio sources in less rich environments.
The environment plays a key role in determining both theagdoperties of the galaxy
and the evolution of its host. The effect of the environmenitie emission line properties
and star formation histories of the galaxies leads to the@yeeen in the morphological

and spectral properties of radio galaxies.
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Chapter 1

Introduction

1.1 Active Galactic Nuclel

Active Galactic Nuclei (AGNSs) are the most powerful objepts discovered in the uni-
verse. They are believed, in essence, to be supermassokehudtes (of mass 7610
solar masses, M), the immediate environments of which are exceedingly hous. It is
believed that, in the majority of AGNSs, this central supessige black hole is surrounded
by a hot accretion disc which emits the majority of the camtiim emission (see Section
1.2). However, it is now thought that in some AGNSs the acoretinto the central super-
massive black hole proceeds via an alternative and lesgeeffiftechanism, and therefore

the hot accretion disc may not represent the full pictureafoAGNs (see Section 1.3).

The first observation of an AGN was made in 1908 by E. A. Fathg felund strong
emission lines in his spectrum of NGC 1086. The next notabtertbution to the field
was made by Carl Seyfert (1943), who observed a group of gpalakies which con-
tained unusually bright, point-like, nuclei. He discowktbat several of them were dom-
inated by high-excitation emission lines. Another wartidnigcovery was that of the first

known radio galaxy, Cygnus A, which was discovered accidigritg radar engineers.

1



2 CHAPTER 1. INTRODUCTION

The following decades saw the rise of radio astronomy, gholgithe third Cambridge
radio catalogue (3C; Edge et al. 1959) and the discovery cfaygawhose optical coun-
terparts initially appeared to be point-like but with unalsamission spectra (Matthews
& Sandage 1963). Schmidt (1963) realised that the similactspm of 3C273 contained
familiar emission lines (including the hydrogen Balmer eg)yiredshifted ta = 0.158,
leading to the identification of the lines in the star-likeiogl counterparts of other such
guasi-stellar objects (quasars).

Today, AGNs are typically divided into six main classes: spra, radio galaxies,
obscured quasars, Seyfert galaxies, LINERs and blazarsieflybdescribe below the
main observed characteristics of each and in Section 1.2&dritke how the observed
properties of these objects fit into a ‘unified scheme’. Fartthetail concerning radio

galaxies (which are the main focus of this thesis) is giveBention 1.3.

Quasars

Quasars comprise the most optically luminous class of AGINd, are generally hosted
by massive elliptical galaxies with scalelengths~af0 kpc (e.g. McLure et al. 1999).
The majority of the light originates in the nucleus, whichshines the entire host galaxy.
The spectrum extends from the radio throughytcays, peaking at blue wavelengths,
and contains prominent broaet$000kms!) permitted lines as well as weaker narrow
(<1000kms!) forbidden lines. Variability is observed across the spauntof many
guasars, on timescales of months down to days. Quasarstatiwided, based on their
radio luminosity, into radio-loud quasars (RLQs) and ragiitet quasars (RQQs). Ob-
servationally it is found that there are 10 to 20 times the pemof RQQs as RLQs (e.g.
Goldschmidt et al. 1999; Dunlop et al. 2003), but otherwis®rtproperties appear to be
the same. There have been suggestions that RLQs are fouedgntilly in elliptical or

interacting host galaxies whereas RQQs tend to inhabitiekils or spirals (e.g. Bahcall
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et al. 1997), but the relationship between radio luminoaitg host galaxy is far from

clear.

Radio Galaxies

Radio galaxies are AGNs hosted by luminous elliptical g&sxe.g. Best, Longair &
Rottgering 1998; McLure et al. 1999) and marked out by thedia@mission. In many
respects they are similar to the RLQs described above butnwithvidence of a bright
nuclear point source. Most do not show evidence of broad lgther, although there
exists a population of broad-line radio galaxies that dal (ahich thus appear to form a
class intermediate between RLQs and the majority of radiexiges). The spectra of these
broad-line radio galaxies contain broad permitted linewek as narrow forbidden and
permitted lines whereas the spectra of (the more commomwdine radio galaxies only
contain narrow lines. Radio galaxies may contain a radio, coré may also display lobes,
jets and hotspots at radio wavelengths. The radio core igrgp&ct region associated
with the nucleus and with a flat radio spectrum which arisestduhe superposition of
relativistic optically thick synchrotron spectra (e.gh8uaer 1987). The lobes are a radio
galaxy’s largest feature (sometimes extending to a Mpceyaaid emit optically thin
synchrotron radiation. X-ray observations have showrela@ayities in the inter-galactic
medium (IGM), filled by the radio lobes and with associatedcétfronts. This suggests
that the IGM is being displaced by the radio source as theslelgpand (e.g. McNamara
et al. 2005; McNamara & Nulsen 2007). Hotspots are brighta@mdpact regions within

lobes which have steep radio spectra. The jets link the catteetlobes.

Obscured Quasars

In addition to the quasars described above, there alsosexigbpulation of obscured

guasars (e.g. Norman et al. 2002; Zakamska et al. 2003).uBdtbquasars do not exhibit
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the blue continua or broad lines seen in unobscured queamadsnor do they outshine
their host galaxies in optical or ultraviolet (UV) radiatioThey therefore resemble nor-
mal, inactive galaxies in optical imaging surveys (Meiz-Sansigre et al. 2006) and
due to this fact were until recently very difficult to discovéost studies concentrated
on using X-ray observations to select hard-spectrum seuice those with an excess
of emission at higher energies (e.g. Almaini et al. 1995;a04ttal. 1996; Akiyama et
al. 2002). However, the arrival of tHepitzer Space Telescoppened up the field since
an obscured quasar would by definition heat up the dust tlwdotsisuring it and this dust
would then emit thermal radiation at a wavelength dictatethb dust temperature. Given
that quasars emit powerfully at X-ray and UV wavelengths veelld expect the dust to
be relatively hot but still below the sublimation temperataf approximately 1500 K for
graphite and approximately 1000 K for silicate grains (&mnato et al. 1997). Further-
more, we would expect the majority of the dust in the torusmfied models (Section
1.2) to be at a lower temperature than the sublimation teatpex (since we expect the
outer regions of the torus to be cooler than the inner regi@ml using Wien's law we
find that the peak of the thermal black body radiation occu2s-&0 m for temperatures
spanning 100-1500 K. Therefore targeting objects that peakd-infrared wavelengths,
whereSpitzerwas very sensitive, allows the identification of large saspif obscured
AGN (e.g. Lacy et al. 2004; Stern et al. 2005; Ma€ez-Sansigre et al. 2005; Maréz-
Sansigre et al. 2006; Poletta et al. 2006; Villar-Ntaret al. 2011). Obscured quasars
are sometimes referred to as type 2 quasars in accordarttheihaming convention of

Seyfert galaxies (see below).

Seyfert Galaxies

Seyfert galaxies are similar to radio galaxies and to qsasait have a lower luminosity

than quasars and their radio emission is generally at a lmw@nosity than the powerful
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radio galaxies. A distinction between Seyferts and quasarsually made on the basis of
absolute nuclear B-band luminosity/z), where Seyferts havélz > —21.5 + 5log hy
(Schmidt & Green 1983), where, is the Hubble constant,) divided by 100. Seyferts
tend to reside in spiral galaxies, and were originally ¢feesson a morphological basis
as galaxies with a bright nucleus. Now, however, a galaxyaissified as a Seyfert if its
spectrum possesses strong, high-ionisation emissios. IBeyferts are typically divided
into two groups: type 1 and type 2 (Khachikian & Weedman 19/®jamples of the
spectra of each type are shown in Figure 1.1. The spectrapef lySeyferts contain
both narrow lines and broad lines. The narrow lines (whiehpredominantly forbidden
lines) have widths 0f-400kms!, whereas the broad lines (permitted lines only) have
widths of <10,000kms!. Type 2 Seyferts, on the other hand, only exhibit the narrow
lines in their spectra. However, these categories do not $eée as distinct as was once
thought, since some objects classified as type 2 Seyferesrawv been found to possess
weak broad lines. In unified models (Section 1.2) type 1 Seyfmn be associated with
guasars and broad-line radio galaxies and type 2 Seyfettiswairow-line radio galaxies

and obscured quasars, at lower luminosities and with nanegent for radio emission.

LINERs

Low-ionisation nuclear emission line region galaxies (ERK) were first identified by
Heckman (1980), although there are conflicting views on twrethey are actually a
class of AGNs (e.g. Filippenko 1996). LINERs have spectralaino Seyferts (e.g. Ho,
Filippenko & Sargent 1997) and as defined by Heckman (1988) éine marked out by
spectra dominated by low-ionization lines (e.g. [84}, [Ol]¢300, [NI] 6584, [S!l] 6717 @and
[Sll]¢731) and with relatively weak high ionization lines (e.g. [Q¥by7, [Nelll] 3369 and
[Hell] 4656). In order to distinguish LINERs from Seyferts, Heckman dafim LINER as

an object with [Oll}77/[Oll1] 5007 > 1 and [Olll]5007/[Ol] 6300 < 3. In addition, the spectra




6 CHAPTER 1. INTRODUCTION

B

Frien 10 ] CMkn 78
L L~ -1
06 - \J' | ]
TNWNY | | | ,
B'iliiiiliiillhi_l_i"_i)i“rri ) o s P AP
| Mkn 79 oe [ Min 1058 1
Al I
il I\ e ﬂj 1
I I £ | ey Rt
L A )I ! LIS Pl ]
S RS B e e ML VS :."TN.'...I::::::::::::
18 Eien 1330 ll E q | Mkn 1066 i
L E ‘ | = gl i
05 - A Ky, ] I"I.-'"“J_ L L UL ,
5 | I o
o TR RSN T ST SN N S T N ol v e b e
4000 5000 8000 700D 4000 EOG 8000 7000
Wavelength [&] Wavelength [A]

Figure 1.1: Examples of the spectra of type 1 Seyferts (lefi)l type 2 Seyferts
(right), taken from the Astronomy & Astrophysics SupplemeBeries website
(http://aas.aanda.org/). The broad lines are visible Hertype 1 Seyferts, but not the
type 2 Seyferts, as discussed in Section 1.1.

of LINERs do not show strong optical continua or X-ray emiasjpleckman 1980, Ho
2009), and in this way are found to differ from other classeA®Ns such as quasars
and Seyferts. LINERs have been found to be common in all typlegal galaxies, most

particularly in early-type spirals (e.g. Ho 1996) and mayeiiber radio-loud or radio-

quiet (e.g. Chiaberge, Capetti & Macchetto 2005).

Blazars

In a similar fashion to quasars, blazars are star-like iir tqgpearance, but are all high-
luminosity radio sources, variable on timescales of dayshorter. Blazars are divided
into two groups: BL Lac objects and optically violent varied(OVVs). BL Lac objects

are named after BL Lacertae, the first such object studied hamd spectra with very

weak or no emission lines. OVVs are similar to BL Lac objects,fave stronger broad
emission lines and exhibit larger variations in optical inasity, as well as often display-
ing variation in the magnitude and angle of their polar@ati They are only~1.5 — 3

times more powerful than BL Lac objects (Smith et al. 1987).
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1.2 Unification of AGNs

1.2.1 The Orientation-based Unification Scheme

It is widely believed that the different types of AGN (Sectib.1) are not distinct objects
but rather different manifestations of one underlying mhmeanon. Various schemes have
been proposed for the unification of AGNs, including evalnéry schemes (see Section
1.2.3). However, the current most basic and commonly aedepification scheme is
one of orientation-based unification. Here | describe tbieme, as illustrated in Figure
1.2. In this scheme, the centre of the AGN houses a supenedsack hole, typically of
mass 10-10"° M. Surrounding this is a gaseous accretion disc, in which ibepsgity
of the gas removes angular momentum from the gas and he@keiaccretion disc is ex-
tremely hot, with an approximate temperature @t—10° K (e.g. Bonning et al. 2007). It
is exceedingly luminous from optical to X-ray wavelengtpargicularly its inner region)
and is the source of the radiation which originates in thereesf the AGN.

The accretion disc is surrounded by dense, fast-moving lgasl€ that make up the
broad line region (BLR). Their density means only permittedssion lines are seen,
whilst the high velocity (typically~ 5000 km s'!) gives rise to the width of the lines.

Beyond the central engine of the AGN there is a dusty torus oseh it is thought, of
graphite particles in view of the observed temperature6f1500 K (see Section 1.1).
The dust in the torus absorbs UV and X-ray radiation from thetral engine and re-
emits it in the infrared. The toroidal shape of this compdmemportant since it permits
a view of the central engine to some observers but not to stltapending on their
viewing angle, which is key for the orientation-based uatfien model (Figure 1.2).

Beyond the torus (and thus visible to all observers) is theomaline region (NLR),
comprised of slower moving (200—900 km‘$ gas clouds with a lower density than those

in the BLR. This lower density means that both permitted andiflalen emission lines
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are seen in the spectra from these regions.

The final components in this unified picture of AGNs are theaatructures, which
appear in some AGNSs but not in others. The question of why s&@Ms are radio-loud
whilst others are not is, as yet, unresolved. Where they dorpitas believed that radio
jets originate very close to the central black hole, whefaling material is ejected along
the axis of rotation at relativistic speeds by some as yehawk mechanism. In some
examples of radio-loud AGNs we only observe one jet. Howeat & believed that two

jets are actually present, but only one is visible due to ffexts of relativistic beaming.

In this picture, the type of AGN observed is primarily govedrby the viewing angle
of the observer, as illustrated in Figure 1.2. The transibetween type 1 and type 2
AGNs appears to take place at a viewing angle-d&° to the axis of rotation (Barthel
1989; Simpson 1998), although evidence exists for a lunityraependent variation in
the opening angle as incorporated in the ‘receding torusath(ske Section 1.2.2). How-
ever, in the radio-quiet case of the simple unification pet{the bottom half of Figure
1.2), an observer whose line of sight is approachingt®the axis of rotation will see
the NLR but not the radiation direct from the accretion disthe BLR (because of the
obscuring torus). They will thus observe a type 2 Seyferdxgabr an obscured quasar,
depending on the luminosity. On the other hand, an obserlies&line of sight is ap-
proaching 0 to the axis of rotation will see the BLR and the emission from ¢entral
engine as well as the NLR, and thus observe a type 1 Seyfert or@ RQe primary
difference between Seyferts and RQQs appears to be one afdsityi (as discussed in

Section 1.1).

In the radio-loud case (the top half of Figure 1.2) we see daipattern. An observer
whose line of sight is approaching 9 the axis of rotation will again see the NLR but
not the BLR or the direct emission from the accretion disc &nd bbserve a narrow-line

radio galaxy. An observer whose line of sight is closetédXhe axis of rotation can see
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Figure 1.2: Anillustration of the orientation-based urafion scheme for AGNs (Section
1.2). The image is taken from the Scholarpedia website:(Mipw.scholarpedia.org).

the BLR, the NLR and the intense radiation from the centralremgnd thus observes a
RLQ. Between these two regimes lies another regime, wherei¢heng angle permits
a view of both the NLR and BLR but not the radiation from the canengine, and thus
a broad-line radio galaxy is observed. In the extreme cakenvan observer is looking
straight down the axis of the radio jet, a blazar is observedhe case of less powerful
radio galaxies a BL Lac is seen.

Over recent years there has been an accumulation of evidescgport the unified
scheme described here. The strongest evidence is the diganivpolarised broad lines
in type 2 Seyfert galaxies (Antonucci & Miller 1985), whichggests that the BLR is
present in both type 1 and type 2 Seyferts, but only direajble in type 1 objects.
In type 2 Seyferts the BLR is obscured, but reflected (and hpotagised) broad lines
from the BLR are observed. McLure et al. (1999), followed byndp et al. (2003) with
a larger sample, found that the host galaxies of RQQs, RLQsahd galaxies are all
massive elliptical galaxies with scalelengths«dfO kpc. The presence of a supermassive
black hole at the centre of AGNs is suggested by a combinatidthe minimum mass

(derived from Eddington-limited accretion rates) and trexmmum size (indicated by the
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variability timescale and the light travel time). Howevdespite the evidence in sup-
port of this unified scheme, evidence also exists which sstgghat the picture is more
complicated than the basic one presented here. For exainigl¢hought that low exci-
tation galaxies (LEGSs) lack BLRs, obscuring tori and rad&ljiefficient accretion discs
(e.g. Chiaberge, Capetti & Celotti 2002; Whysong & Antonuccifd8ardcastle, Evans
& Croston 2006; Hardcastle, Evans & Croston 2009; see Sect®)n They therefore
do not fit the picture of AGN unification presented here. | éfiere now turn to more

sophisticated unification schemes.

1.2.2 The Receding Torus Model

Whilst the traditional unified scheme described above (8ecti2.1) provides a good
description of most of the observed properties of AGNsnapts have been made over
the past decades to explain some of the more subtle propef#&sNs. This has involved
modifications to the simpe orientation picture. One of thestpopular of these is the so-
called ‘receding torus model, first suggested by Lawred&91).

This model arises from the observation that the spectraggmistributions of quasars
at wavelengths longer thajum appear almost identical (e.g. Elvis et al. 1994). This
consistency of spectral shapes into the near-infraredlveandgtimplies that the location of
the inner surface of the dusty torus (see Figure 1.2) is ahéexd by the distance at which
dust can survive without sublimating due to the heat emfti@a the accretion disc. This
idea is underscored by time-delay experiments in the d@itdnear-infrared wavebands
(e.g. Clavel, Wamsteker & Glass 1989), where more luminojectdexhibit longer time
delays between the optical and the near-infrared contiba.result of a receding torus
model is that more luminous AGNs have larger torus openimggesnwhich in turn leads
to the observed fraction of type 1 AGNs increasing with quasainosity.

Some of the strongest evidence in support of the receding toodel has been pro-
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vided by low-frequency radio surveys. The selection of AGititow radio frequencies
is possibly the most effective way of obtaining a sample &kerientation biases since
the selection is based on the optically-thin extended lohsson which should be the
same in pole-on and edge-on radio sources. Using such ssmpaay studies have found
evidence for a higher fraction of quasars with increasimgitwsity when compared with
the obscured type 2 radio galaxies (e.g. Hill, Goodrich & BgR996; Simpson, Rawl-
ings & Lacy 1999; Simpson & Rawlings 2000; Willott et al. 20@ximes, Rawlings &
Willott 2004). In addition to the radio based surveys, sangvidence has been found
using X-ray surveys (e.g. Steffen et al. 2003; Hasinger.e2@04), which are also less

influenced by orientation than optical surveys (e.g. Lud.e2@11).

The Sloan Digital Sky Survey (SDSS) has allowed such studid® taken further.
In particular, large spectroscopic surveys from the SD3&vaharrow emission lines
to be used as a tracer of the orientation of the AGNs. Simp28065) determined the
luminosity function of the [Olll] emission line for both bad- and narrow-line AGNs (or
type 1 and type 2 AGNs). He found that the fraction of the brlirael (type 1) AGNs
increases with the luminosity of the [Olll] line, consistevith the receding torus model.
However, this study does make the assumption that [Ollljnissatropic tracer of the
intrinsic AGN luminosity. It is worth noting that this assption has recently been called

into question (Fine, Jarvis & Mauch 2011).

More recent work using th8pitzer Space Telescopas also found evidence in sup-
port of the receding torus model. Treister et al. (2008) u&dn obervations, which
directly probe the torus emission, to show that the hot duss&on appears to decrease

with increasing bolometric luminosity.

However, a critical review of the receding torus hypothess recently undertaken by
Lawrence & Elvis (2010), who suggested that evidence theaftrtction of type 1 objects

increases with luminosity may be due simply to selectioact#f and to mis-classification
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of genuine type 2 objects. It is still unclear, therefore gtfier some of the evidence in
support of the receding torus model may be due to obscuratitre host galaxy. This
leads onto the picture of an evolutionary unified scheme ®agders et al. 1988a), to

which I now turn (Section 1.2.3).

1.2.3 Evolutionary Unification

Another alternative to the simple orientation-based udiifeheme is one in which the
galaxy hosting the AGN moves from an obscured system to absouved system over a
period of time. This idea was first proposed by Sanders e1888a; 1988b) who, using
a sample of just 10 nearby infrared-luminous galaxies, dostnong evidence of AGN
activity in these highly disturbed systems. These systemar@dergoing a major episode
of obscured star formation, believed to be triggered vialaxyagalaxy merger. In the
scheme which Sanders et al. (1988a) propose, quasars aredvés the end point of
galaxy mergers, where the quasar is obscured by the dusigeddn the star formation
which has been triggered by the merger event. This dust ealiytlears and the AGN
thus appears to evolve from an obscured quasar to a nakearquas

Since this early work, many groups have found evidence thatalutionary scheme,
in which galaxy mergers play a key role, may be needed to tuiyerstand the wide va-
riety of observed AGN phenomena (Sanders & Mirabel 1996a&iet al. 1998; Surace
& Sanders 1999; Canalizo & Stockton 2000; Surace, Sandersa&€2000; Canalizo &
Stockton 2001). However, detailed studies of the host gagaof AGNSs find mixed evi-
dence of merger-triggered AGN activity (e.g. Bahcall et 8B7; Dunlop et al. 2003; see
Section 1.5). In complementary work, Harvanek et al. (200und that, whilst both
quasars and radio galaxies inhabit rich environments at 0.4, this is not true for
0.15 < z < 0.4 (where only the radio galaxies are found in rich clusterspp®rting

a hypothesis in which quasars fade into radio galaxies. Dioafbbeen cast on this result,
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however, by Hardcastle (2004) who showed that this resisksaias a result of including
LEGs (which do not unify with quasars) in tlel5 < z < 0.4 radio galaxy sample. Ex-
cluding the LEGs from this sample, Hardcastle (2004) shotwatithe environments of
high excitation radio galaxies and quasar.ab < =z < 0.4 are statistically consistent,

in agreement with a simple unified model (Section 1.2.1).

In the high redshift universe, where the majority of AGN wityi occurs (see Sec-
tion 1.4), work with (sub-)mm telescopes has enabled thaysiti'host-obscured’ AGNSs.
Alexander et al. (2005) used deep X-ray observations tamate the AGN component
in far-infrared/sub-millimetre bright high redshift galas, believed to be undergoing a
major burst of star formation. They find evidence for corgiingrowth of the supermas-

sive black hole during this intense star-burst phase.

More recently, Rafferty et al. (2011) used a large sample oNAGt0.3 < z < 3,
selected based on their /7 emission, to investigate how AGN activity may be linked to
the strength of the star-burst phase. They find compellimdeexce that the most intense
bursts of star formation in galaxies are accompanied by@easing probability of AGN
activity, with around 30% of these far-infrared bright gaés exhibiting X-ray emission
due to an AGN. This is very similar to that found in the highedshift sub-mm galaxies
and suggests that the mergers which cause the most intemdausst episodes in high
redshift galaxies may also trigger the AGN activity. Usihg bpposite approach, Trichas
et al. (2009) found that bright X-ray sources also tend tatexlfar-infrared emission
consistent with a starburst. However, they suggest thaetheurces have relatively mod-
erate star formation rates which is contrary to the study dfeRsg et al. (2011). This
discrepancy is easily explained by the selection methodd usthese studies, since a
sub-mm selected sample is expected to have a much highexgavetar formation rate

than an X-ray selected sample.

It is clear, therefore, that many studies suggest that sontedt evolutionary unifi-
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cation is likely to be needed in order to account for some efdtiferent properties of
the population of AGNs. However, we still lack an understagaf when and how the
evolutionary unification (rather than the more traditiondakntation-based unification)
dominates our selection of AGNs at various wavelengths.pDeaging studies under-
way with theHubble Space Telescoe.g. Kocevski et al. 2011), combined with some
of the deepest observations of AGNs at X-ray and far-inftavavengths usin@handra
(e.g. Brandt & Alexander 2010) artderschel(e.g. Mullaney et al. 2011) respectively,

should shed light on this connection in the near future.

1.3 Classification of Radio Galaxies

This thesis is based on work using a sample of 41 radio galgzexe Section 1.8), and
in this section | outline relevant classification schemese most basic division of radio
galaxies is into compact and extended sources. Compactesooontain only a core,
whereas extended sources usually contain two lobes ini@wlddt the core, with associ-

ated jets and hotspots.

Extended sources are most commonly classified morpholbgioto Fanaroff-Riley
Class | (FRI) and Class Il (FRII) objects. For their sample of oaghlaxies, Fanaroff &
Riley (1974) calculated the ratio of the distance betweerbtightest regions on either
side of the central galaxy to the total size of the sourcehif tatio was less than 0.5
the source was classified as an FRI type object; if the ratiogmaater than 0.5 it was
classified as an FRII. As noted by Fanaroff & Riley, this clasatfon scheme draws a
distinction between those objects whose brightest compsrae closer to the central
galaxy than the diffuse radio emission (FRI type objectsyl #nose objects where the
hotspots are further away (FRIIs). Classified in this way, FRésveeaker radio sources

whose radio luminosity is highest in the centre and deceetseards the edges of the




1.3. CLASSIFICATION OF RADIO GALAXIES 15

Figure 1.3: Examples of an FRI and an FRII type radio galaxyendkom the DRAGN
Atlas website (Section 1.3). Left: a 1414 MHz radio image©£32.1, an FRI type radio
galaxy, obtained with the Very Large Array (VLA) by Laing & Bite (1987). Right: a
1519 MHz radio image of 3C219, an FRII type radio galaxy, oladiwith the VLA by
Clarke et al. (1992).

radio structure. FRIl type objects on the other hand are moveeful radio sources
with the highest radio luminosities towards the edge of tiee$ or in hotspots within
the lobes. The difference between the structures of FRIs &il$ k5 shown in Figure
1.3. Fanaroff & Riley found that FRIs and FRIIs are well dividaedradio luminosity.
The division falls atL,7s ~ 2 x 102> W Hz~! sr-! (whereL,s is the radio luminosity at

178 MHz), with most FRIs lying below the divide and most FRII9ad

An alternative classification scheme for extended radiocasuis that of Owen &
Laing (1989), who classified sources as Classical DoublésdIsources or Fat Doubles.
In their classification scheme, Classical Doubles are ssustgch have elongated, dif-
fuse lobes extending from the nucleus out to compact outgrolt® Jetted sources (or
Twin Jet sources) have symmetric jets which extend out fieenniucleus on both sides
of the radio galaxy. Fat Doubles have diffuse radio lobestviare approximately round

in shape and have bright outer rims. For a visual presentafithese classifications, in
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TJ

Figure 1.4: Example sketches illustrating the Owen & Lait®809) classification of radio
galaxies into Classical Doubles (CDs; top), Jetted sourcés (hiddle) and Fat Doubles
(FDs; bottom), as discussed in Section 1.3. The lines idtisicontours in radio luminos-
ity. These sketches are taken from figure 5 of Owen & Laing )98

Figure 1.4 | show Owen & Laing'’s illustration of these di#&it object classes. In terms
of their Fanaroff-Riley classification, Classical Doubles always identified with FRII
type sources whilst Fat Doubles are usually identified as BRARI/II radio galaxies.
Jetted sources are generally identified with FRI type sources

In parallel with these morphological classification schemsehe division introduced
by Hine & Longair (1979) based on optical spectra into higtitation galaxies (HEGS)
and low excitation galaxies (LEGs). HEGs are objects whgsetsa contain strong
[Oll] 3707 emission lines. In addition, they often contain other girdwigh excitation

lines such as [OllHy; and [Nellllssg9. The spectra of LEGs do not show these fea-
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tures; they instead resemble the spectra of giant ellipgjakxies, with at most very
weak [Oll]s727 lines. This classification of Hine & Longair (1979) was flethrefined by
Laing et al. (1994) and Jackson & Rawlings (1997) who classB€R radio galaxies
on this basis. In the classification scheme of Jackson & Rg&lan object is classified
as a LEG if it has an [Olll] rest frame equivalent widthL0A or an [OH}/[O1] ratio
>1 (or both). The lack of strong emission lines in LEGs (whides not seem to be an
orientation-dependent effect) suggests that these sbjiechot possess BLRs and thus
do not fit within the standard AGN unification scheme desdhilbeSection 1.2, in con-
trast to HEGs. Furthermore, studies at infrared and X-rayelesmgths have suggested
that LEGs also lack the obscuring tori and radiatively efftiaccretion discs which are
essential ingredients of the standard unified scheme (eigb@ige et al. 2002; Whysong
& Antonucci 2004; Hardcastle et al. 2006; Hardcastle et@D93.

There is increasing evidence that this emission line diaasibn scheme, rather than
the Fanaroff-Riley class, has a direct link to the accretiaaenof the AGN. Hardcastle,
Evans & Croston (2007) showed that Bondi accretion (Bondi 186&)e hot phase of the
inter-galactic medium (IGM) is sufficient to power all lowatation radio sources. Bondi
accretion is spherically symmetric, which is a plausibuasption for hot, geometrically
thick accreting material near to the central black hole. hiis tase the accretion rate,

M ponai, iS given by the following equation (Allen et al. 2006):

MBondi == 77)\Csp7n1247 (11)

where) is a numeric coefficient dependent on the adiabatic indelxeohtcreting gas,
¢, Is the adiabatic sound speed of the gas at the accretiorsradisi the density of the

gas at the accretion radius anglis the accretion radius, calculated as follows:

. QGMBH

2
Cs

TA ; (1.2)
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where G is the Newtonian gravitational constant ands; the black hole mass.
Whilst such a mode of accretion is shown by Hardcastle et 8D{Rto be sufficient
for the LEGs studied, this is not the case for the HEGs. Hattieat al. (2007) propose
that the HEGs are powered by the accretion of cold gas typitdabught to be driven
towards the central engine during a galaxy merger. In thég cédne accretion occurs via
a standard geometrically thin, radiatively efficient atioredisc (see Section 1.2.1). The
merger scenario is not, however, the only possible souramlof gas in galaxies. For
example, in the hydrodynamical model of Ciotti & Ostriker (Z0, gas from dying stars
can be recycled by cooling radiatively and falling to theleacregion where a small frac-
tion (=~ 1% or less) is accreted onto the central black hole. Alteretjwarious authors
(Keres et al. 2005; Dekel & Birnboim 2006; Ocvirk, Pichon & Teyssik€08; Dekel et
al. 2009; Brooks et al. 2009; Ke&eet al. 2009) have used hydrodynamic simulations to
show that cold mode accretion via streams or filaments of gafdcould be responsible
for the majority of the gas supplied to massive galaxiesgtt hedshifts. For lower mass
galaxies this cold mode accretion could be the dominantcemircold gas right up to the

present day.

1.4 The Evolution of AGNs

Although not directly addressed in this thesis, it is impattto consider how the AGN
population evolves with cosmic time, which has been a kegnetd in establishing the
link between AGNs and galaxies. Radio galaxies were centréthé¢ early work con-
ducted in order to determine the evolution of the AGN poparatiue to the fact that
radio synchrotron radiation follows a simple power law,dtiger with the fact that radio
waves penetrate dust, resulting in relatively siniplecorrections and negating one of the

selection effects inherent to optical surveys (e.g. Long866).
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It is now clearly established that powerful AGNs, regarglesselection wavelength,
evolve strongly out to at least ~ 2, with their space density increasing by a factor of
100-1000 (e.g. Dunlop & Peacock 1990; Shaver et al. 1996;eB&yTerlevich 1998;
Willott et al. 2001; Richards et al. 2006). More recently watkboth radio and optical
wavelengths has shown that this evolution may also be linggtie luminosity of the
AGN (Croom et al. 2009; Rigby et al. 2011) in line with the idealofvnsizing (Cowie et
al. 1996), where the most luminous AGNSs in this case peakghiehniredshifts, whereas
the lower luminosity AGNs are the dominant population atdovedshifts (see also Babi

et al. 2007).

The strong evolution in the AGN population has importantliogtions for our ability
to construct samples that can be used to determine the kegrslin AGN activity. For
example, the low space density of powerful AGNs at low reftisheans that there is
not enough cosmological volume in our universe to find manygrtul AGNs atz <
0.2. On the other hand, extending to higher redshifts it becoma® difficult to study
the host galaxy properties in detail due to the reductioméangular diameter and the
cosmological dimming. Furthermore, in any flux-densityited sample we are always
dominated by sources at the flux-density limit, thus biasagh samples to the lowest
luminosity sources. The sample under study in this thesesammes these issues as

described in Section 1.8.

1.5 Host Galaxies of AGNs

The host galaxies of AGNs allow us to determine how the AGW#gimay influence (or
be influenced by) the stellar population in the immediaténitig of the central engine.
For many years the study of the host galaxies of AGNs wasice=irto the obscured

radio galaxies, where the lack of dominant quasar nuclewnallthe hosts to be studied
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in as much detail as any other type of ‘normal’ galaxy. Earbrkwising the most lumi-
nous sources from the 3CR catalogue showed that powerful gadtaxies reside in mas-
sive elliptical galaxies (Lilly & Longair 1984). Subsequework using the near-infrared
K—band as a proxy for stellar mass have shown that the hostigslakpowerful radio
galaxies at all redshifts lie towards the bright end of theihosity function of elliptical
galaxies (De Breuck et al. 2002, with typical luminositied ef 3 L*; Jarvis et al. 2001a;
Willott et al. 2003; Bryant et al. 2009).

The high spatial resolution and, more importantly, the italof the point spread
function of the refurbishetHubble Space Telescop@ve enabled complementary stud-
ies of the host galaxies of the quasar population to be uakksnt The initial work on
this subject suggested that RQQs generally resided in dpasts (e.g. Bahcall et al.
1997). However, more detailed studies which concentratethore luminous quasars,
with bolometric luminosities similar to the radio galaxieshowed that both powerful
RQQs and powerful RLQs appear to reside in massive elliptasishe.g. McLure et al.
1999; Kukula et al. 2001; Dunlop et al. 2003). This type ofgme AGN imaging has
been used already for the sample under investigation irthibisis (McLure et al. 2004).
This showed that the host galaxy properties are linked toab® luminosity; the more
powerful radio sources generally reside in the more massigegalaxies, at least for the
FRII type objects, whereas the FRIs all appear to reside irslodstimilar mass (McLure

et al. 2004).

1.5.1 Star Formation Histories of AGNs

Following on from earlier work by Lilly & Longair (1984), Bal& Capetti (2008) studied
a sample of nearby 3CR radio galaxies and compared opticdU¥richages in order to
detect evidence of recent star formation. They found ewidesf recent star formation

in the HEGs in their sample, but not in the LEGs. They sugdest the HEGs have
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undergone recent major mergers which both trigger stardton and power the AGN
by providing a supply of cold gas for accretion. The LEGs, ba tther hand, have
experienced no such mergers. In this case no bursts of staafion are triggered and the
AGN is powered by accretion of the hot interstellar mediu8M). This picture supports

the one put forward by Hardcastle, Evans & Croston (2007)geasribed in Section 1.3.

In complementary work, Emonts et al. (2008) find no evideraeldrge-scale H
structures in the host galaxies of FRI type sources, but fiatttte host galaxies of most
of the FRII type sources in their sample contain significanbamts of H. They suggest
that this dichotomy is a result of different formation hisés for FRI and FRII type radio
sources. This is again consistent with the picture in whigh-hand low-luminosity radio
galaxies have undergone different star formation histor@and this also influences the

mode of accretion onto the central supermassive black hole.

In recent work using the vast data set available from the SB&8ffmann, Heck-
man & Best (2008) study a sample of radio-loud AGNs with emoisdines. They find
a strong correlation between the presence of emissiondindshe presence of a young
stellar population, consistent with the findings of Baldi & @H#p(2008). They also find a
correlation between the age of the stellar population aeddtio luminosity normalised
by the black hole mass. They note that strong optical AGN® leagignificantly en-
hanced probability of hosting radio jets, and thus the radidoptical phenomena are not
independent. However, although the SDSS is a wide-are@ygutwdoes not probe the
necessary volume to obtain a significant sample of the monews FRII type or HEG
populations at < 0.5. In order to study these effects further, a complete sanfpiedio

sources selected by other methods is needed (see Sectjon 1.8
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1.5.2 The Fundamental Plane
An Introduction to the Fundamental Plane

The concept of the Fundamental Plane (Djorgovski & Davis7l@#essler et al. 1987)
describes the observation that a three-dimensional reptason oflog R, versuslog o
versuslog I, (whereR, is the effective radiuss the velocity dispersion anfl the effec-
tive surface brightness of the galaxy) for local elliptieald lenticular galaxies yields a
plane. Thisis illustrated in Figure 1.5. The Fundament@hBlhas a lower scatter than the
Faber-Jackson-o relation (Faber & Jackson 1976), and thus was initially ¢diest for
its use as an alternative distance determination methodelier, it was also realised that
the Fundamental Plane scalings and small scatter were fampdor constraining models

of elliptical galaxy formation. We may describe the FundatakPlane as follows:

R, o o®I 7. (1.3)

Use of the virial theorem with constant mass-to-light raggomits us to reproduce this
relation with coefficients ofe = 2 and = 1 (Faber et al. 1987). However, the observed
Fundamental Plane does not follow this virial scaling. Bareple, Jargensen, Franx &
Kjeergaard (1996) find: = 1.24 £ 0.07 and = 0.82 £+ 0.02 (see Figure 1.5). This ‘tilt’
in the Fundamental Plane suggests that the mass-to-lighit(k&/L) varies as a function
of galaxy mass (Robertson et al. 2006a). Faber et al. (198@ halte that deviations from
the Fundamental Plane can be caused by other chani¥k ifior example due to stellar
metallicity or age, or the distribution of dark and baryomiatter. Robertson et al. (2006a)
comment that each of these effects could, in principlepthice a systematic tilt into the
Fundamental Plane if they vary as a function of galaxy maagehsen et al. (1996) also
find that the slope of the Fundamental Plane is independesiuster properties such as

cluster velocity dispersion and gas temperature.




1.5. HOST GALAXIES OF AGNS 23

®

L

| =
cn o
| TTTT

o

|I|II1I'|I1|

1.24log o — 0.82log <I>,

I.IIJIIIllIIIiIlI.IlII

RPN T T L S VIR |1t

TRl TS TORE [
0 0.5 1 1.5

log r, [kpe]

Figure 1.5: A graphical illustration of the FundamentalrfelgSection 1.5.2): a two
dimensional representation of the Fundamental Plane ofd¢26elliptical and lenticular
SO-type galaxies (Jgrgensen, Franx & Kjeergaard 1996). EBme@quation is of the form
log(r.) = 1.241log(o) — 0.821log(I). + v, wherer. is the effective radius in kpg/[). the
mean surface brightness withip in units of L. /pc (where Lis the solar luminosity)
andy is a constant. The figure is taken from figure 1b of Jgrgensain €996). Elliptical
galaxies are shown by boxes, SO galaxies by triangles angpiel error is illustrated
in the bottom right-hand corner of the figure.
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The Fundamental Plane of Radio Galaxies & AGNs

Bettoni et al. (2001) collected photometric and dynamicghdar 73 low redshift { <
0.2) and predominantly low-luminosity, FRI-type radio galexieom a variety of sam-
ples. They find that these local active galaxies lie on theeseundamental Plane as the
inactive population, with the implication that the gas &tiom of the central black hole
does not influence the global properties of early-type gataxn a complementary study,
Wolf & Sheinis (2008) investigate the location on the Fundatal Plane of ten nearby
(# < 0.3) luminous quasars. They find that the radio-loud objecthair tsample fall on
the upper extreme region of the Fundamental Plane and havg&laxy properties simi-
lar to those of giant early-type galaxies, whilst their caduiet objects are located in the
region of the Fundamental Plane occupied by normal eadg-tyalaxies and have host
galaxy properties more similar to intermediate-mass gasaxBoth of these therefore
indicate that the properties of the AGN host galaxies arg sgnilar to those of normal

galaxies in the same luminosity and/or mass range.

Redshift Evolution of the Fundamental Plane

Work has also been undertaken to examine the redshift @évolof the Fundamental
Plane. The intermediate redshift Fundamental Plane-( 0.3-0.4) for cluster (van
Dokkum & Franx 1996; Kelson et al. 2000) and field (Treu et @DD) early-type galax-
ies is found to be similar to that observed locally. Treu e{2001) find an offset (from
the local relation) in their intermediate redshift Fundataé Plane of early-type field
galaxies. This offset increases with redshift and is attall to an increase in effective
brightness of these galaxies with respect to a local samphe use by Treu et al. of
field, rather than cluster, galaxies may be the origin ofrtbkghtly different findings as
compared with the previous authors. Moreover, each of thegbes is limited by small

number statistics and the accompanying large errors. Wab €004) study the Funda-
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mental Plane of the host galaxies of 15 AGNs out to a redshift & 0.34. They find
that the host galaxies of these intermediate redshift BL leats and radio galaxies lie
on the same Fundamental Plane as normal local early typgigsland the local radio
galaxy sample of Bettoni et al. (2001), although their higlegishift objects possess an
offset in the same fashion as the one obeserved by Treu @08I1). Woo et al. (2004)
also observe an increase in the mass-to-light ratio of Hadaxies of approximately 40%

sincez ~ 0.3, also in agreement with the findings for normal early-typkeugjas.

At higher redshifts{ ~ 0.8-1.3) various authors (di Serego Alighieri et al. 2005; Treu
et al. 2005a; Jgrgensen et al. 2006; Jgrgensen et al. 20@7&Ftiegler 2009; Fritz et
al. 2009; Fritz, Jargensen & Schiavon 2010) find not only d&setbut also a rotation in
the Fundamental Plane when compared to the local relationeXample, Jgrgensen et
al. (2007) find a slope described by= 0.60 + 0.22 ands = 0.70 £ 0.06 for galaxies in
their two z ~ 0.8 clusters whilst di Serego Alighieri et al. (2005) find a slaj@scribed
by a = 0.88 + 0.16 and = 0.63 £ 0.04 for their 0.88 < z < 1.3 early-type galaxies.
The latter authors show at the 90% confidence level that tinel&uental Plane rotates
with redshift. This is interpreted as a mass-dependentigoal of the mass-to-light ratio,
where the evolution is faster for less massive galaxiesz Etial. (2010) study field-type
early galaxies and demonstrate that the rotation of the &uedtal Plane appears to be
independent of the environment of the galaxies. There is Hluemerging picture in
which variation in the mass-to-light ratio causes a redstependent offset in the Fun-
damental Plane (see also van Dokkum & Stanford 2003; van @tetWal. 2005). This
variation is mass-dependent, giving rise to the redslefieshdent rotation observed in
the Fundamental Plane. In this picture it is galaxy maskerahan environment, which
plays the major role in determining galaxy evolution (Tréale2005b), and less massive
distant galaxies have much younger stellar populations th@re massive galaxies [con-

sistent with the downsizing scenario of Cowie et al. (1996yvinich the most massive
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galaxies form earliest]. It should, however, be noted thatd is not universal agreement
on this picture; Gebhardt et al. (2003) study the Fundanh&ame of 36 field galaxies
(21 early-type and 15 disc galaxies) in the redshift ran@el00 (with a median redshift
z = 0.8) and find no difference in the slope of the plane when compardte local
relation. The reason for this discrepancy is not at thises&girely clear, although the
large redshift range studied, the relatively small numbergects (30), and the mixture

of galaxy types used lead inevitably to large uncertainti¢his result.

Robertson et al. (2006a) employ a multiphase interstellativne model to inves-
tigate the contribution made by various different factardhte tilt of the Fundamental
Plane. They find that merging gas-rich disc galaxy model#(gas fractiong,,, > 0.3)
including the effects of gas dissipation (cooling, stanfation and supernova feedback)
yields a scaling of the Fundamental Plane which is simil#éinémobserved infrared Funda-
mental Plane of 251 local early-type galaxies found by Pdbjegovski & de Carvalho
(1998). Changing the redshift of the progenitor galaxiebwithe range = 0-6 has little
effect on the plane produced. The inclusion of gas dissipdtas the effect of decreasing
the total-to-stellar mass ratid/4.;/M,) in the central regions of the galaxies. This de-
crease varies as a function of galaxy mass (with a greateeasein lower mass systems)
thus producing the required tilt in the Fundamental PlanenmReging the remnants of
these gas-rich galaxy mergers leaves the Fundamental Rlgeedy intact. Including the
effects of feedback from accreting supermassive blackshaléheir models makes little
difference to the Fundamental Plane inhabited by the meegenants. However, use of
these full-model simulations allow Robertson et al. (2006keproduce the power-law
scaling of theMpy-o relation betweenr = 6 andz = 0. The remnant re-mergers of

Robertson et al. (2006a) preserve g ;-0 relation (albeit with increased scatter).
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1.6 Environments of AGNs

In addition to studying the host galaxies of AGNSs, it is alsgortant to investigate their
environments. There have been suggestions that radio gtdoth trigger (Wiita 2004)

and suppress (Rawlings & Jarvis 2004) star formation on the d&ale and thus have
a profound influence on their environments. Alongside thayever, is the suggestion
that the environment of an AGN may have an important impadhenAGN itself. For

example, mergers with close companions is one plausiblaeapon for the suggested
difference between the material accreted onto the cerltaekinole in HEGs and LEGs,
as discussed in Section 1.3. An important question withaetsjp AGN environments is
therefore whether they are the product of nature or of nertimat is to say, whether they

have an influence on or are influenced by the AGN (or both).

1.6.1 Environmental Densities

It has become clear over recent years that the host galaiaearyy AGNSs lie in regions
which have an overdensity of galaxies when compared to thkgoaund galaxy count
(e.g. Hall & Green 1998; Best 2000; Best et al. 2003; Wold et @032 Falder et al.
2010). However, the picture is less clear as regards thélg@s®nnection between clus-
ter environment and radio luminosity. On the one hand, wariauthors have found a
clear difference between the environments of radio-louwtradio-quiet AGNSs, including
Ellingson, Yee & Green (1991), who found that the radio-toigjects in their sample
of 0.3 < z < 0.65 quasars inhabited significantly poorer environments tha@®land
Hutchings et al. (1999), who found a similar result for thek5 < z < 4.16 quasar
sample, although in neither of these studies were the fdadid-and radio-quiet quasars
matched in terms of their bolometric luminosity. More rettgriKauffmann, Heckman

& Best (2008) found that their radio-loud AGNs were locatectlimster environments
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approximately twice as dense as a matched radio-quiet saiapdl Falder et al. (2010)
found a positive correlation between radio luminosity and@nmental overdensity for
their matched sample of quasars at the same high redshift {). On the other hand,
Wold et al. (2001) found that the mean environmental derdittheir 0.5 < 2z < 0.8
radio-quiet quasars was indistinguishable from that ofdaoréoud sample matched in
optical luminosity and redshift. Similarly, McLure & Dunpo(2001a) found no signif-
icant difference in the cluster richness between their hete ~ 0.2 radio-loud and
radio-quiet quasars. Furthermore, McLure & Dunlop (200fband no correlation be-
tween radio luminosity and environmental density for th@iedoud quasars and radio
galaxies in their sample. They did, however, note that aauag positive correlation be-
tween the two quantities was driven by the radio galaxieem bwn, and conceded that
the limited dynamic range of the sample meant they coulduletout the existence of a
weak correlation. The discrepancy between the findings dfi\&al. (2001) and McLure
& Dunlop (2001a) and the findings of Ellingson, Yee & Greenq1pPand Hutchings et al.
(1999) may arise from the latter authors not using matchetpkes in terms of their op-
tical and/or radio luminosities and therefore they may ramehbeen comparing like with
like. The radio-loud objects of Kauffmann, Heckman & Best@@pPare at much lower
radio luminosity than those of either Wold et al. (2001) orlMre & Dunlop (2001a),
which may account for the different findings of these studidsigher redshifts. Falder et
al. (2010) studied the environments using massive, brighited galaxies whereas Wold
et al. (2001) and McLure & Dunlop (2001a) were sensitive toidewrange of lower

luminosity objects which may also have affected the results

In terms of the radio morphology, at low redshifts, FRIs anenfi to inhabit mod-
erately rich cluster environments whereas FRIIs are islatefound in small groups
(Longair & Seldner 1979; Prestage & Peacock 1988, 1989;&llllilly 1991). This re-

sult suggests that the environments of radio galaxies amdrédio structures are linked,
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although Prestage & Peacock (1988) noted a substantidbpJveetween their two pop-
ulations with the implication that cluster strength is ra# sole factor which determines
radio luminosity. Hill & Lilly (1991) found that the enviranents of theirz ~ 0.5 FRIs
were similar to those of low redshift FRIs, but that their 0.5 FRIIs were, on average,
found in richer environments than local FRIIs. They therefmyncluded that the environ-
ments of powerful radio galaxies undergo an epoch-depé¢mitution, although their
low redshift samples were not matched in radio luminositycontrast, with better and
more recent data McLure & Dunlop (2001a) find no change in tiv@@nmental richness
between theie ~ 0.2 FRIIs and those of Hill & Lilly (1991). McLure & Dunlop matched
their FRIIs in radio luminosity with those at higher redslfiéim Hill & Lilly, which may

be the cause of the differing results.

1.6.2 Alignment Effects

Another aspect of the relation between galaxies and their@mments is the alignment
of galaxies within clusters. Sastry (1968) first discovated the major axes of Brightest
Cluster Galaxies (BCGs) are aligned with the major axes of thast clusters. Sastry
used Palomar Sky Survey prints and measured the positidasa(féAs) of the clusters
surrounding five supergiant cD-type galaxies using a traresp celluloid. A transparent
celluloid with two cross-lines drawn on was initially pasited with the cross-lines in-
tersecting at the cD galaxy and with one of the lines alignéd the visually apparent
major axis of the cluster. The position of the celluloid wasrt adjusted so as to find the
position in which the cluster galaxy counts for each quaidnaere most equal, and this
was used to define both the cluster centre and the major attie afuster.
This alignment has since become known as the Binggeli efédttr the work of

Binggeli (1982). Various studies have since confirmed thecefior both rich and poor

clusters and have found that the alignment is only preserB@Gs and not, in general,




30 CHAPTER 1. INTRODUCTION

other cluster members (e.g. Binggeli 1982; Trevese, Cirir&efidin 1992; Fuller, West

& Bridges 1999; Torlina, De Propris & West 2007). These subsatstudies have used
a variety of means to determine the major axes of galaxiechusters. For the cluster
major axes, techniques have included finding the axis whictinmses the sum of the
perpendicular distances between the axis and each clustabar (Binggeli 1982) and
using the moments of the galaxy distribution (e.g. Carter &ddke 1980; Trevese et al.
1992). The galaxy PAs have been determined using the moroktite galaxy intensity

distributions (Trevese et al. 1992) as well as in an autothftshion using tools in the
Image Reduction and Analysis Facility (IRAF) package (Futteal. 1999) or the output

from the Sextractor programrhéTorlina et al. 2007).

Donoso, Mill & Lambas (2006) found that the Binggeli alignnenvere already
present by: ~ 0.5 but only for the red galaxies in clusters, not the blue papara More
recently, Niederste-Ostholt et al. (2010) found that thgrahent is stronger at lower red-
shift (z < 0.26) than at higher redshift:(> 0.26), is stronger for rich clusters than poor
clusters, and is stronger for clusters with dominant BCGsyTierpret the latter result
as suggesting that the Binggeli effect arises from galaxalliafong primordial filaments,
together with mergers during cluster formation. They tf@eediscount the other main
possibility for the origin of the alignment, namely tidateénactions. It is therefore clear
that if powerful radio galaxies are preferentially hostgatbntral dominant cluster galax-
ies (e.g. Burns, White & Hough 1981; Best et al. 2007) then they atso exhibit the

Binggeli effect.

Work has also been undertaken to investigate the possiglenant of the radio jets
in radio galaxies with features in their environments. B@meple, Mackay (1971) used a
sample of 18 3C radio sources and found a strong correlaitdhég 99.9% level) between

the PAs of the host galaxy (determined from optical imagany) the radio axis. The an-

http://www.astromatic.net/software/sextractor
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gle between the radio and optical axes was not found to beleted with the luminosity
of the host galaxy. At lower radio luminosities, BirkinshawZavies (1985) used Very
Large Array (VLA) observations of a sample of 47 nearby briglhptical galaxies. They
found a preference for the radio major axis to lie within 0>60the optical minor axis
(with an 83% chance of finding an alignment within this rangdthough there was no
single preferred alignment within this range. Using a fagéa data set of 14,302 galax-
ies with data from the SDSS and Faint Images of the Radio Skyvahily centimetres
(FIRST), Battye & Browne (2009) found similar results for thelgdype galaxies in their
sample: they found evidence of an alignment between the radjor axis and the optical
minor axis, but only for objects with lower radio luminosti For late-type galaxies, they
found a strong alignment between the radio and optical ne§es. Finally, considering
the possibility of an alignment between radio axes and theildutions of neighbouring
cluster galaxies, Roche & Eales (2000) found tentative evadet the 97% (242 level
of such an alignment for the cD cluster galaxy 3C348, in agesgwith the model of
West (1994) for the high redshift formation of dominant ¢dusgalaxies and powerful

radio sources.

1.7 AGN-driven Feedback

There is increasing evidence that active galactic nuclee len important role to play
in the formation and evolution of galaxies via AGN-drivereddack. The first piece of
evidence in support of this is the existence of various i@iahips between the central
black hole of an AGN and the stellar population of the galawy:example, the relation
between black hole mass and stellar velocity dispersidpg-c) (Gebhardt et al. 2000;
Ferrarese & Merritt 2000; Merritt & Ferrarese 2001jl@&kin et al. 2009) and the relation

between black hole mass and bulge luminosity (e.g. McLureusalbp 2001b; McLure
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& Dunlop 2002; Qiltekin et al. 2009). The latter may also be expressed as HyoNian
relation between black hole mass and bulge stellar massdivlag et al. 1998). These
tight correlations provide compelling evidence for linkstween galaxy formation and
evolution and the growth of black holes through AGN (acomtiactivity. One suggested
mechanism is that of quasar outflows limiting black hole raasdependent on the depth

of the potential wells of dark matter haloes (Silk & Rees 1998)

Secondly, a connection between AGNs and star formationggested by the cosmic
star formation rate normalised by volume (e.g. Hopkins & B@a2006) and the comov-
ing space density of quasars and luminous radio galaxigs$baver et al. 1996; Jarvis
et al. 2001b; Richards et al. 2006). These quantities exaiparallel increase out to a

redshift of approximately two to three.

The third piece of evidence comes from the galaxy luminofityction, for which
semi-analytic models of galaxy formation that do not incogte feedback overproduce
galaxies at both the faint and the bright ends of the lumigdsinction compared with
what is observed (Figure 1.6). The models and the data caadoaciled by the inclu-
sion in the models of supernova feedback (for the faint enth@fluminosity function)
and AGN-driven feedback (for the bright end of the luminpdiinction). For exam-
ple, Croton et al. (2006) include AGN-driven feedback pheaoain their semi-analytic
model, separated into ‘quasar mode’ (associated with fieegft accretion of cold gas)
and ‘radio mode’ (associated with the less efficient aconetif warm gas) feedback. Si-
jacki et al. (2007) also include AGN-driven feedback in thell hydrodynamical model,
once again separated into two modes: the ‘quasar regimeegumonding to central black
holes with high accretion rates) and mechanical feedbawkegsponding to central black

holes with low accretion rates).

Despite the nomenclature, radio galaxies can exhibit eitheasar mode’ or ‘radio

mode’/mechanical feedback, dependent on the accretiantbatcentral black hole. In
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‘quasar mode,” feedback occurs hydrodynamically and taeéig, with the effect that
cold gas is expelled from the host galaxy. 'Radio mode’ feekpan the other hand,
proceeds mechanically via the radio lobes, suppressingabieng of hot gas so as to re-
duce or halt the cooling flow of material accreting onto theta black hole. Important
evidence for the existence of the two different modes of A@alling which lie behind
these two feedback modes is the work of Hardcastle et al.7)2060 the energetics of
AGN which showed that HEGs and LEGs may be powered by the efti@ccretion of
cold gas and the inefficient accretion of hot gas respegti{gde Section 1.3). Further-
more, whilst the existence in some AGNs of the radio lobegssary for ‘radio mode’
feedback has been accepted for many years (see SectiothkrE) how also exists evi-
dence for highly energetic blueshifted outflows in AGNs (elgy Kool et al. 2001, using
primarily the [Mgll], [Mgl] and [Fell] lines; Crenshaw, Kramer & George 2003, using
the [HI] Lymanx, [CIV] and [NV] rest-frame UV lines together with X-ray lin@sclud-
ing [AIXII], [MgXI], [MgXIl], [SXV], [SXVI], [SiXIl]] and  [SiXIV]; Reeves, O’'Brien
& Ward 2003, using highly ionised iron lines from [FeXVII] {geXXIV]; Alexander et
al. 2010, using the [Ollky; line). These outflows appear to be phenomena which are
distinct from the radio jets and are thus evidence in suppbthe hydrodynamic and

radiative feedback necessary for the postulated ‘quasdemo

1.8 This Thesis

In light of the essential role that AGNs are increasinglyidaadd to play in the formation
and evolution of galaxies, itis important that we strive évelop a better understanding of
the nature of AGNs and of their interactions with their hagtgies. By studying the host
galaxies of radio-loud AGNs spanning luminosities fromthgio mode (typically lower

radio luminosities) through to the quasar mode (typicalghler radio luminosities) we
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Figure 1.6: An example of the K-band galaxy luminosity fuoct taken from figure 1
of Benson et al. (2003)¢ is the number density in units of magh*Mpc—3, where h is
the Hubble constant divided by 100, and;Mhe absolute K-band magnitude. The data
points show observational determinations of the lumiyolinction; circles show the
data of Cole et al. (2001), squares the data of Kochanek e2@01{, and stars the data
of Huang et al. (2003). The short dashed line shows the lusitynéunction produced
by a model in which the dark matter halo mass function is cdadeinto the galaxy
luminosity function via a fixed mass-to-light ratio. The @at line shows the luminosity
function produced by the GALFORM semi-analytic model (Colealet2000) with no
feedback, photoionization suppression, galaxy mergingpaduction. The long dashed
line shows the luminosity function when photoionizatioradded to the model, and the
solid line shows the luminosity function when both photezation and galaxy merging
are included. As is clearly seen from the figure, models wlichot incorporate feedback
produce an overdensity of galaxies at both ends of the lusitynfunction when compared
with observations (Section 1.7).
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should be able to place important constraints on the vgladithe feedback mechanisms
in the models of galaxy formation and evolution. Furtherepoadio galaxies reside in
the most massive galaxies at all epochs (e.g. Jarvis et@L.a2Willott et al. 2003) and
as such allow us to trace the evolution of the most massivexiga across virtually all
of cosmic time. Alongside studying the host galaxies of AGINg also important (as
discussed in Section 1.6) to investigate their environs)entorder to determine whether

they are influenced by, or have an influence on, the AGNs (dr)bot

An effective way to select a sample of AGNs for the study ofrthest galaxies and
environments is on the basis of their low-frequency radiession. Selecting AGNS in
this way enables the selection of type 2, or obscured AGN#hdrsame way as RLQs.
This is because the radio waves are unaffected by dust @igourand the radio emission
from the extended lobes is optically thin and thereforerdagon independent. Further-
more, selecting the radio galaxies allows the study of tekaestpopulations in the AGN
host galaxy, as the central nuclear emission is obscurduqyutative dusty torus invoked
in unified schemes (Section 1.2). This obscuration-relaggdtal faintness in powerful
AGNSs has enabled many authors to study the evolution of tiest galaxies, with most
work based on the near-infrarel (- z) Hubble diagram (Lilly & Longair 1982; Jarvis et
al. 2001a; Willott et al. 2003) and broad-band colours (eilly. 1989) suggesting that the
hosts of powerful radio galaxies are comprised of an oldastpbpulation which forms

at high redshift £ > 2) and then passively evolves.

In this thesis, therefore, | investigate the star formatistories and Fundamental
Plane of the host galaxies of a sample of 41 radio galaxies~at(0.5 selected on the
basis of their low-frequency radio emission (the ZP5 sain@e well as the overden-
sities and alignments found in their wider environmentse 5 sample is described
in McLure et al. (2004) and contains all of the narrow-lindicagalaxies in the redshift

interval0.4 < z < 0.6 from four complete, low-frequency selected radio surv&@&RR
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(Laing, Riley & Longair 1983), 6CE (Eales et al. 1997; Rawlingajes & Lacy 2001),
7CRS (Lacy et al. 1999; Willott et al. 2003) and TexOx-1000 I(K&ilRawlings 2003;
Vardoulaki et al. 2010). Details of the sample are providedable 1.1. In Figure 1.7 |
show the location of the objects in the ZP5 sample in the radininosity — redshift plane.
The sample selection was motivated by several factorsjdimd the presence at~ 0.5
of a three decade range in radio luminosity (extending tde#ine most radio luminous
objects in existence), as well as sufficient numbers of abeqgermit the construction of
subsamples divided by radio luminosity in order to investiggpossible correlations with
radio luminosity. This choice of sample also has advantégestudies of the environ-
ments of the AGNs. Most previous studies in this area (Sedti6) have used different
parent surveys where matching in host and radio luminosity theen attempted. This
matching is, however, difficult to achieve, possibly leagia contradictory conclusions
as discussed in Section 1.6.1. The ZP5 sample, on the othdy isaa unique sample of
objects at a single redshift taken from complete, radiocsetesamples. There is, there-
fore, no need for matching in radio or host luminosity ana¢hare avoids the difficulties
and uncertainties inherent therein.

This dissertation is arranged as follows: in Chapter 2 | desdhe reduction of my
spectroscopic data for the sample, in Chapter 3 | use thidgregeopic data to investigate
connections between the star formation histories of thegedaxies and the AGNs, and in
Chapter 4 | use the spectroscopic data in order to study theghoental Plane of ~ 0.5
radio galaxies. In Chapter 5 | describe my reduction of widd fieulti-band imaging data
for the sample which | use in Chapter 6 to study the clusterenments of my sample.
| summarise the thesis and outline possible future work inp@a7. Throughout this

thesis | assume a standard cosmology in whigh= 70 km st, Q,, = 0.3 and, =0.7.
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Figure 1.7: The location of the objects in the ZP5 sampleafgeld symbols in the redshift
rangel.4 < z < 0.6) in the 151 MHz radio luminosity/(,5,) — redshift ¢) plane (taken
from figure 1 of McLure et al. 2004). The vertical lines show tbwer and upper redshift
boundaries for the ZP5 sample.
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Source R.A. Dec. z Lis1 Mg Te FR Class Morph.  Spec. Class
(1) (2 (3) 4 (5) (6) ) (8) 9) (10
3C16 00374539 132009.6 0.405 26.82 -23.23 229 FRII CD/IFD EGH
3C19 004055.01 331007.3 0.482 26.96 -23.81 30.9 FRII CD LEG
3C46 013528.47 3754057 0.437 26.84 -23.49 15.8 FRII CD HEG
3C172 070208.32 251353.9 0.519 27.17 -23.25 126 FRII CD HEG
3C200 082725.38 2918455 0.458 26.92 -23.48 13.2 FRII CD LEG
3C225B 09421541 134551.0 0.582 2750 -23.49 18.6 FRII CD GPRE
3C228 095010.79 142000.9 0.552 27.37 -22.64 132 FRII CD HEG
4C74.16 10141484 7437374 0568 27.16 -23.04 18.6 FRII CD EGH
3C244.1 10333397 5814358 0.428 27.10 -2345 158 FRII CD EGH
3C274.1 123526.64 2120347 0422 27.02 -23.18 95 FRII CD GHE
3C295 141120.65 521209.0 0464 27.68 -2452 29.5 FRII CD HEG
3C330 160935.01 655637.7 0550 27.43 -23.71 20.9 FRII CD HEG
3C341 162804.04 274139.3 0.448 26.88 -23.45 16.6 FRII CD HEG
3C427.1 210407.07 7633108 0.572 2753 -23.81 18.2 FRII CD EGL
3C457 23120757 1845414 0.428 27.00 -23.67 14.1 FRII CD HEG
6C0825+3407 08251459 340716.8 0.406 26.09 -23.14 145 | FRI FD LEG
6C0850+3747 085024.77 374709.1 0407 26.15 -23.35 126 | FRI CD HEG
6C0857+3945 08574356 394529.0 0.528 26.34 -23.42 11.7 | FRI CD HEG
6C1111+3940 11111939 3940145 0590 26.33 -22.78 6.7 FRII CD LEG
6C1132+3439 11324574 343936.2 0512 26.33 -2296 105 | FRI CD HEG
6C1200+3416 120053.34 3416473 0530 26.17 -2335 200 | FRI CD LEG
6C1303+3756 13034426 3756152 0470 26.29 -23.28 123 | FRI CD HEG
7C0213+3418 021328.39 341830.6 0465 2566 -2299 6.3 FRII FD LEG
7C0219+3419 021915.89 3419432 0595 26.13 -2287 109 | FRI FD HEG?
7C0219+3423 021937.83 3423112 0595 2598 -2226 7.8 FRII J HEG?
7C0220+2952 022034.26 2952195 0560 26.07 -2243 129 | FRI FD LEG?
7C0223+3415 02234724 3415119 0473 2555 -22.62 9.8 FRII CD HEG
7C0810+2650 081026.10 265049.1 0435 2558 -23.22 148 | FRI CD HEG
7C1731+6638 173143.84 663856.7 0562 2562 -21.67 6.0 FRII FD HEG
7C1806+6831 180650.16 6831419 0580 26.36 -23.68 148 | FRI FD HEG
TOOTO0009+3523 000946.90 352345.1 0.439 2479 -22.87 126 Rl F FD LEG
TOOT0013+3459 001313.29 345940.6 0.577 2575 -2414 155 RIl F FD LEG
TOOTO0018+3510 001853.93 351012.1 0.416 25.16 -2351 195 Rl F FD LEG
TOOT1255+3556 125555.83 3556358 0.471 2501 -2253 78 | FR J LEG
TOOT1301+3658 130125.03 36589.40 0.424 2476 -23.79 219 Rl F FD LEG
TOOT1303+3334 130310.29 33347.00 0565 2566 -2232 50 I FR J HEG
TOOT1307+3639 130727.07 363916.4 0583 2530 -2351 120 Rl F J LEG
TOOT1309+3359 130953.95 335928.2 0.464 2491 -2270 66 | FR CM HEG
TOOT1626+4523 162648.50 4523426 0458 25.03 -2319 74 | FR FD LEG
TOOT1630+4534 163032.80 453426.0 0.493 25.17 -23.88 10.2 Rl F J LEG
TOOT1648+5040 164826.19 504058.0 0.420 25.12 -2297 95 | FR CM LEG

Table 1.1: Details of the ~ 0.5 (ZP5) sample as used in this thesis (see Section 1.8).
With the exception of the morphological classification® tlata are taken from McLure
et al. (2004) where the sample was first defined and descrilie® morphological clas-
sifications are taken from the more recent work of Mitchellq®). Column 1 lists the
radio galaxy names and columns 2 and 3 list the J2000 souocdinates. Column 4 lists
the object redshifts, column 5 the logarithm of the 151 MH&isduminosities in units
of W Hz™! sr! and column 6 the absolute R-band host luminosities. Columivésgi
the effective radii in kpc and column 8 the Fanaroff-Rileyssifications (Fanaroff & Ri-
ley 1974) into Fanaroff-Riley Class | (FRI) and Class Il (FRII) etis. Column 9 lists
the morphological classifications into Classical Doubles Gt Doubles (FD), Jetted
sources (J) and Compact (CM) sources and column 10 gives tlssiemline classifica-
tions into high-excitation galaxies (HEGs) and low-exida galaxies (LEGS).




Chapter 2

GMOS Spectroscopy

Spectroscopic data for 15 of the objects in the- 0.5 (ZP5) sample were obtained in
August 2002 (prior to the commencement of my Ph.D. studiss)guthe Intermediate
dispersion Spectrograph and Imaging System (ISIS) on tenétre William Herschel
Telescope (WHT). During the course of my Ph.D. studies, spgsobpic data for nine of
the remaining ZP5 objects were obtained between August 2068 une 2009 using the
Gemini Multi-Object Spectrograph (GMOS) on the 8.1-meter@i North telescope.
In this chapter I first provide details of the observationsati®n 2.1) and data reduction
(Section 2.2) for the Gemini data (these data being thosacband reduced during the
course of my Ph.D. studies). A similar reduction proceduas vollowed for the WHT
data reduced by C. Willott and this | outline, together witk tWHT observations, in
Section 2.3.

2.1 Observations

As discussed above, spectroscopic data for 15 ZP5 obje&singady available from
earlier observations using the WHT. Objects observed in ourdBa Gemini time in

semesters 2008B and 2009A were chosen at random from thelif@Swleft unobserved

39
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Source R.A. Dec. z Semester Time (S)
1) 2) 3 4) ®) (6)
3C172 070208.32 +251353.9 0.519 2008B 2400
3C200 0827 25.38 +2918455 0.458 2008B 2400
3C295 141120.65 +521209.0 0.464 2009A 2400
3C427.1 2104 07.07 +763310.8 0.572 2008B 4800
6C0857+3945 0857 43.56 +394529.0 0.528 2008B 4200
6C1303+3756 130344.26 +375615.2 0.470 2009A 8400
7C0219+3423 021937.83 +342311.2 0.595 2008B 10200
7C1731+6638 17 3143.84 +663856.7 0.562 2008B 9600
7C1806+6831 180650.16 +683141.9 0.580 2008B 9600

Table 2.1: Objects observed in semesters 2008B and 20094 tise Gemini Multi-
Object Spectrograph (GMOS) on Gemini North. Column 1 lisesrédio galaxy names
and columns 2 and 3 list the J2000 source coordinates. Coluists the object redshifts,
column 5 lists the semester of observation and column 6thstotal integration time (in
seconds) of the useable frames.

from previous observing runs. The objects observed aredlist Table 2.1. For the
observations | used the B6AB5303 grating (and subsequently the new B&EBO7

grating) together with a 0.75 arcsec slit. This gives a speogsolution of 0.40 nm. |

used 2 (spectral) by 4 (spatial) binning in 2008B, and 4 (spbdty 2 (spatial) binning

in 2009A. The binning regimes were different due to an emadhe setup, although the
final signal-to-noise ratios (dependent on the number adflpikinned) and the resolution
(dependent on the slit width) are unaffected by this. | alseduslow readout, low gain
and three amplifiers. The GMOS On-Instrument Wavefront 8&e(BIWFS) was used
for guiding. As far as possible (within the constraint ofdting a suitable guide star
within the OIWFS field of view) | adopted a slit position angtat matched the position

angle of the optical galaxy from McLure et al. (2004).

For each object, | split up the exposures into several observblocks. This in-
creased the likelihood of the programme being executed @uepmode observing. It

also allowed the removal from the final spectrum of cosmie r@yd any other transient
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noise present in just one observation. Within each observatock, two 600s observa-
tions were made with a central wavelength of 610nm, and hduttvo 600s observations
were made using a central wavelength of 605nm. Between ddigmrs with the same
central wavelength | applied an offset of 10 arcsec in theiapdirection. The use of
two different central wavelengths allowed the gaps betwkerCharge-coupled Devices
(CCDs) to be covered (see Section 2.2.7), whilst the offsetvaltl for the removal of
CCD artefacts when frames with different offsets were combi{8ection 2.2.4). Each
observation block was repeated four times per source, thimnga total integration time
of 9600s per object. However, not all observation blocksansermpleted for all objects.
Whilst many of the final spectra in these cases are still usetti# total integration time

(listed in Table 2.1) is less than 9600s.

Within each observation block | also took one flat for eachtregmvavelength, using
the Quartz Halogen lamp and a 2s exposure each time. A flatpeeram of a uni-
formly illuminated source used to correct for the non-umiiaesponse of pixels in the
CCDs (Section 2.2.1). | obtained a CuAr arc at each central wagéh each night that
science data was acquired (apart from 07/09/2008, 12/08/2131/09/2008, 19/10/2008,
06/11/2008 and, in the case of the arc centred on 605nm, /2810®). | used the same
setup as above (with the exception of fast, rather than seadout) and a 25s exposure.
This arc, whose spectrum is accurately known, is used fquungoses of wavelength cal-
ibration (Section 2.2.2). A standard star spectrum for ndée flux calibration (Section
2.2.5) was obtained using exactly the same instrumentap sest for the science obser-
vations, a central wavelength of 610nm, and an exposure @ind20s. In order that |
could correct for the bias (Section 2.2.1), | was suppliethi bias frame obtained on

22/08/2008 (generated by reading out unexposed CCDs).
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2.2 Data Reduction

Before the observed data can be used they need to be reducedemt@ remove the
effects of the background and the instrument on the datdanss it is possible, as well
as to calibrate the wavelength and flux information in thespe The motivation for each
stage of the data reduction process is explained in theareleection below.

For my data, | performed the initial data reduction (biastsadtion, cosmic ray re-
moval, flat field correction, wavelength calibration, backgd subtraction, flux calibra-
tion and spectrum extraction) using tgmostools in thegeminilmage Reduction and
Analysis Facility (IRAF) package. This is described belowSections 2.2.1 to 2.2.6. |
use data from the object 7C1731+6638 to illustrate the stagbs data reduction. Since
my objects are extended in the spatial direction on the CCDs lfdth to their physical
extent and to the effects of seeing) it is possible to extitaetspectrum for each object
using a variety of different apertures, with a wider apertselecting more of the light
from the object but also including more noise from the skyxtracted my spectra us-
ing a range of apertures for each object, as described imo8e@.2.6, 4.2.1 and 4.4.4.
Following this | was left with two reduced spectra per apertextracted for each object;
one with a central wavelength of 610nm and one with a centaablength of 605nm (see
Section 2.1). | then used the Interactive Data Language)(IDIshift and combine the

two spectra for each object and produce the noise spectdesasibed in Section 2.2.7.

2.2.1 Flatfielding, Bias Subtraction & Cosmic Ray Removal

The first effect that needs to be accounted for is the bias;iwisia combination of the
unique offset voltage inherent to every pixel in the CCD togethith a fixed voltage
which is intentionally applied to all the pixels in order teepent the analogue-to-digital

converter receiving a negative voltage due to negativeuatixins from the noise. The
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use of a bias frame (obtained by reading out unexposed CCDg)sathis to be removed.
Secondly, the flat fields (exposures of a uniform sourcejaile non-uniform response

of the CCDs to be taken into account.

The first step in the data reduction process was thereforertbine the flat fields
into master flats for use in the flat field correction. | splé 2008B observations into two
groups: one containing all the observations in the datee®%#08/2008 to 04/09/2008,
and the second containing all the observations in the dager@7/09/2008 to 26/11/2008.
| treated the 2009A observations (where all of the scienta was taken on 13/06/2009
and the standard star on 10/08/2009) as one group. Withim gracip | usedysflatto
combine all the Quartz Halogen flats at each central waviiantp one master flat, thus
creating a master flat centred on 610nm and a master flat demré&05nm for each
group. The bias frame taken on 22/08/2008 was used for tlsedbibtraction for each
group.

Figure 2.1 shows the two master flats produced for the firsBB@bservation group.
This group contains all the observations for 7C1731+6638Rvwill use below to illus-
trate the data reduction. In order to produce master flath&standard stars | repeated
this procedure, using only the flat taken on the night of eaahdard star observation

(14/09/2008 in 2008B, 10/08/2009 in 2009A).

Using thesplottask in theonedspetRAF package | determined the full width at half
maximum (FWHM) of the lines in my arc spectra to be&for the 2008B arcs and 3&7
for the 2009A arcs. Since the arc lines are unresolved thesa good measurement
of the spectral resolution of the data. | set gserrej.datareparameter equal to this in
readiness for the cosmic ray subtraction. | also wgssiton each of the incombined flat
files produced bysflatto determine the chip edge locations (required by the réaluct

software).

| then used thgsreducdask to reduce the standard star and all of the science frames
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with central wavelengths of 610nm (top) and 605nm (bottom).

(subtracting the bias, cleaning for cosmic rays, and applthe flat field correction). The
22/08/2008 bias frame was used for the bias subtractione&adn science frame | used
the master flat (with the correct central wavelength) madefthe group whose dates
contained the science observation date. The standardattavets used for the standard
star reduction. Finally, | repeated tlgsreducestep for all my arc images but with no
cosmic ray subtraction or flat field correction. This is besesin this case only the position
of the bright lines is of interest, for which correcting féwetflat field is unnecessary. In

addition, cosmic ray hits are negligible since the inteégratime is short.

In Figure 2.2 | show four of the unreduced science frames €it781+6638 (with
a central wavelength of 610nm), followed by the same franfies thegsreducestep in

Figure 2.3.
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Figure 2.2: Four of the unreduced science frames for thecol3@1731+6638, centred
on a wavelength of 610nm (see Section 2.2.1).

Figure 2.3: Four of the science frames with a central waggheaf 610nm following the
gsreduceask for the object 7C1731+6638 (see Section 2.2.1).
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2.2.2 Wavelength Calibration

The next step in the data reduction process is to calibraevtivelength information
to ensure that the correct wavelengths are determined &burkes in the spectra. This
calibration was achieved using the CuAr arcs, whose spearacgurately known, and |
usedgswavelengtlo find a wavelength solution for each of my arcs. Each timesckkd
and accepted the wavelength solution using the interafitive

Next | applied the wavelength solutions to the science dathstéandard stars using
the gstransforntask. In each case | used the arc taken on the night of obsmsmadtthe

correct central wavelength, with the following exceptions

e Four frames of 7C1806+6831 were observed on 07/09/2008 plarios. Arcs from
08/09/2008 were used instead.

e 12 frames of 7C0219+3423 were observed on 12/09/2008, butcso Arcs from
10/09/2008 were used instead.

e The 2008B standard star was observed on 14/09/2008, butcso An arc from
16/09/2008 was used instead.

e Four frames of 3C427.1 were observed on 19/10/2008, but r® akecs from

21/10/2008 were used instead.

e Four frames of 7C0219+3423 and four frames of 3C172 were obdewv06/11/2008,

but no arcs. Arcs from 03/11/2008 were used instead.

e All of the 2009A science data was observed on 13/06/2009galwith the arc

centred on 610nm. The arc centred on 605nm was taken on QQ0%D/

| then checked that the wavelength calibration for all ofsthevas correct using the

position of the sky lines in the spectra.
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Figure 2.4: Four of the science frames with a central waggheaf 610nm following the
background subtraction for the object 7C1731+6638 (seed®e212.3). Note the heavy
fringing at the red (right) end of the spectra.

2.2.3 Background Subtraction

As the next stage in the data reduction, the contributiorhéogpectrum from the sky
background is determined using a fit to object-free regidtiseospectrum and subtracted
in order to ensure the signal in the spectrum is, as far aslpesgom the source rather
than from the sky background. Background subtraction restwe variability between
columns in the spectra, particularly the variation in isignat different wavelengths due
to emission from sky lines. To perform the background suliva, thegsskysuliask
was used to fit a polynomial of order four to each of the coluimnsrder to remove
large scale variations in the spatial direction. For eachgenl used a central column
for the interactive fit and only fitted over rows free of obgectlf | did not mask out
the rows with objects in, the polynomial would try to fit thgseaks and lead to the
subtraction of flux from real objects, which is obviously esdable. Figure 2.4 shows
four of the 7C1731+6638 frames (with a central wavelengthl®rén) after background

substraction.
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Figure 2.5: Four of the de-fringed science frames with areéntavelength of 610nm for
the object 7C1731+6638 (see Section 2.2.4).

2.2.4 De-fringing and Frame Combination

At this stage in the data reduction process, the spectréi¢xioitable fringes, particularly
at the red ends. This is caused by the interference of ingpinotons (with a wave-
length comparable to the depth of the CCD) with reflected plot@efore combining
the individual frames it was therefore necessary to remorgihg in the data.

To remove the fringing from any given frame | used the compaifiiame taken in the
same observation block at the same central wavelength luewlio arcsec spatial offset
(Section 2.1). 1 used the IRAmarith task to subtract this companion frame from the data
frame in question. Where an observing block was incompleéjihg an unpaired frame,
| instead used the nearest possible frame for that objebtaxibomplementary offset and
the correct central wavelength. In Figure 2.5 | show fourhaf te-fringed frames for
7C1731+6638 (with a central wavelength of 610nm).

Sinceimarith does not preserve the ‘EXPTIME’ exposure time header keghitavas
necessary to manually extract the value of EXPTIME (usisglec) from the header of
each given frame and add it to the header of the corresponidiffignged frame (using
hedif) in order to prevent problems with the flux calibration (S&t2.2.5).

Once all of the data were de-fringed | was able, for each odg@combine all the data
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Figure 2.6: The combined science frames for 7C1731+6638 §seton 2.2.4), with
central wavelengths of 610nm (top) and 605nm (bottom).

that shared a central wavelength into one frame, thus ogettio master frames for each
object (one with a central wavelength of 610nm, the othehwaitentral wavelength of
605nm). This was accomplished using imeombinegask with appropriate spatial offsets
(measured directly from the spectra in each case). Figérstbws the 7C1731+6638

summed images for each central wavelength.

2.2.5 Flux Calibration

Once the frames have been combined their flux data must teatakd to ensure that they
are correct for the subsequent analysis. This calibraigerformed using the observed
spectrum of the standard star, whose true spectrum (imgutie flux data) is accurately
known. In order to do this it was necessary to extract thedstahstar spectrum using

the IRAFapsuntask in interactive mode. The ‘line’ parameter was set tactgral line
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of the spectrum continuum and the ‘nsum’ parameter to 200chwsums the flux over
200 columns (in order to ensure a high enough signal-toen@ito). | used a full width
at zero intensity (FWZI) aperture for the extraction, to esel all of the flux from the
standard star.

| next used the IRAtandardtask (with default parameters, except for the required
observation information) and an interactive fit (avoidiefjuric absorption features) to
compare my standard star observation with the calibrataia.dThestandardtask inte-
grates the observed standard star flux over calibrationgzessgs and writes these inte-
grated fluxes, along with the corresponding calibrationdtuggaken from IRAF’s stan-
dard star calibration files), to a file. This file is then usedhry IRAF sensfundask to
generate a sensitivity function (a fitted polynomial of arsi&) which was applied to the

spectra using thuxcalibtask.

2.2.6 Aperture Extraction

Once the frames are flux calibrated, the spectrum in the cdaaperture must be extracted
from these frames (which contain many rows of spectral dataesponding to different
spatial positions along the spectrograph slit). In otherdspthe correct row(s) in the
spatial direction must be extracted for the object of irgete produce a single spectrum.
The IRAF apsumtask was once again used, as before, but this time on thecscien
frames in order to extract the spectra of my objects. Thetsp&eere extracted over
a variety of apertures (see Sections 2.2, 4.2.1 and 4.4ul)width at three-quarters
intensity (FWTQI), FWHM, FWZI, and over the aperture corregfing to the effective
radius (.). For the latter, the effective radius (from McLure et al02Dwas used along

with the angular diameter distanaé,| to calculate the angle subtendedby6,.,):

== 2.1
erad dA ( )
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Figure 2.7: The one-dimensional spectra for 7C1731+6638 avitentral wavelength of
610nm, extracted using the four apertures discussed ire#tégee Section 2.2.6): full
width at three-quarters intensity (FWTQI), full width at hataximum (FWHM), full
width at zero intensity (FWZI), and the aperture correspogdo the effective radius..
The large spikes in the spectra are due to the chip gaps abdpyately 5595-5634 and
6555—6598..

This, converted into arcseconds,(...), was used along with the detector pixel scale

(P) to determine the aperture to extract in pixels:

0
A t — arcsec 2 . 2
perture P (2.2)

| show the extracted spectra for 7C1731+6638 in Figures 2idt@l wavelength of

610nm) and 2.8 (central wavelength of 605nm).

2.2.7 Spectrum Combination and Noise

The final step in the data reduction is to combine the spectrduged at each central
wavelength (610nm and 605nm) for each aperture and eacttafje a single spectrum
for each aperture and each object, along with the correspgmbise spectrum, ready

for the subsequent analysis. Since there are two gaps betwed_CDs in the spectral
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Figure 2.8: The extracted spectra for 7C1731+6638 with aalentivelength of 605nm,
extracted using the four apertures discussed in the tegt§setion 2.2.6): full width at
three-quarters intensity (FWTQI), full width at half maximuFWHM), full width at
zero intensity (FWZI), and the aperture corresponding toetifective radiusy.. The
large spikes in the spectra are due to the chip gaps at apmaiedy 5545-5585 and
6505—-6548..

direction, each of the two individual spectra for any objedt have corresponding re-
gions without any data. However, since each of the two spdwve a different central
wavelength, the wavelength ranges of these empty regi@nditierent for each of the
spectra. Combining the two individual spectra for each dhfacs produces a final spec-
trum without any gaps. For wavelengths which do not corredfo a CCD gap in either
the 610nm centred or the 605nm centred spectra (the magdribe spectrum), the final

signal-to-noise ratio is increased by combining the twamiddial spectra in this way.

Firstly, 1 used cubic convolution interpolation in IDL tcammsform the spectrum cen-
tred on 605nm into one with data points at wavelengths idehto the spectrum centred
on 610nm. The two spectra were then median combined, wheeafth data point the
final flux was taken to be the midpoint between the flux valuetheftwo constituent
spectra. | then normalised the resulting single spectruanrteean flux of one (in prepa-

ration for the spectral fitting in Section 4.2.1). Chip edgethe constituent spectra were
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removed by using only the alternative spectrum in thesersgi

The noise was calculated from the reduced two-dimensioaaids (Section 2.2.5),
using regions of the image free from spectra or other artef&or each column, | calcu-
lated the flux in a series of apertures (of the same size apéutram extraction in Section
2.2.6) from these blank regions and calculated the stardasidtion of the flux measure-
ments to yield the noise in that column. The noise spectruntreg on a wavelength
of 605nm was interpolated to give data points at wavelenigistical to the spectrum
centred on 610nm. For each object and aperture | then medmabined the two noise
spectra (corresponding to the two different central wawvgtles) and divided by a factor
of v/2 in order to produce the single noise spectrum. | dividedtlyighe correct galaxy
spectrum normalisation factor before converting to a dimaoise spectrum. | note that,
using this method, the noise in the chip edge regions willdoeldw by a factor ofy/2.
Upon testing this, however, it is found to have a neglible&fbn the results presented in

Chapters 3 and 4.

Regions of the spectra known to contain emission-line featwommon to radio
galaxies [rest frame 3718-37AQ[OII] 57o7), 3859-388B. ([Nelll] 5560), 3963—3978
(INelll] 5967), 4095—4112 ([H 6]4102), 4332—4378\ ([H~]4341), 4674—4698, ([Hell] 4656),
4854-4878\ ([H B]us61) and 4945-5024 ([OIl1] 4959 and [Oll]5007)] or telluric absorp-
tion features (5570-5586 6864—691 R and 7166—732&) were masked (in preparation
for the 400@ break calculation in Section 3.2.1 and the spectral fittm§ection 4.2.1)
by setting the signal-to-noise to zero. Additional masksansso used for any remaining

chip artefacts.

Figures 2.9 to 2.12 show the final galaxy and signal-to-ngpeetra for each aperture,

as used in Chapters 3 and 4.
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2.3 WHT Observations & Data Reduction

The objects observed in August 2002 using the ISIS speetpbgon the WHT were cho-
sen to have < 0.5 so that satisfactory signal-to-noise ratios could be olethwithout
excessively long integration times. This constraint adide objects were chosen at ran-
dom from the objects in the full sample that were visible oa tlates of observation.
Details of the objects observed with the WHT can be found inéef@®. The R316R
grating on the red arm was used together with a 1.0 arcseeslitting in a resolution of
3.7 A full width at half maximum (FWHM). The central wavelengtheaswas dependent
on the redshift such that the spectra contained thé ddgiplex to determine the velocity
dispersion (see Section 4.2.1). Each object was observeatfiial integration time of
7200s, split into three 2400s observations to allow the keinaf cosmic rays.

As for the Gemini data described in Sections 2.1 and 2.2, #t@ were reduced in
order to remove the effects of the instrument as far as plessibhis was done using
standard Image Reduction and Analysis Facility (IRAF) raesifollowing the same pro-
cedure (bias subtraction, flat-fielding, wavelength-caltibn and flux-calibration) as de-
scribed in Section 2.2 for the GMOS data. Coaddition (the aom@ of the individual
frames for each object into one final frame) was done usingvarage sigma-clipping
routine, in which the final pixel value is calculated as theamef the constitutent pixel
values, discarding for each pixel any values which fall ntbean two standard deviations
away from the initial mean pixel value.

The WHT observations and data reduction had been performegl Millott prior
to the start of my Ph.D. studies. | used the reduced datagaddtn the apertures and
the procedure described in Section 2.2.6, to extract thedonensional spectra of my
objects. | also calculated the noise spectra, and maskessemilines ionised by the
central engine and telluric absorption features, usingotbeedure described in Section

2.2.7. I show the final galaxy and signal-to-noise spectra&ch aperture in Appendix A.
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Source R.A. Dec. Z

(1) (2) 3) (4)

3C16 0037 45.39 132009.6 0.405
3C19 004055.01 331007.3 0.482
3C46 013528.47 375405.7 0.437
3C244.1 1033 33.97 581435.8 0.428
3C341 1628 04.04 274139.3 0.448
3C457 23120757 184541.4 0.428
6C0825+3407 08251459 3407 16.8 0.406
6C0850+3747 085024.77 374709.1 0.407
7C0213+3418 021328.39 341830.6 0.465
7C0810+2650 081026.10 265049.1 0.435
TOOT0009+3523 000946.90 352345.1 0.439
TOOT0018+3510 001853.93 351012.1 0.416
TOOT1626+4523 16 26 48.50 452342.6 0.458
TOOT1630+4534 16 3032.80 453426.0 0.493
TOOT1648+5040 1648 26.19 504058.0 0.420

Table 2.2: Objects observed in August 2002 using the Intdiae dispersion Spectro-
graph and Imaging System (ISIS) on the William Herschel S&ge (WHT). Column
1 lists the radio galaxy names, columns 2 and 3 list the J26Q€ce coordinates and

column 4 lists the object redshifts.
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2.4 Summary

In this chapter, | have described the observations and ddtaction used to obtain spec-
troscopic data of nine of the ZP5 objects. The observatiogr®wnade between August
2008 and June 2009 using the GMOS spectrograph on the Geroith kelescope. |
have used standard tools in theminilRAF package to reduce the data before combin-
ing individual frames and calculating noise spectra usirgagram written in IDL. |
have also outlined the observations and data reductioonpeed by C. Willott to obtain
spectroscopic data of a further 15 of the ZP5 objects usiad3IS spectrograph on the
WHT.
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Figure 2.9: The final galaxy (left panels) and signal-toseofright panels) spectra for
the full width at three-quarters intensity (FWTQI) aperturgach galaxy spectrum is
normalised to a mean flux of one, and the corresponding npesersim is divided by the
same normalisation factor before conversion to a signaleise spectrum (Section 2.2.7).
The shaded areas indicate regions which are masked due poethience of emission or
telluric absorption features or chip artefacts, as disedigs the text (Section 2.2.7).
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Figure 2.9 continued.
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Figure 2.10: The final galaxy (left panels) and signal-tisedright panels) spectra for
the full width at half maximum (FWHM) aperture. Each galaxgspum is normalised
to a mean flux of one, and the corresponding noise spectrunviged by the same
normalisation factor before conversion to a signal-tasa@pectrum (Section 2.2.7). The
shaded areas indicate regions which are masked due to genpeeof emission or telluric
absorption features or chip artefacts, as discussed irxtéSection 2.2.7).
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Figure 2.10 continued.
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Figure 2.11: The final galaxy (left panels) and signal-tisadright panels) spectra for
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the full width at zero intensity (FWZI) aperture. Each galapectrum is normalised
to a mean flux of one, and the corresponding noise spectrunviged by the same

normalisation factor before conversion to a signal-tasa@pectrum (Section 2.2.7). The

shaded areas indicate regions which are masked due to genpeeof emission or telluric
absorption features or chip artefacts, as discussed irxtéSection 2.2.7).




62

CHAPTER 2. GMOS SPECTROSCOPY

Normalised Flux Normalised Flux Normalised Flux Normalised Flux

Normalised Flux

l ~
O ~
-1 1 R R |,
4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A
3.0F ] B
S oE6C1303+9756 ]
20F 3
1.6F
1.0F 3
05F 3
0.0E _ -
4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A
3 —
7CO0R19+3423
2 -
l =
0 ~
-1 N | |
4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A
1
0
-1 . .|
4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A
3
7C1806+6831
2 -
l ~
0 ~
-1 . -

4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A

Normalised SNR Normalised SNR Normalised SNR Normalised SNR

Normalised SNR

30
25

20
15
10

5

0

4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A

100
80
60
40
20

0

4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A

20
15

10

5

0
4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A

20
15

10

5

0
4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A

40
30

20

10

0
4500 5000 5500 6000 6500 7000 7500
Observed Wavelength /A

Figure 2.11 continued.
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Figure 2.12: The final galaxy (left panels) and signal-tisadright panels) spectra for
the apertures corresponding to the effective radii of tHeaib. Each galaxy spectrum is
normalised to a mean flux of one, and the corresponding npesersim is divided by the
same normalisation factor before conversion to a signaleise spectrum (Section 2.2.7).
The shaded areas indicate regions which are masked due poethience of emission or
telluric absorption features or chip artefacts, as disedigs the text (Section 2.2.7).
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Figure 2.12 continued.




Chapter 3

Star Formation Histories

In this chapter | study the 24 galaxies from my fullv 0.5 (ZP5) sample for which | have
spectroscopic data (see Chapter 2) and use the strengthétmb@e break as an indicator
of recent star formation. | compare this with radio lumiygsoptical spectral classifica-
tion and morphological classification. | describe the dat8ection 3.1, followed by my
analysis in Section 3.2. | present my results in Section 8f8re concluding in Section

3.4. The content of this chapter has been published in Heebat. (2010).

3.1 Spectroscopic Data

In this chapter and in Chapter 4 | use a subsample of the ful0.5 radio galaxy sample,
namely the 24 objects for which spectroscopic data has bb&ined. These objects
are listed in Table 3.1. Nine of the objects were observedguie 8.1-metre Gemini
North telescope, and the observations and data reductiendeen described in Chapter
2. The remaining objects were observed in August 2002 ubmgitermediate dispersion
Spectrograph and Imaging System (ISIS) on the 4.2-metrkawilHerschel Telescope
(WHT), and the observations and data reduction have beenediih Section 2.3.

The objects comprising the subsample were selected ragdoonh those visible on
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the dates of observation (with the constraint that 0.5 for those objects observed using
the WHT), rather than on the basis of their radio or host galaryinosity. That the
subsample is representative of the whole 0.5 sample is highlighted by a two-sample
Kolmogorov-Smirnov (K-S) test on the logarithms of the 15H#&kadio luminosities of
the objects in the full sample and in the subsample, whicesgasprobability of>99.9%
that they are drawn from the same underlying distributiod @inus the null hypothesis
cannot be rejected. Furthermore, a two-sample K-S test®malst magnitudes of the
objects in the full sample and in the subsample gives a pitilyatft 75% that they are
drawn from the same underlying distribution and thus oncarathe null hypothesis

cannot be rejected.

3.2 Analysis

3.2.1 400@ Break Strength

The strength of the 40@0break can be used as a measure of recent star formationt-as ou
lined by Kauffmann et al. (2003). Younger stellar populati@ontain hotter stars which
have multiply ionised elements. This leads to a decreaspagity and consequently a
smaller 4008\ break. Conversely, the 408reak is larger for older populations.

In order to measure the strength of the 4809 eak, | adopt the band definitions of
Balogh et al. (1999) as used by Kauffmann et al. (2003); thakbstrength [[3(4000)]
is calculated as the mean flux in the 4000—4A@@nd divided by the mean flux in the
3850-395@ band (see Figure 3.1). | calculatg @000) for each object directly from the
spectra, masking out regions affected by emission lines e central radio source. For
each object the spectrum used was that extracted using &gkl width half maximum
aperture (ensuring a high signal-to-noise ratio) or thewidth at zero intensity aperture

(giving the total object light), depending on which was fittwihe lowest reduceg? by
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Source Ls; Telescope [X4000) Spec. Class Morph. Class
) 2 ©) (4) (5) (6)
3C16 26.82 WHT 1.5440.10 HEG CD/FD
3C19 26.96 WHT 1.5940.04 LEG CD
3C46 26.84  WHT 1.4740.04 HEG CD
3C172 27.17 Gemini 1.63£0.05 HEG CD
3C200 26.92 Gemini 1.55+0.03 LEG CD
3C244.1 27.10 WHT 1.30+£0.03 HEG CD
3C295 27.68 Gemini 1.58 £0.04 HEG CD
3C341 26.88 WHT 1.34+0.04 HEG CD
3C427.1 27.53 Gemini 1.52+0.08 LEG CD
3C457 27.00 WHT 1.24+£0.03 HEG CD
6C0825+3407 26.09 WHT 1.65+0.10 LEG FD
6C0850+3747 26.15 WHT 1.25+0.04 HEG CD
6C0857+3945 26.34 Gemini 1.46 + 0.03 HEG CD
6C1303+3756 26.29 Gemini 1.56 + 0.01 HEG CD
7C0213+3418 25.66 WHT 1.82+0.06 LEG FD
7C0219+3423 25.98 Gemini 1.17 +0.02 HEG J
7C0810+2650 2558 WHT 1.40+0.04 HEG CD
7C1731+6638 25.52 Gemini 1.21 +0.03 HEG FD
7C1806+6831 26.36 Gemini 1.58 +0.02 HEG FD
TOOT0009+3523 24.79  WHT 1.68£0.06 LEG FD
TOOT0018+3510 25.16  WHT 1.69+0.04 LEG FD
TOOT1626+4523 25.03  WHT 1.76 £0.05 LEG FD
TOOT1630+4534 25.17 WHT 1.74+£0.03 LEG J

TOOT1648+5040 25.12 WHT 1.90 £0.07 LEG -

Table 3.1: Thez ~ 0.5 subsample used to study the star formation histories of the
host galaxies. Column 1 lists the radio galaxy names and col@nthe logarithm

of the 151 MHz luminosities in units of W HZ sr!. Column 3 lists the telescope
used for the spectroscopic observations; either the GeNuwnih telescope (Gemini)

or the William Herschel Telescope (WHT). Column 4 lists thecakdted 4008 break
strengths [[D(4000)] and column 5 the emission line classification intgphkéxcitation
galaxies (HEGs) and low-excitation galaxies (LEGs). Coluniists the morphologi-

cal classification into Classical Doubles (CD), Jetted saufdeand Fat Doubles (FD).
TOOT1648+5040 was too compact to be classified.
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a simple stellar spectrum (see Section 4.2.1).

The subsample used in this chapter along with my calculatgd@O) indices can
be found in Table 3.1. The,[#4000) indices lie in the range 1.17-1.90. From figure 6 of
Kauffmann et al. (2003) | note that the galaxies at the uppéra this range correspond
to old galaxies with no recent star formation. Those galatghe lower end of the range
are consistent with galaxies where a small fraction of tkedastmass has been formed
0.1-2 Gyr ago.

The D,(4000) index can be contaminated by dust and/or scatterasbqglight: dust
increases the value of, [p4000) since it extinguishes more in the blue than in the eegl (
Calzetti et al. 2000) whereas scattered quasar light dexs&g$4000) since the scattered
qguasar light is brighter in the blue than in the red (e.g. \@mBerk 2001). There are
thus potential limitations in using,[34000) in isolation as an indicator of star formation
histories. An additional indicator is thedHndex, which is based upon the strength of
the 4104 HJ Balmer absorption line (see Worthey & Ottaviani 1997; Kawffm et
al. 2003). However, | am unable to measuré fidr my galaxies due to the presence
of emission lines from the Active Galactic Nuclei (AGNSs). hetefore use [X4000)
by itself, noting that there is no evidence for dust in anyhe bbjects, i.e. they are all
adequately fit by simple stellar populations without dustaration (see Section 4.2.1)
and include the Ca H+K lines, giving confidence that the cbation to the blue light is
stellar in origin. The effect of scattered quasar light onnesults is discussed in Section

3.3.

3.2.2 Spectral and Morphological Classifications

| classify the radio galaxies as high-excitation (HEGs)aw-kexcitation (LEGs) accord-
ing to the classification scheme of Jackson & Rawlings (199#).object is classified

as a LEG if it has an [OllI] rest frame equivalent width10A or an [O1I)/[Oll] ratio
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> 1 (or both). The classifications can be found in Table'3Aigure 3.1 illustrates the
difference in the spectra between high-excitation andéawaitation objects.
Morphological classifications of the radio sources arerdkam Mitchell (2005) and
can be found in Table 3.1. Mitchell used the classificatiomeste of Owen & Laing
(1989), where sources are classified as Classical Doubles (€@d sources (J) or Fat
Doubles (FD), as described in Section 1.3. In terms of thairafoff-Riley classification
(Fanaroff & Riley 1974), Classical Doubles are always idesdifivith Fanaroff-Riley
Class Il (FRII) sources whilst Jetted sources are generadiytifled with Fanaroff-Riley

Class | (FRI) radio galaxies and Fat Doubles are identified as&fFARI/II sources.

3.3 Discussion

3.3.1 D,(4000) versus Radio Luminosity

In Figure 3.2 | show [(4000) versus the low-frequency radio luminosity at 151 MHz
Lq51, for the galaxies, with symbols corresponding to their saéclassification. Moti-
vated by figure 6 of Kauffmann et al. (2003), | include a dadivexlat D,(4000) = 1.6 in
order to illustrate differences in star formation. Objestth D,,(4000)< 1.6 may have
formed a noticeable fraction (5% or greater) of their stelt@ss in recent star bursts in
the models of Kauffmann et al. (2003). On the other hand,atéjeith D,(4000)> 1.6
show little or no evidence for recent star formation. Thission at D,(4000) = 1.6 there-
fore represents a conservative division between objedtshwWiave evidence of recent star
formation, and those which do not. | reiterate that since lusvable to measure Hor
the objects | am unable to be more specific as regards theostaation histories of the

galaxies.

1For objects where the wavelength range does not extend tf@ilig emission line | use data from
http://www.science.uottawa.ea¢willott/3crr/3crr.html
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Figure 3.2: The strength of the A00Mreak, D,(4000), versus the logarithm of the
151 MHz luminosity, Ls;, split by spectral classification (Section 3.3.1). Low4&dtmon
galaxies (LEGs) are shown as filled stars and high-excitagaaxies (HEGS) as open
squares. The vertical dashed line is included to highligbtdivision between the two
populations discussed in the text. The horizontal dasimediighlights the dichotomy in
D,.(4000) for the two populations. The two objects labelled 3@hd 7C0213+3418)
have characteristics of both LEGs and HEGS, as discusseztiis 3.3.2.
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Mindful of this note of caution, it is still readily apparetitat the galaxies form
two distinct populations. One population, with lower ratliminosities (Ls; < 1023
W Hz~ ! srt), is composed exclusively of LEGs. The galaxies in this gaipon have sys-
tematically higher [(4000) indices and thus older stellar populations. Therse@op-
ulation, at higher radio luminosities (4, > 10%-3 W Hz! sr ') and smaller (4000)
indices (younger stellar populations), consists mainyH&Gs, although a few LEGs
are also present in this population. 6C0825+3407 and 7CO02B+3ould belong to ei-
ther population (as discussed in Section 3.3.2). | illustthe division between the two
populations by the vertical dashed line in Figure 3.2. Thelitronal division between
FRI type and FRII type radio galaxies falls at;L = 10%>3 W Hz~! sr-! and motivates
my population division at this value. This is also the radiminosity at which there is
an apparent divergence in the redshift evolution of the congpospace density, with the
higher luminosity radio sources tending to evolve morergjlypthan the lower luminosity
sources, see e.g. Clewley & Jarvis (2004) using data from tbstékbork Northern Sky
Survey (WENSS), Faint Images of the Radio Sky at Twenty-ceatties (FIRST) and the
National Radio Astronomy Observatory Very Large Array Skyvey (NVSS), together
with data from the Sloan Digital Sky Survey (SDSS). Sadlealei{2007) also found
similar results using data from FIRST and NVSS together wétadrom the Two De-
gree Field SDSS Luminous Red Galaxy and Quasi-stellar O&ttAQ) survey. More
recently, McAlpine & Jarvis (2011) used radio observatiofshe X-ray Multi-mirror
Mission Large Scale Structure (XMM-LSS) field, as describgdlasse et al. (2007),
together with data from the UK Infrared Telescope InfraredP Sky Survey (UKIDSS),

to push to higher redshifts and found consistent results.

Performing a two sided K-S test on the,@000) indices for the two populations
enables me to reject at a significance of 99.96%(Bthat the two populations are drawn

from the same distribution. | also perform a Mann-Whitneyiedkon (MWW) test on
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the two populations and reject at a significance-80.9% (>3.37) the null hypothesis
that they are drawn from the same distribution. | thus findlence for different star
formation histories for high- and low-luminosity radio gales. The transition occurs
around L5; ~ 10%-3 W Hz~! sr !, although it is not possible to make a clean divison at

a single value of Ls;.

3.3.2 D,(4000) versus Emission-line Classification

| also split my objects according to their optical classiima (i.e. LEGs and HEGS)
and perform another two sided K-S test on thg4®00) indices. In this case | reject
the null hypothesis that the,[p4000) indices are drawn from the same distribution at a
significance of 99.4% (28. An MWW test in this case rejects the null hypothesis at a
significance of 99.8% (3d). The difference in [P(4000) between a LEG and an HEG is
illustrated in Figure 3.1, and Figure 3.3 shows clearly thatHEGs and LEGs are divided
into two separate populations on the basis of theifdD00) indices. | thus find evidence
in support of the work of Kauffmann et al. (2008) and Baldi & C&p@008). The latter
authors used near ultraviolet (UV) data from Hhabble Space Telescofpace Telescope
Imaging Spectrograph (STIS) to probe the star formationfandd evidence of recent
star formation in HEGs but not in LEGs. They suggest that HE&& undergone a recent
major merger that triggered star formation and also pral/iitie fuel to power the AGNs
via cold gas accretion. In their picture, LEGs on the otherdhiaave had no such recent
merger, and thus are fuelled by the hot interstellar medi@i) and show no evidence
of recent star formation. However, whilst mergers seemealylikxplanation of the origin

of the influx of cold gas in HEGS, | note that there are alteveagxplanations of this
influx, as discussed in Chapter 1. | also note that the populdtiat shows evidence of
more recent star formation contains three (or possibly)fa&Gs. Thus a spectral line

classification system may not be a clean method with whichudysthe history of the
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Figure 3.3: A histogram of the 4080break strengths [[X4000)] of my objects, with
high-excitation galaxies (HEGs; shaded) and low-exdtagjalaxies (LEGs; clear) shown
separately (see Section 3.3.2).

influx of cold gas into AGN hosts — rather the star formaticstdry measured by studying
the host galaxies may offer a better indication of the pdktirof cold gas by mergers or

other processes.

However it is possible that, even when the principal acerethechanism is through
the hot-mode, minor mergers and interactions could stitaldame star-formation activ-
ity which would result in smaller [X4000) values. Furthermore, the timescale on which
a merger influences the AGN fuelling could be different frdme timescale on which
it triggers star formation which would also cause mixing lodé ppopulations. It is also
interesting to note that the LEGs still have amongst thestldiellar populations in the
higher radio luminosity population. | also observe that eafithe LEGs belonging to the
higher radio luminosity population possess HEG-like feadu 3C19 (labelled in Figure

3.2) would be classed as a HEG on the basis of its [Olll] remnhé& equivalent width,
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but is classified as a LEG due to its [OII])/[Olll] ratio. Congety 7C0213+3418 (also la-
belled in Figure 3.2) would be a HEG on the basis of its [OD}]] ratio, but is classified
as a LEG because of its [Olll] rest frame equivalent width.

An important question is whether the dichotomy observed, j(#D00) is primarily re-
lated to the radio luminosity (Section 3.3.1) or to the extaiin state (this section). Given
my current data | am unable to provide a conclusive answdrisoquestion. However,
given that the excitation state appears to be a better itatioh the accretion rate than
the radio luminosity (Hardcastle et al. 2007), and thus isenatosely linked to the state
of the gas, | suggest that it is the excitation state, ratigm the radio emission, which is
primarily related to the strength of the 400@reak (and thus the star formation history
of the galaxy).

In Figure 3.4 | again show [4000) versus L, this time with symbols correspond-
ing to the radio morphology of the galaxy. | find that the lowadio luminosity pop-
ulation is composed mainly of Fat Doubles and the higheror&gninosity population
contains predominantly Classical Doubles. However, thee great deal of mixing of
the radio morphology types, and | find no clear differencevieen the two populations on
the basis of radio morphology alone due to the strong reldtesween radio morphology

classification and the high- and low-excitation populati@dine & Longair 1979).

3.3.3 Contamination by Scattered Quasar Light?

Scattered quasar light has, in the past, been posited agpamation for the alignment
effect in radio galaxies where the optical emission fromghkaxy is observed as being
aligned with the radio emission (e.g. Tadhunter et al. 199atti et al. 1993) and could
possibly lead to uncertainties in the inferred propertieguasar host galaxies (e.g. Young
et al. 2009). In this chapter | use the strength of the 40Beeak as an indicator of

recent star formation. Care must therefore be taken to cenaidether the dilution in the
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Figure 3.4. The strength of the 400Mreak, D,(4000), versus the logarithm of the
151 MHz luminosity, Ls;, split by radio morphology (Section 3.3.2). Classical Dou-
bles are represented by open squares and Fat Doubles byiapsands. Classical Dou-
ble/Fat Doubles are shown as open triangles. Jetted saaneespresented by filled stars
and unclassified objects are marked with a cross. The vedashed line is included to
highlight the division between the two populations diseass the text. The horizontal
dashed line highlights the dichotomy in,{#000) for the two populations.
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40004 break arises as a result of a young stellar population onfother sources. Lilly
& Longair (1984) and Lilly, Longair & Allington-Smith (1985used the 3CR and ‘1-
Jansky’ samples of radio galaxies to establish the trendléer galaxies to have stronger
[OI1]13727 line emission (from the AGN). More recent workdeTadhunter, Dickson &
Shaw 1996; Aretxaga et al. 2001; Tadhunter et al. 2002; Halt 2007) has emphasized
the contribution of both young stellar populations and A@Nted components (e.g.
nebular continuum, scattered and direct quasar light, #amdines) to the optical and

UV continua in powerful radio galaxies.

As found by Lilly et al. (1985), we would expect the contantioa by scattered quasar
light to be highly correlated with the ionizing power of thentral engine and thus the
emission-line luminosity, assuming emission-line lunsitwis a good proxy for ionizing
power (see e.g. Rawlings & Saunders 1991). However, | find ieage for a correlation
between the [Oll] luminosity and [$#4000) with a Spearman Rank test giving only a 25%

probability that the relation deviates from the null hypegtts of no correlation.

Furthermore, for scattered quasar light to have a largeteffie my results would
require a very strong dependence on wavelength, i.e. oeerainge where | calculate
D,.(4000). Using the most pronounced examples of scattereshglight in the litera-
ture, i.e. in broad-line radio galaxies (see e.g. Tran €t@98) | find, by using the total
polarized emission spectrum from these sources, that tersin of the scattered light
gives a value of (4000)~ 0.9. Assuming that at 3960up to 10% of the total emission
in my radio galaxies could be contributed by the scattereddean emission (e.g. figure
3 of Tran et al. 1998) | calculate that this would reduce my4D00) by a maximum
value of 0.1. Given that none of my radio galaxy spectra shopweaidence for any scat-
tered contribution, that they have pronounced absorpinenspectra and that they are all
well fit by a simple stellar population, along with the lackeotorrelation between [Oll]

emission-line luminosity and [$4000), | am confident that the dichotomy in,@000)
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between the HEGs and LEGs is due to different star-formdtistories rather than scat-

tered quasar light.

3.4 Conclusions

In this chapter | have used deep spectroscopic observabodstermine how the age
of the stellar populations in the host galaxies of poweradlio sources is related to the

structure of the radio emission and the ionizing power ofAGdN.

¢ | have shown that the spectroscopic subsample ef 0.5 radio galaxies forms
two distinct populations in the [34000) — Lj5; plane. The population at lower
radio luminosity is composed entirely of LEGs, the one ahbigradio luminosity

predominantly of HEGs (although a few LEGs fall within thisgulation).

e The lower radio luminosity population has systematicalbhler D,(4000) indices
than the higher radio luminosity population. | find that tisisnost likely due to the
presence of a younger stellar population in the higher radionosity (or HEG)
population after considering the possibility that scattiequasar light may signif-
icantly alter the (4000). | find that scattered quasar light could only de@eas
D,.(4000) by a maximum value of 0.1, which is not sufficient to lexpthe di-
chotomy that | observe. However, | am unable to measure thandétex for the
objects, which does leave some uncertainty in determiriiegattual extent of the

star formation in my galaxies.

¢ | find that there is a preference for Fat Double sources to b&ler stellar pop-
ulations than the Classical Double sources. However, this smaply reflect the
underlying links between radio morphology and excitatitates the latter appear-

ing to be more strongly correlated with,[21000) than is the morphology.
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e My results are consistent with the hypothesis that HEGs areeped by the ac-
cretion of cold gas, the influx of which could be due to mergesshich would
also trigger star formation — or other processes, such dedo@cycled gas from
dying stars or cold mode accretion. On the other hand, | sighat LEGs are
powered by the accretion of the hot phase of the inter-steltadium (as they have

undergone no recent influx of cold gas).
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Chapter 4

The Fundamental Plane

In this chapter | once more use the spectroscopic datagstudiChapter 3, for 24 of the
galaxies in the: ~ 0.5 (ZP5) sample. | use a direct spectral fitting procedure taiobt
the velocity dispersions of the galaxies. Combining thegh thie (previously published)
effective radii and surface brightnesses (see McLure @084) | study the Fundamental
Plane atz: ~ 0.5 and draw comparisons with the well documented local refatibhe
work of McLure et al. (2004) used only Hubble Space Telescoaging of the sample,
not spectroscopic data (which was unavailable at the tiniéle measurements of the
velocity dispersions of the ZP5 galaxies are therefore reemy work, allowing me to
study the Fundamental Plane of the ZP5 sample which McLuaie €004) were unable

to do.

My spectral fits also allow me to investigate any possibleatation between the
low-frequency radio luminosity at 151 MHZ (5;) and the velocity dispersiow). This
enables me to investigate (via the black hole mass-sigmdzgt-o, relation) the possible
link between radio luminosity and black hole mass in radiodl AGNs (e.g. Nelson &

Whittle 1996; McLure & Jarvis 2004; Jarvis & McLure 2006).
After describing the data in Section 4.1, | describe my gpéditting and aperture

81
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correction techniques in Section 4.2, followed by a desiompof my Fundamental Plane
fitting in Section 4.3. | present and discuss my findings iniSeat.4, before concluding

in Section 4.5. The content of this chapter has been pubdisheerbert et al. (2011).

4.1 The ZP5 Sub-sample

In this chapter | once again use the spectroscopic data, &hapter 3, for the 24-
object subsample of the full ZP5 sample (see Table 4.1). dar€i4.1 | show the radio
luminosity—redshift plane for these objects. The obs@watand data reduction are as
described in Chapter 2.

The WHT observations were performed using the R316R gratintp@mned arm to-
gether with a 1.0 arcsec slit resulting in a resolution o 8WHM. This corresponds to
a velocity resolution of FWHM = 185 knts at 600G which results in a minimum mea-
surable velocity dispersion ef ~ 80 km s™!. Moreover, since the absorption lines are
broadened by a factor of (1}in the observed spectra, the rest-frame velocity resmiuti
is, in fact, slightly higher.

For the Gemini observations, the B&@5303 grating (and subsequently the new
B600.G5307 grating) was used together with a 0.75 arcsec slittregin a spectral reso-
lution of 4.0A FWHM. This corresponds to a velocity resolution of FWHM =190 k!
at 620 which results in a minimum measurable velocity dispersiba ~ 80 km s
Once again a slightly higher rest-frame velocity resoluti® actually attainable due to

the broadening of the absorption lines by a factoflof- z).
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Source R.A. Dec. z List Te (W) e o Reducedy? Telescope
1) O] ®) @) G ©® O ®) ©) (10)
3C16 00374539 +132009.6 0.405 26.82 229 2175 - - WHT
3C19 004055.01 +331007.3 0.482 2696 30.9 21.88591%; 1.16 WHT
3C46 01352847 +375405.7 0437 2684 158 20.7845'5) 1.34 WHT
3C172 070208.32 +251353.9 0519 27.17 12.6 20.6528735] 1.10 Gemini
3C200 08272538 +2918455 0458 26.92 132 20.1543%32 1.39 Gemini
3C244.1 103333.97 +5814358 0428 27.10 158 20.7B34'7) 1.31 WHT
3C295 141120.65 +521209.0 0.464 27.68 29.5 21.033713] 0.99 Gemini
3C341 162804.04 +274139.3 0.448 26.88 16.6 21.088 ;. 1.78 WHT
3C427.1 210407.07 +763310.8 0572 2753 182 20.68 - - Gemini
3C457 23120757 +184541.4 0428 27.00 141 20.40 - WHT
6C0825+3407 08251459 +340716.8 0.406 26.09 145 2112 - - TWH
6C0850+3747 085024.77 +374709.1 0.407 2615 12.6 20.41 - - TWH
6C0857+3945 08574356 +394529.0 0528 2634 11.7 20.252735 1.13 Gemini
6C1303+3756 130344.26 +375615.2 0470 2629 12.3 20.8907;% 3.24 Gemini
7C0213+3418 02132839 +341830.6 0465 2566 6.3 19.4B7 5] 1.26 WHT
7C0219+3423 021937.83 +342311.2 0595 2598 10.9 20.45 - - emi
7C0810+2650 081026.10 +265049.1 0435 2558 14.8 21.1817;) 1.27 WHT
7C1731+6638 173143.84 +663856.7 0562 2552 6.0 2042473] 1.12 Gemini
7C1806+6831 180650.16 +683141.9 0580 26.36 14.8 20.5427;% 1.15 Gemini
TOOT0009+3523 000946.90 +352345.1 0.439 2479 12.6 20.482733 1.35 WHT
TOOT0018+3510 001853.93 +351012.1 0.416 2516 195 21.28271% 1.29 WHT
TOOT1626+4523 16264850 +452342.6 0.458 2503 7.4  19.341733 1.24 WHT
TOOT1630+4534 163032.80 +453426.0 0.493 2517 102 19.72571) 2.10 WHT
TOOT1648+5040 164826.19 +504058.0 0.420 2512 95 19.200"}% 1.18 WHT

Table 4.1: The: ~ 0.5 sample. Column 1 lists the radio galaxy names and columns 2
and 3 list the J2000 source coordinates. Column 4 lists thecobgdshifts, column 5
the logarithm of the 151 MHz luminosities in units of W Hzsr! and column 6 the
effective radii in kiloparsecs from McLure et al. (2004). eTeffective radii are derived
from fits in which the $rsic parameter is allowed to vary. Column 7 lists the man
band surface brightness within the effective radii in magsac?, also from McLure et

al. (2004). Column 8 lists the aperture-corrected velocispersion of my best fit and
column 9 the reduceg? of this fit, whilst column 10 gives the telescope used for the
spectroscopic observations.
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Figure 4.1: The logarithm of the 151 MHz radio luminosity;, versus redshift for the
ZP5 (z ~ 0.5) objects in this chapter (filled symbols; see Section 4.lixel open symbols
to show the local radio galaxies from Bettoni et al. (200%y 0.03), as also used in this
chapter (see Section 4.3.3). In each case the symbols poneéso the 151 MHz radio
luminosities. Objects witll5; < 10?3 W Hz~! sr ! are shown as stars. Objects with
L5 between10?3 and 10%>® W Hz~! sr-! are shown as squares whilst objects with
L5 between10%-® and 1023 W Hz~! sr! are shown as inverted triangles. Objects
with L5, betweenl 0253 and102%-® W Hz~! sr~! are shown as triangles, and objects with
Lis1 > 10%%% W Hz~! sr! are shown as circles. | do not show five of the objects of
Bettoni et al. (0131-360, 0325+024, PKS 2322-122, 0112+0®1gn116) for which |
have been unable to locate published radio luminosity data.
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4.2 Spectral Fitting

4.2.1 The Fitting Procedure

In order to determine the velocity dispersion of each galgsrform ay? minimisation,
fitting each galaxy spectrum to a set of templates. The tampkt comprises 23 Elodie
stellar templaté'sand (following Greene & Ho 2006) 34 G and K stars from the oldrop
cluster M67 observed with the Sloan Digital Sky Survey. Témplates are broadened
using a series of Gaussians whose width depends on thetyed@persion §) and wave-
length. A spectral feature at wavelengths broadened by a convolution of the feature

with a Gaussian of width:

. (4.2)

wherec is the speed of light. For each wavelength in my initial tezgll create a
Gaussian centred on this wavelength, with a width as giveRduation 4.1 and a peak
value equal to the template flux at this wavelength. | sumfathese Gaussians together
to produce my broadened template. | exclude from the fit regaf the galaxy spectra
that feature emission lines ionised by the central engmeyadl as skylines. The effect of
broadening due to the instrumental resolution is typicadihin the uncertainties of the
fitted velocity dispersions.

To implement the fitting | fit each (de-redshifted) galaxy umrt, using all 57 tem-
plates and with the velocity dispersion incrementing ipstef 1 km s*. At each step
| minimise the reduceq? of the fit using the Amoeba routine in IDL. | then inspect the
resulting matrix of reduceg? values in order to find the minimum reducgé and thus
the best fitting template and velocity dispersion. For eaalaxy | perform this fitting

on both a spectrum extracted using an aperture defined atlthveidith at half maximum

http://atlas.obs-hp.fr/elodie/




86 CHAPTER 4. THE FUNDAMENTAL PLANE

(FWHM) of the galaxy light profile and a spectrum extractedhat tull-width at zero
intensity (FWZI), ensuring both a high signal-to-noiseaati the former and the total
light spectrum for the latter. | then use whichever best fi thee lowest reduceg?®. Of
the 18 final fits, 11 were best fitted by FWHM spectra whilst theaming seven were
best fitted by FWZI spectra.

| am unable to determine reliable measurements of the wgldpersion for the
cases where the mean signal-to-noise ratio per resolutemnest (measured between
rest frame 4408 and 460& where spectral features, in particular the bgomplex,
dominate the fitting) is less than10. On this basis | exclude the fits to 3C16, 3C427.1,
6C0825+3407, 6C0850+3747 and 7C0219+3423. Since this is basedy on the qual-
ity of the data, and not the host luminosity, | do not expeid th introduce any notable
selection effects. In addition, | am unable to obtain a s#edit in the case of 3C457
due to a combination of the signal-to-noise ratio and emistnes from the AGN. Given
that this is the only object lacking a fit due to the AGN, | am fadent that this has a
negligible effect on my results. My final fits to the remainmwigjects are shown in Figure

4.2.




4.2. SPECTRAL FITTING 87

Figure 4.2: My final fits to the galaxy spectra to obtain measients of the velocity
dispersions (Section 4.2). The left hand panels show thexgaipectrum (top, black)
and the fitted template (bottom, red). A downward shift of 0a3 been applied to the
template spectra. The shaded areas indicate regions gbé¢lcea removed from the fit-
ting due to the presence of emission (rest frame 3859-888063-397&,, 4095-4113,
4332-4378,, 4674—-4698 and 4854-487A) or telluric absorption (55705586 6864—
69114, 7166-7324 and 7590-7694) features. The additional masked regions in
3C172, 6C1303+3756 and 7C1731+6638 were due to artefacts arhighe The right
hand panels show thg? minimisation as a function of velocity dispersion. Apeetur
corrections have been applied as described in Section 4.2.2
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Figure 4.2 continued.
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Figure 4.2 continued.
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Figure 4.2 continued.

An advantage of explicitly looping over the velocity dispien is that it allows me
to obtain the standard errors erfrom they? distribution. | convert the;? matrix (x?)
(corresponding to the variation gf with o for the best-fitting template for each galaxy)

into a probability distribution matrix?;) using

P SM (4.2)
before normalising the sum of the matrix to one. | then inspee probability dis-
tribution function in order to determine the range in vetpaispersion which contains
68.27% of the probability distribution function and thudaib the standard errors on

As a check | note that this procedure results in the same atdregtrors as produced by




4.2. SPECTRAL FITTING 91

Ax? = 1. | also note that three objects (3C341, 6C1303+3756 and TOBDR¥5H34)
have reduced/? values> 1.5. The errors on these objects are therefore undoubtedly

underestimated (see Table 4.1).

4.2.2 Aperture Correction

The galaxies in my ~ 0.5 sample are smaller on the sky than those of a local sample.
Consequently the aperture size for my sample is of order 28stgreater than the aperture
size for a local sample. This has the effect of including mafréhe galaxy in the slit,
resulting in a lower determined velocity dispersion tharulddbe the case for a local
sample. Therefore, in order to be able to compare my resithsewisting results for local
samples, | perform an aperture correction on my derivedcuglalispersion values and
their errors. | perform the aperture correction using tleepdure described by Jgrgensen,
Franx & Kjeergaard (1995), where my valuessadire corrected to a circular aperture with
an aperture diameter af19h~! kpc (equivalent to 3.4 arcsec projected onto a galaxy in
the Coma cluster). The average correction is 7.1%.

My derived velocity dispersion values, including apertacgrection, can be found
in Table 4.1. Table 4.1 also contains the McLure et al. (20@4)ies for the major-
axis effective radiiy., and the meafR-band surface brightnesses within ()., of the
galaxies in the sample. The values(pf. have been corrected for passive evolution as

described in McLure et al. (2004).

4.2.3 Resolution Tests & Fitting Corrections

In order to determine the minimum resolution attainable lyfitting procedure | con-
volve my templates with a range of velocity dispersion vajudegrade these convolved
templates to the resolution of my data, and fit using my fitpngcedure. The results (at

the resolution of the Gemini spectra) are shown in Figure #dsn which it is readily
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Figure 4.3: The input velocity dispersion {....;) against the fitted velocity dispersion
(crirtea) fOr noiseless convolved templates reduced to the resolofimy Gemini spectra
and fitted using my fitting procedure (Section 4.2.3).
apparent that | achieve a minimum measurable velocity dsspeofo,,;, < 50 km s
Repeating with the WHT spectra yields,;,, < 50 km s™! also.

| repeat this procedure, adding Gaussian noise into thelédesp(according to the
real noise spectra of my galaxies), in order to test thebidilya of my fitting procedure
at extracting values aof from noisy spectra. An example of this is shown in Figure #.4.
find that the extraction errors are within the uncertaintiesny values ot and therefore

do not perform any further corrections.

4.3 Fundamental Plane Fitting

4.3.1 Initial Plane Fitting

In order to fit a plane to my data | adopt the formulation of theéfamental Plane used

by Robertson et al. (2006a), namely

R, < o®I; 7, (4.3)
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Figure 4.4: Left panel: The input velocity dispersian{..;) against the fitted veloc-
ity dispersion §r;::.q) for convolved templates reduced to the resolution of mylisivii
Herschel Telescope (WHT) spectra and fitted using my fittimg@dure (Section 4.2.3).
Noise has been added to the templates according to the &¢kiainoise spectra. Right
panel:o piieq VErsus(o riea — 0 acuar) fOr convolved noisy templates reduced to the res-
olution of the WHT spectra. The extraction errors are witlia tincertainties on my
values of the velocity dispersion.

whereR, is the effective radius angdthe velocity dispersion as beforg.is the mean

surface brightness withi®,, in units of L./pc?, and is related to the previous quantity
(i)e:
lOg [e =—-04 (<u>e - k) ) (44)
where for theR-bandk = 26.4 (see Jgrgensen et al. 1996). In order to fit the Funda-
mental Plane | rewrite Equation 4.3 in the following form:
log R, = alogo — Blog I, — ~, (4.5)

where~ is a constant. For a plane described by Equation 4.5 usinglic@tes

(logre, log o, log L) the residuaR of point(py, p2, p3) perpendicular to the plane is given

by:
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R=—~(—p1+aps—Pps—7), (4.6)

ST

where

§=+/1+a2+ B2 (4.7)

| note that 12 of the 18 fitted objects have symmetric errorbga. To fit a plane |
therefore initially adopt symmetric errors liog r., log o, andlog I.. For the six sources
which do not have a symmetric error big o | use the mean dflog (o + cupper) — log o)
and(log o — log (0 — Giower)), Whereo,,,., ando,,., correspond to the upper and lower
errors ono listed in Table 4.1. The values of and, taken from McLure et al. (2004)
and used here have linear errors of 10%. | use the same precaslabove to estimate
symmetric errors in log space for these quantities. In orddit a plane to my results |
use a technique similar to the one used by di Serego Aligeteai. (2005), where | use a
finely sampled grid over, 3 and~. At each point | use Equations 4.6 and 4.7 to calculate
the residual perpendicular to the plane for each of my objéatse the symmetric errors

in log space in order to determine the error on each resitidafine ay? statistic thus:

%
X2 = Z O_Ta (4.8)

i R
where the summation is over the objects | am fitting the plan®tis the residual of
object: perpendicular to the plane, ang, is the standard error on the residual. Finally
| find the values ofy, 5 and~ which minimise this statistic and thus determine the best
fitting plane. My best fitting Fundamental Plane can be founthable 4.2.
Jargensen et al. (1996) and Bettoni et al. (2001) fit a planeibymsing the sum of
the absolute residuals. However, by using giybased technique, it is possible to deter-

mine the standard errors @n 5 and~ in a similar fashion to that employed in Section
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«
Symmetric log errors  0.4770 1% 0.6@8353 —1.31 0.4
MC, squared residuals0.52 +0.13 0.63 +0.06 —1.2+0.4
MC, weighted 0.45+£0.09 063+006 —-1.44+0.3
Squared residuals 0.53 0.626 -1.3
Absolute residuals 0.32 0.617 —-1.8

Table 4.2: Values af, 5 andy for a Fundamental Plane fitting the ZP5 data and described
by the equatiotiog r, = alog o — Flog I, — ~. The first row gives the results in the case
where | assume symmetric errors in log space (Section 4.BtB second row gives the
results from the full Monte Carlo (MC) fitting using squaredidesis (Section 4.3.2).
The same procedure, except weighting the minimised relsithyahe error, produces the
results listed in the third row (Section 4.3.2). The resalimined by minimising the sum

of the square residuals and the sum of the absolute residithisut the Monte Carlo
technique are given in the fourth and fifth rows respectiy8igction 4.3.2).

4.2.1. | convert my three-dimensiong matrix into a probability distribution matrix and
normalise. | then determine the region of parameter spatectintains 68.27% of the
probability distribution function and from this the standi@rrors ona, 5 and~. The
reducedy? also provides me with a measure of the goodness of the fit. gside these
advantages | do, however, emphasize that this techniquerdienake use of the exact
errors onr, o and/, and that small approximations are required. However, | sShd&ec-
tion 4.3.2 that the plane | obtain using this method is caestswith the plane produced

using a method which involves no approximations.

4.3.2 Monte Carlo Simulations

In order to fit a plane (with errors) to my data, using the dotueor distributions orv,

| employ a Monte Carlo technique. For each of my objects | ranigasample 12,000
values from each of the., /. and o probability distribution functions (PDFs). | use
sufficient samples to produce smooth final distributions.ins and~. The procedure
outlined in section 4.2.1 provides thePDF. For each sample set | grid over a range of

«, # and~y and obtain the best fitting values of these parameters fdr efathe 12,000
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simulations by minimising the sum of the squared residuat®mling to equation 4.6. |
obtain the standard errors by finding the range containin@788 of the PDF for each
parameter. Table 4.2 lists my fitting results.

Next | repeat this procedure but, rather than minimise jnstdum of the squared
residuals, I minimise the sum of the squared residuals weighy the square of the
error on the residual (where | estimate the residual errmguthe procedure described
in Section 4.3.1). Finally, | fit a plane to the data by minimgsthe sum of the squared
residuals, and another by minimising the sum of the absoésieluals (as per Jgrgensen
et al. 1996; Bettoni et al. 2001), but without any Monte Carlmgkng in either case.
The results from all of these plane fittings can be found ind4dk2, and in all cases my

Fundamental Plane parameters are consistent.

4.3.3 Local Plane Fitting

In order to compare my ~ 0.5 plane with results for local active galaxies | use the
data presented in Bettoni et al. (2001). This comprises bethdata and data from the
literature on their sample of low redshift radio galaxiesheTmedian redshift of their
sample is 0.03. | note that | use the same procedure as Bettanie apply the aperture
corrections and thus the results can be compared directhe fifst row of Table 4.3
contains the published plane fitting of Bettoni et al. (20@byverted from their plane
parameterisation to mine using Equation 4.4. The secondfolable 4.3 gives my fit
to the data of Bettoni et al. (2001) using their fitting proced(minimising the sum of
the absolute residuals perpendicular to the plane). | deditom my data set the objects
0053-016 and 0431-134 from Ledlow & Owen (1995), for whichal/é been unable to
locate published redshifts.

In order to compare my plane fitting with the data of Bettonile(2001) | correct

the scalelengths in the data from their cosmoloffy € 50 km s, Q) = 1 andQ, =
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(e
Published 1.92+0.15 0.64 i 0.03 1.93 l 0.37
Uncorrected absolute residuals 1.73 0.709 1.3
Absolute residuals 1.76 0.713 1.5
Squared residuals 1.33 0.655 0.6
Symmetric log errors 2111022 0.60+£0.05  2.6%5%

Table 4.3: Values ofr, § and~ for a Fundamental Plane fitting the data of Bettoni et al.
(2001) and described by the equatiogr. = alogo — Blog I. — v (Section 4.3.3). The
first row lists the plane fitting results published by Bettonak (2001), where | convert
from their plane parameterisation to mine using Equatidn fihe second row lists my fit
to their data obtained by minimising the sum of the absoles&luals (excluding the two
objects discussed in Section 4.3.3, and the fitting desttiibthe third row is the same but
using the data of Bettoni et al. (2001) corrected into my cdegyw Row four gives the
results of my fit to the corrected data by minimising the surthefsquared residuals, and
the fifth row gives the results where | assume symmetric giirolog space and minimise
the y? statistic.

0) to mine. Once again | exclude the objects 0053-016 and-0331from Ledlow &
Owen (1995) due to the lack of redshift information. 1 fit thenBamental Plane to the
corrected data by minimising the sum of the absolute retscarad then repeat, this time
minimising the sum of the squared residuals (see Table EiBally, | use the procedure
described in Section 4.3.1 to fit the Fundamental Plane tedhected data of Bettoni
et al. (2001) using &2 fitting statistic, yielding uncertainties on the plane flittias well
as an indication of the goodness of fit. Uncertaintiesrdmave been published for the
data presented by Bettoni et al. (2001) and Smith, HeckmaridgWorth (1990). For
the remainder of the data | use a typical linear error of 10%sd assume linear errors
of 10% onr, and.. The fitting results can be found in Table 4.3, from which m te

seen that my plane fittings are consistent for all but the riegligesiduals fit.
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4.4 Discussion

4.4.1 The Local Fundamental Plane

In Figure 4.5 | show a two-dimensional projection of the Fameéntal Plane that | fit to
the cosmologically corrected data of Bettoni et al. (200ihgisheir fitting procedure
(row three of Table 4.3). As well as showing the data of Bettdral. in this projection

| also show my ZP5 objects with symbols corresponding ta tfaglio luminosities. The
y-axis uncertainties for the ZP5 objects were determineadsyiming errors as in Section
4.3.1 and combining in quadrature according to the equafitire plane. It can be seenin
Figure 4.5 that my objects with radio luminosifys; < 10?>3 W Hz~! sr! appear to lie

on the local Fundamental Plane. The traditional divisiomvieen lower radio luminosity
Fanaroff-Riley type | (FRI) and higher radio luminosity Faoi&Riley type 1l (FRII)
radio galaxies falls ak 5, = 10?3 W Hz~! sr! (Fanaroff & Riley 1974), and this is also
where there appears to be a difference in the evolution (€le&lJarvis 2004; Sadler
et al. 2007), and thus these objects are probably FRI type gadaxies, although some
overlap in the populations is inevitable (see Chapter 3). té& tloat the majority of the
sample of Bettoni et al.490% of the objects which have published radio luminosities)
also havelL5; < 10%>2 W Hz~! sr ! and are thus classified as FRI type radio galaxies.
| therefore find evidence that the FRI type objects in my sarople inhabit the local
Fundamental Plane of similar objects simply by passivebheng from z ~ 0.5 to the

present day.

Many of the remaining (FRII typel,;5; > 10%3 W Hz~! sr ') objects also lie close
to the plane and within the scatter displayed by the data abBiee¢t al. (2001). How-
ever, | note that my FRII type radio galaxies exhibit a tengetaclie above the local
Fundamental Plane, some by a reasonable distance (alttioerghare also objects lying

a reasonable distance below the plane). Passive evolstioot sufficient to explain how
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Figure 4.5: A 2D projection of the Fundamental Plane as fittethe cosmologically
corrected data of Bettoni et al. (2004;~ 0.03) by minimising the sum of the absolute
residuals perpendicular to the plane (Section 4.4.1). Bt af Bettoni et al. is shown by
open symbols. | use filled symbols to show the ZP5 data ().5), corrected for passive
evolution and aperture-corrected as described in Sectih@.4in each case the symbols
correspond to the 151 MHz radio luminosities. Objects ithy, < 10%>3 W Hz ! sr!
are shown as stars. Objects withy; betweenl0%-3 and10%-® W Hz~! sr-! are shown
as squares whilst objects with 5; between10?>® and10%63 W Hz~! sr-! are shown as
inverted triangles. Objects with,5, betweenl10?%3 and10?%® W Hz~! sr-! are shown
as triangles, and objects with5; > 10%%® W Hz~! sr! are shown as circles. Objects
from Bettoni et al. for which | have been unable to locate a ighkld radio luminosity
are shown as crosses. | show the typical assumed error oath@iBettoni et al. in the
top left-hand corner (see Section 4.3.3).
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these objects would move from their positionzat- 0.5 onto thez = 0 Fundamental
Plane. The FRII type objects of Bettoni et al. are consisteth Wie plane occupied
by the rest of thee ~ 0 sample, although there are insufficient objects with highiaa
luminosity to study this properly. Therefore, in contrastmy FRI type objects, | find
evidence that the host galaxies of my- 0.5 FRII type objects must undergo evolution
above and beyond their passive evolution to move them oetmttal Fundamental Plane
(Section 4.4.3). | find no clear correlation within the FRIp&ygroup between radio lu-
minosity and the offset from the local Fundamental Planggesting that this is indeed
an evolutionary effect (rather than one related to the rhgionosity).

| also study the offsets of my ZP5 objects from the local Funelatal Plane of Figure
4.5 as a function of radio morphology and spectral classifingas used in Chapter 3). |
find that those objects with large offsets are predominadihgsical Double (FRII) High
Excitation Galaxies (HEGS), consistent with the aboveltdsmsed on radio luminosity
and with a similar strength of trend. It is also worth emphiag that | find no link
between disturbed morphology from a recent merger (see kécktial. 2004) and the

size of the offset.

4.4.2 The ZP5 Fundamental Plane

In Figure 4.6 | show a two-dimensional projection of the Famental Plane fitting the
ZP5 data assuming symmetric errors in log space (row oneld&®?2). It is apparent
that my ZP5 objects do inhabita~ 0.5 Fundamental Plane, which is common to both
the FRI type and the FRII type objects in the sample.

The reducedy? of the ZP5 plane fitting shown in Figure 4.6 is 2.9 (tabulatdng
with other reduced:? values, in Table 4.4). The reduced-obtained when | compare the
ZP5 data to the local Fundamental Plane of Figure 4.5-(1.76, 3 = 0.713, v = 1.5)

is 10.2 (whereas comparing this local plane to the data obBeét al. (2001) yields a
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Figure 4.6: A 2D projection of the Fundamental Plane as fitbtetie ZP5 datax ~ 0.5),
assuming symmetric errors in log space (Section 4.4.2)owghe ZP5 data using filled
symbols, corrected for passive evolution and apertureected as described in Section
4.2.2, and the data of Bettoni et al. (20014~ 0.03) with open symbols. In each case
the symbols correspond to the 151 MHz radio luminositiesje€b with L5, < 10?3

W Hz~! sr ! are shown as stars. Objects withy; between 022 and10%°8 W Hz ! sr!
are shown as squares whilst objects with;, betweenl0?°>® and10%63 W Hz! sr-! are
shown as inverted triangles. Objects withs; between10%¢-3 and102%® W Hz~! sr!
are shown as triangles, and objects with; > 10?68 W Hz~! sr-! are shown as circles.
Objects from Bettoni et al. for which | have been unable to teaa published radio
luminosity are shown as crosses. | show the typical assumedan the data of Bettoni
et al. in the top left-hand corner (see Section 4.3.3).




102 CHAPTER 4. THE FUNDAMENTAL PLANE

reducedy? of 3.4). For comparison | also fit a plane to the ZP5 data thiédvis the
Kormendy (. - r.) relation (Kormendy 1977) by setting = 0 and fitting for 5 and~.
My best fit in this case{ = 0.73, v = —2.7) has a reduceg? of 5.1. | find that my
ZP5 fit is a significantly better fit to the ZP5 data than the Iéeandamental Plane is. It
is interesting to note from row one of Table 4.2 and row thre€able 4.3 that this ZP5
fit is significantly different from the fit to the local data. &@imost prominent difference
between the local Fundamental Plane and:the 0.5 Fundamental Plane is that the
exponent is much smaller for the ~ 0.5 plane. That is to say, the power law index
that relates the effective radius and the surface brightteethe velocity dispersion is far
smaller atz ~ 0.5 than in the local universe. The velocity dispersion is edb the mass
(M) of the galaxy, and thus | infer that at~ 0.5 the mass and size of these powerful
radio galaxies are less closely related than in the localensé. However, despite the
smallero exponent in the ZP5 relation, a comparison of the the redyéedlues for
the normal ZP5 fit and the Kormendy fit suggests that:the 0.5 Fundamental Plane
is indeed a plane involving rather than merely a. - r. relation; a fit witha = 0 is

significantly worse than one where a dependence @allowed.

Inspecting Figure 4.6 | find that, whilst the objects of Bettehal. are offset with
regard to the ZP5 Fundamental Plane, there neverthelesar@ip be a good agreement
between the two data sets. | therefore perform a plane figiaguming symmetric errors
in log space) to the two data sets combined. However, thdtirggyplane (¢« = 1.23,

B = 0.61, v = 0.5) yields reduced¢? values of 4.8, 6.1 and 3.5 when compared to the
combined data, the ZP5 data and the data of Bettoni et al.ctagy. | therefore find

that a plane fitted to the combined data is not acceptable.

In Section 4.2.1 | noted that the errors @rior some of my objects are undoubtedly
underestimated. This contributes in part to the large redyé values of the fits. In

order to test whether these underestimated errors aratpad to reject acceptable plane
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Data of Bettoni etal. ZP5 Data

Local Plane 3.4 10.2
ZP5 Plane 5.4 2.9
Size-evolved ZP5 Plane 4.8 2.9

Table 4.4: Reduceq? values for fits to the Fundamental Plane. The first row costthia
reducedy? values yielded by a comparison of the local FundamentalePtan= 1.76,

£ = 0.713, v = 1.5) to my data and that of Bettoni et al. (2001), whilst the secavd
shows the reduceg? values from comparing the ZP5 plane (row one of Table 4.2)éo t
two data sets. The third row contains the redugédmalues obtained by comparing the
size-evolved ZP5 plane to the two data sets (Section 4 wWI8re the ZP5 data is also
adjusted to account for size-evolution.

fittings | repeat my fittings and comparisons, but requiringiaimum error of 15% on
re, o, and,. The reduced¢® values | obtain from comparing the data to the various
plane fittings are shown in Table 4.5. | find, with a redugédbf 1.3, that the local plane
(Figure 4.5) is an acceptable fit to the data of Bettoni et allsd find that the ZP5 plane
(Figure 4.6) is an acceptable fit to the ZP5 data (redygedf 1.2). However, | find that
the local plane is not an acceptable fit to the ZP5 data (widasedy? of 3.5), and nor
is the ZP5 plane an acceptable fit to the local data (with acediy?® of 2.4). Finally, a
plane fitted to the two data sets combined is also still refe¢teducedy® values of 1.9,
2.6 and 1.3 when compared to the combined data, the ZP5 dhtaewdata of Bettoni et
al. respectively).

Taken altogether, my results therefore suggest that raaliaxgs with lower and
higher radio luminosities may share the same FundamerdakPbut that there is sub-

stantial evolution in this plane betweenr= 0 andz ~ 0.5.

4.4.3 Evolution of the Host Galaxies?

One explanation for the difference between the local Furethah Plane of Bettoni et
al. (2001) and the ~ 0.5 Fundamental Plane is evolution of the host galaxies. | have

already shown in Sections 4.4.1 and 4.4.2 that passive tamolg not sufficient to explain
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the difference between the planes, at least for the higlo tachinosity population. Other
possibilities include an evolution in the mass-to-lightoar a size evolution of the host

galaxies. | discuss each of these in turn.

Various authors have found evidence for a mass-dependehitiew of the mass-to-
light ratio (e.g. Jargensen et al. 2007; Fritz, Jgrgensei&aSon 2010; see Chapter 1),
and this in principle could explain the observed rotatiotwleen the ZP5 Fundamental
Plane and the local one. | use my two plane fittings (row oneabfél4.2 and row three
of Table 4.3) to calculate the mass-dependent evolutiom®fmtass-to-light ratio that
would be required to transform my~ 0.5 plane into the local one (assumingando
remain constant and expressimgn terms ofr, andM). However, | find an implausibly
large dependence on the~ 0.5 luminosity would be required (greater than 10 orders
of magnitude, with a correspondingly small dependence emihss), and | therefore
discount the possibility that this, by itself, could explaihe difference between the two

planes.

In Figure 4.7 | show histograms of the mass-to-light ratistributions for the ZP5
and Bettoni samples. | uge ando to calculate the mass of each object, according to the

following equation (van der Wel et al. 2008):

Data of Bettoni etal. ZP5 Data

Local Plane 1.3 35
ZP5 Plane 2.4 1.2
Size-evolved ZP5 Plane 1.9 1.2

Table 4.5: Reduced? values for fits to the Fundamental Plane where the data used in
the plane fittings and for the comparisons have errori$%. The first row contains the
reducedy? values yielded by a comparison of the local FundamentalePlarmy data

and that of Bettoni et al. (2001), whilst the second row shdwes¢duced,? values from
comparing the ZP5 plane to the two data sets. The third rovtagmthe reduceg?
values obtained by comparing the size-evolved ZP5 plankedwo data sets (Section
4.4.3), where the ZP5 data is also adjusted to account feresialution.
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(4.9)

where G is the Newtonian gravitational constant. | caleutde luminosity () of

each object fron1, andr, as follows:

L 4rl,r?. (4.10)
Le

A two-dimensional K-S test on the two distributions rejeatshe 96% (2.6) level
the null hypothesis that the samples are drawn from the s@strébdtion. | therefore find
tentative evidence of an evolution in the mass-to-lighbrathich, whilst not explaining
the observed rotation between the= 0 and thez ~ 0.5 planes by itself, may make
some contribution to the tilt. Considering only the FRII typgexts in my sample |
reject the null hypothesis that this sample and that of Be&bal. are drawn from the
same distribution at the 98% (2:Blevel. However, | find no clear evidence that the
distribution of mass-to-light ratios is different for th&Ftype objects and the sample of
Bettoni et al. (rejecting the null hypothesis at only the 8G%.40 level), consistent with

these objects lying on the local Fundamental Plane of Figie

| next turn to consider the possibility of size evolution béthost galaxies. There
exists evidence for the growth of early-type galaxies fraghar redshifts to the present
day: for example, the observational work of van der Wel e{(2008) and the model
of Hopkins et al. (2010), but see also Mancini et al. (2010usé the size evolution
model of van der Wel et al. (2009), where mergers cause the amakeffective radius to
increase by the same factor. Thugemains constant (sinee o \/m), along with
the mass-to-light ratio, whilst. and I, vary. | characterise the size evolution using a
factordr, wherer, (z = 0.5) = dr. - r. (z = 0). | investigate what value a¥r. gives the

smallest offset between the ZP5 plane and the local data fgyngadr. (and adjusting
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Figure 4.7: Histograms of the mass-to-light ratio disttibas for the ZP5 £ ~ 0.5) and
Bettoni et al. (2001z ~ 0.03) samples (Section 4.4.3). The Bettoni et al. sample is
shown by a shaded histogram and the ZP5 sample by an unshattegidm.

r. and I, accordingly), refitting a plane using the procedure descriln Section 4.3.1,
and minimising the reduceg? of the fit of the local data of Bettoni et al. (2001) to this
plane. For each value of-. | adjust the amount of passive evolution such that the ZP5
objects still satisfy the Kormendy relation of the bottormgkof figure 5 in McLure et al.
(2004). 1 note that using the same. factor for all galaxies simply produces a uniform
translation of the objects with respect to tlag . andlog I, axes and thus affects the
offset but not the slope of the corresponding ZP5 plane. Mewdéor each value afr, |

re-fit a plane (rather than simply adjust th@lane parameter) in order to account for the
uncertainties in ther and 5 plane parameters. The best fit is obtained with = 0.39
(although the reduceg? is fairly constant between 0.3 and 0.6) and is shown in Figure
4.8. This is in contrast to a value 6f0.91 expected from the model of van der Wel et

al. (2009; considering only the effects of mergers and aholyithe effects of late-type
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galaxies turning into early-types) but the upper end of #rgge is in good agreement
with the model of Khochfar & Silk (2006) who predict a valuesef ~ 0.63—0.64 for the
most massive galaxies. The size evolution impliedhy= 0.39 would result in a mean
scalelength for my objects of 37.7 kpc. This is similar to e of Brightest Cluster
Galaxies (BCGSs) in the local universe (Graham et al. 1996; Melat al. 2004), which

suggests that the host galaxies of powerful radio galaxesewolve into BCGs.

However, as discussed above, whilst applying a uniform evzdution factor to the
ZP5 objects can reduce the offset to the local galaxies, asdwt affect the rotation.
This is seen in Figure 4.8 where the tilt of the plane is stll consistent with the local
data of Bettoni et al. (2001). Indeed, whilst the redugédbtained by comparing the
size-evolved ZP5 data to the plane of Figure 4.8 is 2.9 (Tablg or 1.2 when | use
errors> 15%, when | compare the data of Bettoni et al. to this plane theaedy? is
4.8 (or 1.9 with> 15% errors). Similarly, fitting a plane to the combined data oftBieit
et al. and the size-evolved ZP5 data yields a plane-(1.32, 8 = 0.61, v = 0.7) whose
reducedy? values are 4.5, 5.3 and 3.4 when compared to the combinedttatZP5
data and the data of Bettoni et al. respectively. Using efroi$% these values reduce
to 1.8, 2.3 and 1.3 respectively. | therefore find that sizéugion of the host galaxies by
a uniform factor is not sufficient, in and of itself, to explahe difference between the
z = 0 and thez ~ 0.5 Fundamental Planes, since it does not address the difeeianc

rotation between these two planes.

In order for the tilt to be explained by size evolution we wbukquire a mass (and
size) dependent evolution of the host galaxies. Once manpadng the ZP5 plane fitting
in row one of Table 4.2 with the local fitting in row three of Tald.3, and takingr. (as
defined above) to be a function of mass, | find o r!*2A7~%!! (neglecting any other
forms of evolution). This seems more plausible than the rdagendent mass-to-light

ratio evolution, although the actual evolutionary factarquired for my objects (0.09—
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Figure 4.8: A 2D projection of the Fundamental Plane as fitbtetie ZP5 dataz ~ 0.5),
size-evolved by a facto¥ir, = 0.39 (Section 4.4.3). | show the size-evolved ZP5 data
using filled symbols, corrected for passive evolution anerpe-corrected as described
in Section 4.2.2, and the data of Bettoni et al. (2001~ 0.03) with open symbols.
In each case the symbols correspond to the 151 MHz radio hsities. Objects with
Lisi < 103 W Hz ! sr! are shown as stars. Objects with;, between10?-* and
10%>® W Hz~! sr! are shown as squares whilst objects with; between10?® and
10%6-3 W Hz! sr-! are shown as inverted triangles. Objects with, betweenl 0?6 and
10%8 W Hz~! sr-! are shown as triangles, and objects with; > 10%5% W Hz! sr!
are shown as circles. Objects from Bettoni et al. for whichvehlaeen unable to locate a
published radio luminosity are shown as crosses. | showytiedl assumed error on the
data of Bettoni et al. in the top left-hand corner (see SeectiBB).
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86.7, calculated using the same method) are not. A massidepesize evolution could
be driven by environmental effects (where the most massal@xges are found only in
virialized clusters where mergers are suppressed), whinlektigate in Chapter 6 using
deep multi-band imaging data.

| therefore find that, whilst a mass-dependent size evaluti@y be the dominant
effect behind the evolution of the Fundamental Plane, ibissufficient in and of itself
to explain the observed rotation between the 0.5 andz = 0 planes. | suggest that
size evolution may combine with passive evolution and a rdagpendent evolution of

the mass-to-light ratio to produce the observed rotation.

4.4.4 A Link with Recent Star Formation?

| next consider the possibility that my powerful ZP5 radidag#es already inhabit the
local Fundamental Plane, but that the effects of recenfataration make them appear to
lie off it. In other words, is it possible that my objects thatbelow the local Fundamental
Plane could have a bright extended disc of recent star feom#tat would increase the
observed effective radius? Conversely, is it possible thabbjects that lie above the
local plane could have a bright nucleocentric region of mésgar formation that would
decrease the observed effective radius? If the star foomagirminates by = 0 then
the observed effective radius would be altered in both ¢gesibly moving the objects
back on to the local relation.

| test this hypothesis using the strength of the 4b@fieak for my objects; the
D,.(4000) indices (see Chapter 3) can be used as a measure of staeformation,
where younger populations have smaller 4R0feaks, as discussed in Chapter 3. In
Figure 4.9 | show the residual perpendicular to the planegiirfé 4.5 versus [X4000)
for the ZP5 objects. It is seen that those objects that fghiicantly below the local

Fundamental Plane, as well as the two furthest above itaa# tower D),(4000) indices
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and thus younger stellar populations. This lends a degresmimbort to the recent star
formation hypothesis, although | note that some of the dbjdtt fall furthest from the

plane have no evidence of recent star formation whilst s@tiaed on or near the plane
do have evidence for younger stellar populations.

In order to test the hypothesis further | extract the spdotrany objects using a range
of apertures across the galaxy: in addition to the FWHM and Fayértures used above,
| also use an aperture corresponding to the full-width adbgquarters intensity, and a fur-
ther aperture corresponding to the effective radiusof the galaxy. | calculate [Y4000)
indices in each case and look for any trends betwegd@O0) and extraction radius for
each object. However, | find no such trends within the unodrés on D,(4000) and
the amount of possible contamination discussed in Chaptércannot therefore, with
my current data, prove star formation in extended discs aistencentric regions as an

explanation for why some of my objects lie away from the |Ideahdamental Plane.

4.4.5 Correlations with Radio Luminosity

Evidence of a correlation between black hole mass and radnnbsity was first pre-
sented by Franceschini, Vercellone & Fabian (1998), whavsgldothat both the nuclear
and the total radio fluxes of their sample of nearby radioxgesadisplayed a remarkably
tight dependence on black hole mass. This result has bedimnged by more recent
work (e.g. McLure et al. 1999; Lacy et al. 2001; McLure & Jar2004) whilst evidence
has also emerged of a connection between black hole masadindaoudness (e.g. Laor
2000; McLure & Dunlop 2001b; McLure & Jarvis 2004), althougther studies have
found no evidence of such connections (e.g. Ho 2002; Woo & Bd02).

In order to investigate the possible link between radio hosity and black hole mass
for the objects in this sample | calculate the black hole nfiess o using theM -0

relation for elliptical galaxies published byitekin et al. (2009) and propogate errors




4.4. DISCUSSION 111

o
N

: k3 % :
| -+ _
| r S S
| SR TP

©
N
T

Perpendicular Distance to Plane
o
o

0.2 < 25.8 |
L v25.8 < Lg < 26.3
L A 26.3 < L < 26.8
| oL, > 26.8 |
-0.4 L T T R S B .
1.0 1.2 1.4 1.6 1.8 2.0
D.(4000)

Figure 4.9: The residual of the data perpendicular to theelaf Figure 4.5 versus
D,.(4000) for the ZP54 ~ 0.5) objects (Section 4.4.4). Objects withs, < 10%-3
W Hz~! sr ! are shown as stars. Objects withy; between 022 and10%°8 W Hz~! sr!
are shown as squares whilst objects with;, betweenl0?°® and10%63 W Hz! sr-! are
shown as inverted triangles. Objects with; betweenl 0252 and10%-8 W Hz~! sr ! are
shown as triangles, and objects withy; > 10%5® W Hz~! sr-! are shown as circles.




112 CHAPTER 4. THE FUNDAMENTAL PLANE

in the standard fashion by assuming symmetric errormgna as above. It is important
to note that, whilst the majority of the previous studiesehased the high-frequency (5-
GHz) radio luminosity, | use the extended low-frequencyl(MHz) radio luminosity.
This may be significant, since the 151 MHz radio luminositglssely connected with
the time-averaged kinetic energy of the jets (e.g. RawlingSatinders 1991) and the
effects of beaming are smaller on the 151 MHz radio lumiyasian on the 5-GHz radio

luminosity (e.g. Jarvis & McLure 2002).

In Figure 4.10 | show..;5; versus black hole mass. Figure 4.10 provides evidence in
support of a link between radio luminosity and black hole snasing the Spearman rank
correlation coefficient | find a positive correlation betweke L5, radio luminosity and
Mgy at a significance level of 97% (2:2 This is in good agreement with thgs,- Mgy
relation for the whole ZP5 sample found at a significancel le#®7% (2.2r) by McLure
et al. (2004) where the black hole masses were estimatedevid £ - g, . relation of
McLure & Dunlop (2002). However, in contrast to McLure et @004), who find that
the significance of the correlation is increased to 99.5%0(2by excluding the TOOT
objects, | find that excluding the TOOT objects decreasesadhelation significance to
84% (1.4). However, this could be purely due to the decrease in thebeumf objects
used for the analysis: 18 compared to the full sample of 48 uséhe work of McLure
et al. (2004). Additional spectroscopy on the remaininga@alaxies would be needed

to confirm this.

| also find a positive correlation betwedns; andr. (Figure 4.11). Applying the
Spearman rank correlation coefficient yields a significarfc@8% (2.3). It is interest-
ing to note that the TOOT objects (triangles) — FRI type olsjesith L5, < 1023
W Hz ! sr! — do not appear to follow this relation; for the TOOT objectsappears
to be largely independent d@f;5;. This is consistent with the above findings for the Fun-

damental Plane, where the low-luminosity radio sourcesansistent with being able to
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Figure 4.10: The variation of the logarithm of the 151 MHzicaldminosity, L15;, with
black hole mass for the ZP5 (~ 0.5) objects (Section 4.4.5). Circles represent 3C
galaxies, 6C galaxies are represented by triangles, 7&igaldy squares, and TOOT
objects by stars.

passively evolve onto the local relation.

4.5 Conclusions

In this chapter | have presented deep spectroscopic olesrvaf 24 powerful radio
galaxies atz ~ 0.5. | have used a direct fitting procedure to determine the vtgloc
dispersions of the objects and combined these with the fadsxygdata from McLure et

al. (2004) to study the Fundamental Plane.

¢ | have shown that the FRI type objects in the sample, once cteddor passive

evolution, lie on the Fundamental Plane inhabited by thalloadio galaxies of
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Figure 4.11: The variation of the logarithm of the 151 MHzicaldminosity, L15;, with
effective radiusy., for the ZP5 ¢ ~ 0.5) objects (Section 4.4.5). Circles represent 3C
galaxies, 6C galaxies are represented by triangles, 7&igalay squares, and TOOT
objects by stars. The data of Bettoni et al. (200%; 0.03) are shown by crosses.
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Bettoni et al. (2001). The FRII type objects in the sample dolieocdn the local
plane. However, whilst the majority of the sample of Bettarale are lower radio
luminosity (FRI type) objects, the FRII type objects in theingple are consistent
with the local plane. Furthermore, my FRI type objects and iRyl Bype objects
appear able to share the same plane at 0.5. | therefore suggest that radio
galaxies with lower and higher radio luminosities may shiheessame Fundamental
Plane, but that there is substantial evolution in this plagveen: = 0 andz ~

0.5.

e One explanation for the tilt observed between the- 0 and thez ~ 0.5 Fun-
damental Planes is evolution of the host galaxies. | congidssive evolution, a
mass-dependent evolution in the mass-to-light ratio anelvatution in the size of
the host galaxy, but find that none of these effects can, bydbb/es, plausibly ex-
plain the observed rotation. | suggest, however, that samnemation of all three
effects, with size evolution as the dominant factor, may Wiicsent to explain
the difference between the planes. Indeed, indirect eciléor size evolution for
the high-luminosity sources comes from the significantelatron (98%, 2.3) be-
tween the effective radius and the radio luminosity for éhesurces, whereas the

FRI sources do not appear to align with such a relation.

e | also consider the possibility that my radio galaxies dofact, lie on the local
Fundamental Plane (once passive evolution has been cariecy, but that a bright
extended disc or nucleocentric region of recent star faonadlters the observed
effective radius, thus causing some of the objects to appder off the local rela-
tion. Using the [}(4000) index as an indicator of recent star formation, | eaes

hints that this may be having an effect, but the evidenceridan conclusive.

¢ | find evidence at the 97% (2:2 level of a correlation between galaxy velocity




116

CHAPTER 4. THE FUNDAMENTAL PLANE

dispersion and the radio luminosity, suggesting that rdutainosity scales with
black-hole mass. This is in line with previous work on thismgée using the host
galaxy luminosity as a proxy for black-hole mass (McLure let2804). Unlike

McLure et al., however, | do not find that this correlation @®es stronger in the
absence of the low-luminosity (FRI type) radio sources. rilaite this to the lack
of objects in the present study (18) compared with the aigbfsthe full sample

of 41 in McLure et al..




Chapter 5

Imaging Data

Deep multi-band imaging data were obtained, using the Widlel Eamera (WFC) on
the Isaac Newton Telescope (INT), between November 2000/&yd2008 for the entire
z ~ 0.5 (ZP5) sample, with the exception of TOOT0009+3523 and TOIIB33459.
Data for these objects were obtained using the William HexkGelescope (WHT) in
January 2009. In this chapter | describe the acquisitiorhefINT data (Section 5.1)
and its data reduction (Section 5.2). | then describe thegasing of all of the imaging
data (Section 5.3) in preparation for my study of the larggesenvironments of the ZP5

sample in Chapter 6.

5.1 INT Observations

The INT data were obtained between November 2000 and May. 2B88h object was
observed with the Sloan Digital Sky Survey (SDS8)rgand I filters. In most cases,
objects were observed for a total of 2700 seconds in tiheigd and 1800 seconds in the
r' and [ bands, split into three separate observations with apatepoffsets in each case.
The offsets moved bad pixels around on the sky, whilst tharse@ observations allowed

for the removal of cosmic rays and other transients (Se&igh Details for each object

117
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can be found in Table 5.1. A suitable guide star was used fdr ebservation, and slow
readout was used. Bias frames, twilight flat fields and stahskars were also observed

on each night.

5.2 INT Data Reduction

The raw data produced by the telescope need reducing in rdemove, as far as pos-
sible, the effects of the instrument on the data. Thesetsf@e removed in three ways:
bias frames, flat field frames, and fringe frames. The biaaused by the readout noise
of the Charge-coupled Devices (CCDs), and a bias frame is gedelbg reading out
the unexposed CCDs. Flat fields account for distortions in fiteea path, as well as
the non-uniform response of pixels in the CCDs, and are oltaiyeexposures of the
(approximately uniform) twilight sky. Fringing is causetllanger wavelengths by the
interference of incoming photons (whose wavelength is @raigle to the depth of the
CCD) with reflected photons. A fringe frame can be generated &set of unique point-
ings in the relevant filter, and this can be used to substhnteduce the presence of the
fringes in the final images.

| used the INT pipeline at the Cambridge Astronomical Surveyt (rwin & Lewis
2001) in order to reduce my data (bias, flat field and fringen&acorrect, as well as
astrometric and photometric calibrations and stackingdividual frames), as described
below?!

A master bias frame is created by the pipeline for each obwgrun. A maximum of
12 bias frames, forming consecutive runs and omitting tiselias of each night, are me-
dian combined into twelve or fewer combined bias frames.s€r@@mbined bias frames

are then median combined a further time into the master Ibéase for that observing

1] am grateful to Eduardo Gonzalez-Solares of the Institfitéstronomy, Cambridge, for performing
the initial data reduction (bias, flat field and fringe franmegrections and the astrometric and photometric
calibrations) on the observations of the object 6C11116394
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gl rl i/
Object Frames Exp. Time Frames Exp. Time Frames Exp. Time
3C16 3 2700 3 1800 3 1800
3C19 8 7200 6 4500 3 1800
3C46 3 2700 3 1800 3 1800
3C172 4 3600 3 1800 3 1800
3C200 3 2700 3 1800 6 3600
3C225B 3 2700 3 1800 3 1800
3C228 3 2700 3 1800 3 1800
4C74.16 3 2700 3 1800 3 1800
3C244.1 7 6000 3 1800 6 3600
3C274.1 3 2700 3 1800 3 1800
3C295 3 2700 3 1800 3 1800
3C330 6 4500 6 4500 6 4500
3C341 4 2700 3 1800 3 1800
3C427.1 3 2700 3 1800 3 1800
3C457 6 4500 5 3000 6 3600
6C0825+3407 5 3000 4 2400 3 1800
6C0850+3747 3 1800 3 1800 3 1800
6C0857+3945 6 5400 3 1800 10 6000
6C1111+394Q0 6 2700 3 1800 3 1800
6C1132+3439 6 4500 6 3600 6 3600
6C1200+3416 3 2700 3 1820 3 1800
6C1303+3756 2 1800 3 1800 4 2700
7C0213+3418 3 2700 3 1800 3 1800
7C0219+3419 6 5400 3 1800 3 1800
7C0219+3423 3 2700 3 1800 3 1800
7C0220+2952 3 2700 3 1800 3 1800
7C0223+341§ 3 2700 3 1800 3 1800
7C0810+2650 4 3600 3 1800 3 1800
7C1731+6638 3 2700 3 1800 3 1800
7C1806+6831 4 2700 3 1800 3 1800

Table 5.1: The number of frames and total exposure time (iarg#s) making up the final
stack in the § r and 1 bands for the: ~ 0.5 objects observed using the Isaac Newton
Telescope (INT). TOOT0009+3523 and TOOT0013+3459, whienewobserved using
the William Herschel Telescope (WHT), are also included &eetion 5.3.1).
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g/ r i’
Object Frames Exp. Time Frames Exp. Time Frames Exp. Time
TOOT0009+3523 3 1200 3 750 3 750
TOOT0013+3459 3 1200 3 750 3 750
TOOT0018+3510 3 2700 3 1800 3 1800
TOOT1255+3556 3 2400 3 2400 3 2400
TOOT1301+3658 6 5400 3 1800 3 1800
TOOT1303+3334 3 2700 3 1800 3 1800
TOOT1307+3639 5 4500 3 1800 3 1800
TOOT1309+3359 3 2700 3 1800 3 1800
TOOT1626+4523 4 2700 3 1800 3 1800
TOOT1630+4534 5 4500 4 3600 4 3600
TOOT1648+5040 6 5400 3 1800 4 2400

Table 5.1 continued.

run. An example of a master bias frame is shown in Figure 5.1.

A master flat is created for each band observed in each obgemwn. For this pur-
pose, twilight flats with counts in the range 17,000 — 30,060 wsed. ldeally, when
sufficient acceptable flat fields are available from an obsgmun, this range is restricted
to 20,000 — 30,000. The lower constraint is imposed sincdaaocounts results in too
low a signal-to-noise ratio. The upper constraint is a tesiuthe highly non-linear be-
haviour of the CCDs as they near saturation. The acceptabfesftid are bias subtracted
and median combined to produce the master flat for each bamel.pipeline also uses
a look-up table at this stage to correct for non-linearitrethe CCDs. CCDs 2 and 4
exhibit significant non-linearities and share one Analetn®igital Converter (ADC).
This ADC is believed to be the source of the non-linearitigsclv are thus expected to
be stable with time (Irwin & Lewis 2001). Examples of the neadtats from the January
2008 observing run can be found in Figure 5.2. The pipelirtieaa used to bias-subtract
and flat-field the science data, once again using the lookhlp to correct for CCD non-
linearities. The pipeline also corrects the gain for each C&brder to place all of the
CCDs on the same zeropoint system.

At this stage, significant fringing is still present fhband images (and also, whilst
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Sis

T

X3

Figure 5.1: An example of a master bias frame for CCD 4, takam fite January 2008

observing run (Section 5.2).

Figure 5.2: Examples of the master flat frames produced byigetine for CCD 4, taken
from the January 2008 observing run (Section 5.2). Leftdbtrthe images show thé,g

r' and | bands.




122 CHAPTER 5. IMAGING DATA

e

Figure 5.3: An example of fringe removal for CCD 4 in thband, taken from the August
2003 observing run (Section 5.2). The left-hand panel stmvesof the bias-subtracted
and flat-fielded’iimages of TOOT1630+4534. The middle panel shows the masiznd
fringe frame for this run, and the right-hand panel showgldringed science image.

not used in this thesis, | and Z band images). The pipeline asgelection of 10-12
unique pointings in these bands to create a master fringeeffar each observing run.
After manual inspection to ensure that no residual star @aage present, this is used to

de-fringe the science data in theliand Z bands. An example is shown in Figure 5.3.

Confidence maps are generated from the master flats for ea@ndutine pipeline’s
own directory of bad pixels. The confidence maps are useddypifbeline to generate
an object catalogue for each image. An initial astrometoiciteon for each frame is
derived from the telescope pointing, rotator angle, andyageometry. This solution is
improved by comparing the object catalogues with Hubblec8galescope Guide Star
Catalogue objects present in the reduced frames, and theatetios is written to the
image headers. Photometric calibrations are automatipaitformed by the pipeline,

using Landolt standard fields (where observed) from eadfinig
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Finally, the pipeline is used to stack the individual franf@seach object and band
into a single, deeper, image. The pipeline uses the astrimmsetutions in order to align
the (offset) individual frames, producing an image with aereased signal-to-noise ratio
which lacks CCD artefacts (due to the offset between the daestiframes), cosmic rays
and other transients. The pipeline also produces a confderap accompanying each
stack. The total exposure time and number of observatiokswgap each stacked image

can be found in Table 5.1.

5.2.1 Further Photometric Calibrations

The photometry in the stacked images was not always cori@cgne or both of the

following reasons:

1. The constituent frames are median combined into theathokage by the stacking
routine. Thus the counts are not properly combined in thaseswhere constituent

frames had different zeropoints or different exposure sime

2. Some of the constituent frames were observed in non-pteita conditions.

26 of the objects lie in Sloan Digital Sky Survey (SDSS) fiel&®r these objects |
therefore used the photometry of bright stars taken fronSE&S catalogifen order to
manually calibrate the zeropoints in the final stacked imag®er the remaining objects,
| used the reduced nightly standard stars (and, where apat®pan individual frame
observed in photometric conditions) to manually calibtatezeropoints.

The 1 band data for 3C172 was obtained on the night of 27/01/200&hguffered
from particularly bad weather. As well as non-photometatag no suitable standard star
was obtained on this night, and 3C172 does not lie within th8SBegions. The band

photometry for 3C172 can not, therefore, be relied upon, aatlude this object from

2http://cas.sdss.org/astrodr7/en/
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the analysis in Chapter 6. Examples of the multi-colour insagfethe central CCD for

each object, created from the final reduced images, are simoWigure 5.4.

5.3 Data Processing

5.3.1 Source Extraction

Following the reduction of the INT data, | further processlee data so they could be
used to investigate the large scale environments surrogritle radio galaxies (Chapter
6). Similar data for two further ZP5 objects (TOOT0009+3%2@ TOOT0013+3459),

obtained using the WHT and already reduced, were processkd same way.

To begin with, the data from the central chips was copied sirigle-extension FITS
files. For each object, the central chip (CCD 4 for the INT dath@€D 2 for the WHT
data) images the ZP5 radio galaxy and its environment. Té@nsemost sensitive chips
(CCD 1 for both the INT and the WHT) were also copied into singleersion FITS files
to act as reference images. The confidence maps accompdhginbject and reference

chips were copied in the same way.

Each of the images was then normalised by the exposure taken(from the image
header). The Image Reduction and Analysis Facility (IRM@gistertask was used to
register the gand f band images to the (deeperpand images. Finally, the Sextractor
programmé was used to extract a catalogue of sources for each imaghy, ferause in

Chapter 6.

3The data for TOOT0009+3523 and TOOT0013+3459, obtainatusie WHT, were reduced by my
principal supervisor, Dr Matt Jarvis.
http://www.astromatic.net/software/sextractor
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Figure 5.4: Examples of thgri multi-colour images of the environments of the- 0.5
objects (Section 5.2.1). Top row (left to right): 3C16, 3C2860857+3945. Bottom row
(left to right): 7C0213+3418, 7C0219+3419, TOOT1648+5040.
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5.3.2 Completeness

In order to investigate the completeness of each of my imaddasgan by adding fake
galaxies to the single-extension image files normalisechbyexposure time. For each
image, the fake galaxy was constructed as a point spreatidamwith Gaussian profiles.
The vertical dimension had a full-width at half-maximum (FWIHof 0.9” convolved
with the seeing of the image. The horizontal dimension haw&iM of 1.2” convolved
with the seeing. The galaxies were given a magnitude betwgemd 33, with 200 fake
galaxies per 0.1 magnitude bin, and the magnitudes wer@nalgadyenerated within each
bin. The fake galaxies were split between 20 fake imagesdardo prevent overly dense
fields. | also required that each fake galaxy was at least @€pfrom any other fake

galaxy.

The sources in the fake images were then extracted usinggSetand compared to
the catalogue of inserted fake galaxies in order to deterthia fraction recovered at each
magnitude for each image. | show examples of the completengses for the objects in
Figure 5.5. Based on the completeness curves, | impose areatige cut of f < 21.5
and correct my data for completeness. This cut is based @othpleteness curves rather
than the sensitivities since my determination of the senits#ts is affected by the presence
of bright stars in some of the fields. For< 21.5 the completeness fractions range from

1.0 down to 0.76.

For the completeness correction | fit a third order polyndnaseach completeness
curve for i < 21.5 (also shown in Figure 5.5). A satisfactory fit is achieveddtbiof the
images except for the 6C1111+394®and image, for which | use two polynomials (for

i’ <2landi > 21).
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5.4 Summary

In this Chapter | have described the observations and datetied used to obtain wide
field multi-band imaging of the ZP5 sample. The observatimese made between
November 2000 and May 2008 using the WFC on the INT and in Jgr2@09 using
the WHT. In each case thé,g’ and I filters were used. The INT data were reduced
using the Cambridge Astronomical Survey Unit pipeline, ahdtpmetric calibrations
were performed manually using the nightly standard stavgedisas data from the SDSS.
Sources were extracted using Sextractor and completerses®hs were calculated for

each image by inserting fake galaxies into them before teeting.
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Figure 5.5: Examples of completeness curves (black) foZ#® objects, overlaid with
the fitted polynomial (blue) as described in Section 5.3.2.
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Figure 5.5 continued.

IMAGING DATA
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Chapter 6

The Radio Galaxy Environments

In this chapter | use the wide field imaging data from the ISdewton Telescope (INT),
as described in Chapter 5, to study the environments of thé).5 (ZP5) sample in order
to investigate the connection between the radio properteshost properties and the
environments of the ZP5 galaxies. In Section 6.1 | deschbealata and colour selections
used for my overdensity calculations, together with my @laliton of the background
density. | investigate the annular overdensities as a imaif radio luminosity, host
luminosity, radio morphology and spectral classificatinnSection 6.2 and in Section
6.3 | use an alternative measure of the overdensity to funtirestigate the relationships
between environment and radio luminosity and between@mwient and host luminosity.
In Section 6.4 | investigate the possible link between emriment and orientation of the
radio jet and in Section 6.5 | consider alignments betweeretivironments and the ZP5

host galaxies before concluding in Section 6.6.
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6.1 Environmental Densities

6.1.1 INT Wide Field Imaging Data

In order to study the environments of the ZP5 radio galaxieseld the INT wide field
imaging data, the observations and data reduction for wiasle been described in Chap-
ter 5. Each chip on the INT covers a large sky area of 2218.4 arcmin (Irwin & Lewis
2001), which corresponds to 8:44.2 Mpc atz = 0.5, thus providing a sufficiently large
field of view to study typical clusters(1 Mpc in size; e.g. Hansen et al. 2005).

The data processing described in Chapter 5 produced a caggllogeach of the final
INT images; one catalogue for the central Charge-coupleddedCD) and one cata-
logue for the reference CCD for each band and each ZP5 objeeteTldatalogues listed
all of the sources extracted from each of the final imagesthay with their magnitudes

in the d, r' and i bands.

6.1.2 Colour Selection

Using the catalogues described in Chapter 5 and Section 6.4ekt imposed a colour
selection on the sources in each of these catalogues sceaigebd specific redshift range
(surrounding the redshift of the objects) and thereforeemal investigations less prone
to issues associated with the foreground and backgroundagamns which dominate the
number counts. | used Hypéro generate SDSS,g’ and | band magnitudes for 10,000
elliptical galaxies in the redshift range= 0 to = = 6. For this | used the appropriate filter
transmission functions and elliptical galaxy templatesiefned in Hyperz. | assumed
a formation redshift ot,,,,, = 4, although | note that the actual choicezgf,,, makes
no difference to the colour cuts imposed in this chapter when, > 2, and made no

corrections for reddening due to dust. The resulting ceftedshift and colour-colour

http://webast.ast.obs-mip.fr/hyperz/
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diagrams are shown in Figure 6.1. | then used the colouhitdagrams to determine
manually the colour cuts needed to select elliptical galsm the redshift range= 0.3

to z = 0.7. The colour cuts imposed on the sources were as follows:

e 154 < (g —1) <195
e 0.83 < (1 —1') < 1.40

e 262 < (g — i) < 3.01

The effect of these colour cuts on the galaxy templates géeetby Hyperz is shown
in Figure 6.1. | note that imposing these colour cuts willéthe effect of excluding blue
star forming objects in the vicinity of my sources as wellagrses which are highly red-
dened due to the effects of dust. However, the ranges atee®yabroad, and should still
provide an accurate measure of the overdensity since teetspr both the background
count (Section 6.1.3) and the cluster investigations {8et6.2 and 6.3) are filtered in

the same way.

6.1.3 Background Density

To investigate the environmental densities surroundiegaR5 objects it was necessary
to calculate the background galaxy density as a point ofreefee. To do this | used
the extracted catalogue for each of the final stacked retergmages (Section 6.1.1) and
imposed the same colour cuts as used for the sources fatlittygeacentral chips (Section
6.1.2). Using the same colour cuts ensures that the same ¢yjpbjects are selected for
both the cluster density and background density calcudatio

In addition, when calculating the background density | onded the half of each
reference chip that observed the sky furthest from the #&stsacZP5 object. This was to

minimise the effects on the background count of any largdesstructure surrounding the
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Figure 6.1: Colour-redshift and colour-colour diagramstif@r elliptical galaxy templates
generated using Hyperz (Section 6.1.2). Red symbols deootees retained by the
colour cuts described in Section 6.1.2, whilst black symlai@note those sources which
are excluded.
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radio galaxies. Using only the furthest halves of the refeeechips removes the effects
of structures smaller tharn 4 Mpc since the distance on the= 0.5 sky between the
centre of the central chip and the centre of the referenge @hithe INT is 4.2 Mpc
(Section 6.1.1 and Irwin & Lewis 2001). This is sufficient tamove the effects of the
clusters on the calculated background density in normascésince a typical cluster is
~1 Mpc in size; e.g. Hansen et al. 2005), although very largstels may still have a
small effect on the calculated value by raising it slightigrh the true value. However,
this offset will not affect any trends present in the data @i significances, since the
same offset will be present for all of the objects. Neverhs] this potential drawback
is later addressed in Section 6.3 by using a background estimhated over a wide area
from the Canada-France-Hawaii Telescope Legacy Survey (CBHD1 field?

Finally, from the sources on the furthest half of each chipciwihemained in the ref-
erence catalogues after the colour cuts, | calculated teemge density of sources per
unit area, along with the Poisson uncertainty. | correchedrtumber counts for com-
pleteness according to Section 5.3.2. My final calculatettdgpaund source density was

(2.140.1) x 106 kpc2.

6.2 Annular Overdensities

The first set of overdensity measurements that | consideharenvironmental overdensi-
ties surrounding the ZP5 radio galaxies relative to the gemknd source count, measured
in concentric annuli (centred in each case on the relevaitatifect). To calculate these
overdensities | used sources from the central chips (chgpfew TOOT0009+3523 and
TOOTO0013+3459, obtained using the William Herschel Tedpsg and chip four for the

remainder of the objects, observed using the INT) which hed¢he colour cuts of Sec-

’Details of the CFHTLS, the Deep Survey and the D1 field can beindo at
http://www.cfht.hawaii.edu/Science/CFHLS/, http://wwast.obs-mip.fr/article204.html and
http://www.ast.obs-mip.fr/article212.html respeclyve
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tion 6.1.2. | excluded the ZP5 radio galaxy from the sourseili each case and sorted
the remaining objects into ten concentric annuli of equabgd® kpc?). The number

counts in each annulus were corrected for completenessaslukd in Section 5.3.2 and
converted into a source density per unit area. Finally, tragbed the background den-
sity from the density of sources per unit area to determieeotrerdensity around each
ZP5 object in each annulus. In addition, the Poisson urioéiga on the source densities
were combined in quadrature with the uncertainty on the dpaeknd density in order to

determine the uncertainties on the final overdensities.olVieedensity calculated in each

annulus for each object is listed in Table 6.1.

6.2.1 Overdensity and Radio Luminosity

Investigating the existence of a relationship betweendkerluminosity of the ZP5 ob-
jects and their environmental overdensities is of interedight of the suggestion (e.g.
Barthel & Arnaud 1996; Kauffmann, Heckman & Best 2008; Faldeale2010) that
radio jets are enhanced in denser environments, since ardemgaronment would give
rise to a denser inter-galactic medium (IGM) through tidabping. This leads to an
increased amount of material on which the radio jets can waehkch would in turn in-
crease the radio jet synchrotron losses and hence the tadindsity. If this hypothesis
is correct then we would expect the radio luminosity of thé ZBjects to be positively
correlated with their environmental overdensities. Hosvewas discussed in Chapter 4,
we know that radio luminosity is correlated with black-hotass and so (via the relation
between black hole mass and bulge luminosity, e.g. McLureu&lBp 2001b; McLure
& Dunlop 2002; Gultekin et al. 2009) host galaxy magnitude. Thus in Secti@d also
investigate whether there is a link between the environalel@nsity and the host galaxy
magnitude.

To investigate whether such a relationship exists, | firat@xe the annular overden-




Overdensity / 10 kpc?

Object r < 564 564 < r 798 < r 97T < r 1128 < r 1262 < r 1382 < r 1493 < r 1596 < r 1693 < r

< 798 <977 < 1128 < 1262 < 1382 < 1493 < 1596 < 1693 < 1784
3C16 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.11£+0.10 -0.21+0.01 -0.214+0.01
3C19 0.40+ 0.25 0.20+ 0.20 0.40+ 0.25 -0.21+0.01 0.50+0.27 -0.11+£0.10 0.10+£0.18 -0.01+0.14 0.20+£0.20 -0.114+0.10
3C46 -0.10+0.112 -0.10+0.11 -0.21+0.01 -0.21+0.01 -0.10+0.11 0.01£0.15 -0.21+0.01 0.01+0.15 -0.10+£0.11 -0.10£0.11
3C200 0.40+ 0.25 0.10+ 0.18 -0.114+0.10 0.50+ 0.27 -0.214+ 0.01 0.10+ 0.18 -0.01+£0.14 -0.21+0.01 -0.01+0.14 -0.11+0.10
3C225B 0.00£0.15 -0.11+0.10 0.30£0.23 0.10+£0.18 -0.11+0.10 0.10+0.18 0.20+£0.21 -0.11+0.10 0.10+£0.18 -0.21£0.01
3C228 0.40+ 0.25 0.20+ 0.20 0.20+ 0.20 -0.01+£0.14 -0.21£0.01 0.10+ 0.18 -0.21+ 0.01 0.30+ 0.23 -0.11+0.10 -0.21+£0.01
4C74.16 0.21+0.21 0.00+ 0.15 -0.10+£0.11 0.21+0.21 0.00+ 0.15 -0.10+£ 0.10 -0.21+0.01 0.00+ 0.15 0.00+ 0.15 0.10+ 0.18
3C244.1 0.81+ 0.32 0.10+ 0.18 0.30+ 0.23 0.51+ 0.27 0.304+ 0.23 0.204+ 0.20 0.404+ 0.25 0.10+ 0.18 0.20+ 0.20 0.30+ 0.23
3C274.1 0.60+0.29 -0.01+0.14 0.199-0.20 -0.11+0.10 -0.01£0.14 0.09t0.17 0.09+0.17 -0.01+0.14 -0.01£0.14 -0.21+£0.01
3C295 2.54+0.53 1.014+0.35 0.30+ 0.23 0.20+ 0.20 0.20+ 0.20 0.40+£0.25 -0.11+0.10 0.40£0.25 0.40+ 0.25 0.00+ 0.14
3C330 0.20+0.21 -0.112+0.10 -0.11£0.10 -0.21+0.01 0.00+ 0.15 0.10+ 0.18 0.00+ 0.15 0.20+£0.21  -0.11+0.10 0.82+0.32
3C341 0.50+0.27 -0.01+0.14 0.10+£0.18 -0.01+0.14 -0.11+0.10 0.30+0.23 0.30+£0.23 -0.11+0.10 -0.11+0.10 -0.01£0.14
3C427.1 0.30+ 0.23 0.20+ 0.20 0.71+£ 0.31 0.00+ 0.15 0.71+ 0.31 0.40+ 0.25 0.40+ 0.25 0.61+ 0.29 0.61+ 0.29 0.10+ 0.18
3C457 0.71+£0.31 0.10+ 0.18 0.41+ 0.25 0.30+ 0.23 0.51+ 0.27 0.51+ 0.27 0.40£ 0.25 0.41£ 0.25 0.61£ 0.29 0.414+ 0.25

6C0825+3407| 0.00+0.14 -0.11+0.10 0.20+0.20 0.20+ 0.20 0.00£0.14 0.20£0.20 0.40£0.25 0.20£0.20 0.10+£0.18 0.20+0.20
6C0850+3747| 0.42+0.26 1.15+£0.38 0.73+0.31 0.21+0.21 0.21+0.21 0.84+ 0.33 0.32+0.23 032023 0.21+0.21  0.11+0.18
6C0857+3945| 0.20+0.20 0.00+0.15 0.60+£0.29 -0.01+0.14 -0.01+0.14 0.40£0.25 0.20£0.21 0.10+0.18 -0.01+0.14 -0.11£0.10
6C1111+3940( -0.11+0.10 -0.11+0.10 -0.21+0.01 -0.21+0.01 -0.11+0.10 -0.01+0.14 -0.21+0.01 -0.01+0.14 -0.11+0.10 -0.21£0.01
6C1132+3439| 0.40+0.25 0.50+0.27 -0.01+0.14 0.20+0.20 -0.01+0.14 0.20£0.20 0.20+0.20 -0.11+0.10 0.09£0.18 -0.01£0.14
6C1200+3416/ 0.40+0.25 -0.11+0.10 -0.21+0.01 -0.11+0.10 -0.21+£0.01 0.09£0.17 0.19+0.20 0.09+£0.17 -0.21£0.01 -0.11+0.10
6C1303+3756| 0.09+0.18 0.20+0.20 0.80+£0.32 -0.21+£0.01 0.20+0.20 -0.01+0.14 -0.01+£0.14 -0.11+0.10 -0.11+0.10 -0.01£0.14
7C0213+3418| 0.51+0.27 0.61+0.29 0.61+£0.29 0.31+0.23 0.30+ 0.23 0.51+ 0.27 0.10+0.18 0.51+£0.27 -0.01+£0.14 0.41+0.25
7C0219+3419| -0.11+0.10 0.10+0.18 -0.11+0.10 -0.11+0.10 -0.21+0.01 0.10£0.18 0.00+0.15 -0.21+0.01  0.00+0.15  0.00+ 0.15
7C0219+3423| 0.00+0.15 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.10+0.11 -0.10+0.11 -0.10+0.11 -0.21+0.01 -0.21+0.01 0.00+ 0.15
7C0220+2952| 0.01+0.15 0.12+0.19 -0.21+0.01 0.33+0.24 0.12+0.19 -0.10+0.11 -0.10+£0.11 0.01+0.15 0.01£0.15 -0.10£0.11
7C0223+3415| -0.11+0.10 -0.21+0.01 -0.01+0.14 -0.21+0.01 0.20+0.20 0.00+0.14 -0.21+0.01 -0.11+0.10 -0.21£0.01 -0.114+0.10
7C0810+2650| 0.41+0.25 0.51+0.27 0.10+£0.18 0.10+0.18 0.00+ 0.15 0.10+0.18 -0.11+0.10 0.20+£0.20 0.10+0.18  0.00+ 0.15
7C1731+6638| -0.11+0.10 0.20+0.21  -0.11+0.10 0.00+0.15 -0.11+0.10 -0.11+0.10 0.10+0.18 0.10+0.18 -0.11+0.10 -0.21+£0.01
7C1806+6831| -0.11+0.10 0.10+0.18 0.21+0.21 -0.21+0.01 -0.11+0.10 -0.11+0.10 -0.21+0.01 -0.21+0.01 0.10+£0.18 -0.11£0.10

Table 6.1: The final environmental overdensity calculatediad eachr ~ 0.5 (ZP5) object and for each of the ten annuli described
in Section 6.2. In each caseas the distance from the central ZP5 object in kpc.
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Overdensity / 10 kpc?
Object r < 564 564 < r 798 < r 97T < r 1128 < r 1262 < r 1382 < r 1493 < r 1596 < r 1693 < r
< 798 < 977 < 1128 < 1262 < 1382 < 1493 < 1596 < 1693 <1784

TOOT0009+3523| 0.03+ 0.24 0.03+ 0.24 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 0.03+0.24 -0.21+0.01 0.03+ 0.24 -0.21+ 0.01
TOOT0013+3459| 0.05+0.26 -0.214+0.01  0.05+ 0.26 0.05+£ 0.26 -0.21+0.01 -0.21+£0.01 -0.21£0.01 -0.21+£0.01 -0.21+0.01 -0.214+0.01
TOOT0018+3510| -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.11+0.10 -0.21+0.01 -0.21+0.01 -0.21+£0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01
TOOT1255+3556| 0.10+0.18 -0.214+0.01  0.204+0.20 0.10+ 0.18 0.10+ 0.18 -0.01+0.14 -0.01+0.14 -0.21+0.01 -0.01+£0.14 -0.01+£0.14
TOOT1301+3658| 0.51+ 0.27 0.10£ 0.18 0.00+ 0.14 0.00+£0.15 -0.21+0.01 0.00+0.14 0.00+£0.15 -0.21+0.01 0.10£0.18 0.10+£ 0.18
TOOT1303+3334| 0.09+ 0.17 -0.11+0.10 -0.01+0.14 -0.01+0.14 -0.11+0.10 0.194+0.20 -0.01+0.14 -0.01£0.14 -0.11+£0.10 -0.21+0.01
TOOT1307+3639| 0.29+0.22 -0.01+0.14 -0.11+0.10 -0.01+0.14 0.09+0.17 -0.11+0.10 -0.01+0.14 -0.01+£0.14 -0.11+0.10 -0.01£0.14
TOOT1309+3359| -0.01+ 0.14 0.10+ 0.18 -0.11+0.10 -0.114+0.120 -0.11+0.10 -0.11+0.10 -0.11+0.10 -0.12+0.10 -0.21+£0.01 -0.21+0.01
TOOT1626+4523| -0.21+0.01 -0.21+0.01 -0.21+£0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+0.01 -0.21+£0.01 -0.21+0.01
TOOT1630+4534| 0.10+ 0.18 -0.21+ 0.01 0.204+ 0.21 -0.11+ 0.10 0.00+ 0.15 -0.21+ 0.01 0.30+ 0.23 0.00+ 0.15 0.00+ 0.15 0.00+ 0.15
TOOT1648+5040| 0.00+0.15 -0.10+0.11 0.10+0.18 0.00+0.15 -0.10+0.11 -0.10+£0.11 0.00+0.15 0.10+ 0.18 0.00+ 0.15 -0.214+0.01

Table 6.1 continued.
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sities of the ZP5 objects, binned according to their 151 Maldia luminosity (51).
| adopt the same radio luminosity bins as used in Chapter 4elyam;, < 10%3
WHz !'srt, Lis from10%3t0102°* WHz 'sr !, L5 from10%®¥t0 10?63 WHz ! sr !,
L5 from 1063 t0 1028 W Hz ! srt andLy5; > 10268 W Hz~! sr!. | show the result-

ing binned overdensities in Figure 6.2.

Figure 6.2 shows a significant overdensity.§( 0.7) x 1075 kpc~2; significant at the
6.90 level] in the first annulus of the bin with the greatest radiminosity [that is to say,
logio(L15:/WHz !sr 1) > 26.8] and some level of overdensity extending out to the outer
radii. This not seen in the other bins, in which a modest as@ymficant overdensity
is found in the inner annulus in each case. The bin with theettwadio luminosity
[logio(Li5:/WHz tsrt) < 25.3] is seen to exhibit an underdensity in the outer annuli,

although the uncertainties preclude definitive statements

These results suggest the presence of some link betweeadiweluminosity of the
ZP5 objects and the richness of their environments. Howévaste that the bin with
the greatest radio luminosity [leglL.5,/WHz 'sr ') > 26.8] contains within it the ob-
ject 3C295, which is known to reside in an extremely densetely®.g. Hill & Lilly
1991). Care must therefore be taken to consider whether @lensities exhibited in
this bin are due solely to the inclusion of 3C295 or whethey thdicate a wider trend. |
therefore recalculate the binned overdensities for thg (bgs/WHz 'sr!) > 26.8 bin,
excluding 3C295 from the analysis. The resulting overdesssare shown by the grey
dashed line in the final subfigure of Figure 6.2. Even withd®235, it can be seen that
the most radio luminous objects still exhibit a significaneensity (at the 50level)
in the inner annulus. Whilst not as large as when 3C295 is iecluthis overdensity is
still significantly greater than those found in the othersbinith the next most significant
overdensity in the first annulus being at thedll8vel in the secondli(;s, from 10%°-3 to

10%>® W Hz! sr'1) bin. The outer annuli also continue to show evidence of deesi-
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Figure 6.2: The environmental overdensity in each of theulriar the ZP5 galaxies,
binned according to their 151 MHz radio luminosify,;; (Section 6.2.1). The black line
in each subfigure shows the binned overdensity for all of theats contained within the
bin. The grey dashed line in the final bih§; > 10%%® W Hz~! sr!) shows the binned
annular overdensity when the object 3C295 is excluded framehults.
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All Objects 3C295 Excluded
Annulus ¢/kpc) p  Significance p  Significance
r < 564 0.38 98% 0.33 96%
564 <r <977 0.34 97% 0.29 93%
r <977 0.43 99% 0.39 98%

Table 6.2: The Spearman’s rank correlation coefficiept$dr correlations between the
151 MHz radio luminosities of the ZP5 objects and their emwinental overdensities,
together with their associated significances that theyadevirom the null hypothesis
of no correlation (Section 6.2.1 and Figures 6.3, 6.4 anll @.be coefficients and their
significances are listed for the three annuli used in Figbr@éso 6.5, namely < 564 kpc,
564 kpc < r < 977 kpc andr < 977 kpc (wherer is the distance from the central ZP5
galaxy). I also show the coefficients and their significaivgesn 3C295 is excluded from
the analysis (see Section 6.2.1).

ties. Therefore, even without 3C295, my data suggest tharttieonmental density and

the radio luminosity of the ZP5 objects may be linked in sonag.w

To investigate this possible link further, in Figures 6.3, &nd 6.5 | show the 151 MHz
radio luminosities of each of the ZP5 objects versus thaeirenmental overdensities for
three annulirr < 564 kpc, 564 kpc < r < 977 kpc andr < 977 kpc respectively (where
r is the distance from the central ZP5 galaxy). | also test eathese three data sets for
correlations using Spearman’s rank correlation coefficiand the resulting coefficients
and their significances are listed in Table 6.2. These @rogls are tested using the
full ZP5 sample (40 objects, or 39 when 3C295 is excluded) avarge range in radio

luminosity, ensuring that the resulting statistics areusib

Figure 6.3 shows hints of a relationship between 151 MHzoradninosity and envi-
ronmental overdensity in the< 564 kpc annulus, with some (but not all) of the objects
with higher radio luminosities exhibiting greater overdities than objects at lower radio
luminosity. This can be seen slightly more clearly in thegi®ed means of Figure 6.3.
Calculating Spearman’s rank correlation coefficient fordag | find a positive correla-
tion, with the null hypothesis of no correlation being régetat 98% (2.3) significance

(see Table 6.2), although this drops to 96% 3 @hen 3C295 is excluded (as discussed
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Figure 6.3: The environmental overdensity pef kpc’ versus the logarithm of the
151 MHz radio luminosity (ks;) for the r < 564 kpc annulus, where is the dis-
tance from the central ZP5 galaxy (Section 6.2.1). Fand&dffy Class | (FRI) ob-
jects are shown as stars whilst Fanaroff-Riley Class Il (FRHjects are shown as
squares. Simultaneously, Low Excitation Galaxies (LEGs)sbhown using open sym-
bols whilst High Excitation Galaxies (HEGs) are shown uditigd symbols. 3C295 is
highlighted with a red symbol. | also calculate the weighteglan overdensity in six
bins of equal size itbg,,(L15./WHz 'sr ), betweerog,,(L5:/WHz 'sr ') = 24.7 and
log,o(L151/WHz 'sr 1) = 27.7 (excluding 3C295). These weighted means are shown by
the blue circles.
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Figure 6.4: The environmental overdensity pef kpc’ versus the logarithm of the
151 MHz radio luminosity (ks;) for the 564 kpc < r < 977 kpc annulus, where is

the distance from the central ZP5 galaxy (Section 6.2.1haFaf-Riley Class | (FRI)
objects are shown as stars whilst Fanaroff-Riley Class Il (F8tjects are shown as
squares. Simultaneously, Low Excitation Galaxies (LEGs)sbhown using open sym-
bols whilst High Excitation Galaxies (HEGs) are shown uditigd symbols. 3C295 is
highlighted with a red symbol. | also calculate the weighteglan overdensity in six
bins of equal size itbg,,(L15./WHz 'sr ), betweerog,,(L5:/WHz 'sr ') = 24.7 and
log,o(L15:/WHz 'sr 1) = 27.7 (excluding 3C295). These weighted means are shown by
the blue circles.
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Figure 6.5: The environmental overdensity pef kpc® versus the logarithm of the
151 MHz radio luminosity (ks;) for the r < 977 kpc annulus, where is the dis-
tance from the central ZP5 galaxy (Section 6.2.1). Fand&dffy Class | (FRI) ob-
jects are shown as stars whilst Fanaroff-Riley Class Il (FRHjects are shown as
squares. Simultaneously, Low Excitation Galaxies (LEGs)sbhown using open sym-
bols whilst High Excitation Galaxies (HEGs) are shown uditigd symbols. 3C295 is
highlighted with a red symbol. | also calculate the weighteglan overdensity in six
bins of equal size itbg,,(L15./WHz 'sr ), betweerog,,(L5:/WHz 'sr ') = 24.7 and
log,o(L151/WHz 'sr 1) = 27.7 (excluding 3C295). These weighted means are shown by
the blue circles.
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above). Further from the radio galaxy this relationshipessldiscernible, as illustrated
by the564 kpc < » < 977 kpc annulus, with a correspondingly lower significance far t
Spearman’s rank correlation coefficient (Table 6.2). Thayever, is unsurprising since
for any cluster we would expect the environmental densityetad towards the back-
ground count as the edge of the cluster is approached. Theigeth¢ < 977 kpc)

annulus shows some evidence for the correlation again mthetindividual data points
and the weighted means, and the null hypothesis is herdedjatthe higher significance

of 99% or 2.& (falling to 98% or 2.3 when 3C295 is excluded).

| therefore find tentative evidence of a relationship betwkEsl MHz radio luminosity
and environmental overdensity in the centres of the ZPS3eisisin agreement with the
suggestion that radio jets are enhanced in denser envirdamEhis finding is in contrast
to the work of Wold et al. (2001) and McLure & Dunlop (2001ajkdebed in Chapter
1, who find no significant difference in environment betweadiag-loud and radio-quiet
guasars (although in agreement with other studies descib€hapter 1). However,
the radio-loud objects used by both Wold et al. (2001) and iel& Dunlop (2001a)
do not span the range of radio luminosities encompassedeby b sample. Most of
their objects have lag(L5/WHz !sr!) < 26.5, which is below the range in lumi-
nosity where the positive correlation in my data is paraciyl noticeable. Furthermore,
although McLure & Dunlop (2001a) found no correlation betweadio luminosity and
environmental density for the radio-loud quasars and rgdiaxies in their sample taken
together, they did note that an apparent positive corogldbetween the two quantities
was driven by the radio galaxies on their own, which is cdastswith my findings here.
| also emphasise the unique qualities of the ZP5 sampleguahjects from complete,
radio selected samples at a single redshift as | do here esrbe need to attempt to
construct samples adequately matched in radio luminosiyhest luminosity from dif-

ferent parent surveys as has been the case with previousstiithis enables the analysis
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presented here to be performed without the difficulties anmkrtainties inherent in these
previous approaches.

Finally, | note that the tentative correlation found in myalis not a tight relationship;
several of the objects with higher radio luminosities do mstide in particularly dense
clusters. Clearly there are more variables at work, and satirage in the remainder of
this chapter to investigate the environmental densitielsaany possible link with the host
magnitude, radio morphology or spectral classificationywalf as direction-dependent

variations in the environmental densities.

6.2.2 Overdensity and Host Magnitude

Under hierarchical galaxy formation and evolution, thegést and most massive galax-
ies reside in the densest regions of the universe (e.g. [@adbk 1988; Hamilton 1988;
Croton et al. 2005; Deng, He & Jiang 2007; Zandivarez & Muesz 2011). This being
the case, we would expect the optical luminosities of the g&axies to be linked to
their environmental densities, with the brightest and muss$sive objects residing in the
densest environments. In order to investigate such a limkamine the annular over-
densities of the ZP5 objects, binned according to their Rildbaost magnitudeN/z). |
use the following host magnitude bind7p > —22.98, —23.46 < Mpr < —22.98 and
Mpr < —23.46. These bins ensure approximately equal numbers of obje@adh bin
(13, 13 and 14 respectively). In Figure 6.6 | show the resglbinned overdensities.
Figure 6.6 shows that the bin with the lowest host luminogit; > —22.98) does
not show an environmental overdensity, even in the innerranauli. Furthermore,
there is some suggestion of an underdensity in the outerbinost The middle bin
(—23.46 < Mp < —22.98) shows a modest overdensity in the inner three annuli, re-
ducing to the background density by the outer edge of my annthe brightest bin

(Mgr < —23.46) displays an overdensity in the innermost annulus, althab overden-
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Figure 6.6: The environmental overdensity in each of theulriar the ZP5 galaxies,
binned according to their host magnitudey (Section 6.2.2). The black line in each
subfigure shows the binned overdensity for all of the objeatgained within the bin. The
grey dashed line in the final bil{r < —23.46) shows the binned annular overdensity
when the object 3C295 is excluded from the results.
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All Objects 3C295 Excluded
Annulus ¢/kpc) p  Significance p  Significance
r < 564 -0.34 97% -0.29 92%
564 <r <977 -0.23 85% -0.18 72%
r <977 -0.36 98% -0.31 95%

Table 6.3: The Spearman’s rank correlation coefficiept$dr correlations between the
host magnitudes of the ZP5 objects and their environmertadensities, together with
their associated significances that they deviate from tiidwgpothesis of no correlation
(Section 6.2.2 and Figures 6.7, 6.8 and 6.9). The coeffgiand their significances are
listed for the three annuli used in Figures 6.7 to 6.9, namety564 kpc, 564 kpc < r <

977 kpc andr < 977 kpc (wherer is the distance from the central ZP5 galaxy). | also
show the coefficients and their significances when 3C295 imid&d from the analysis
(see Section 6.2.1). Note that the coefficients are negsiti® a more luminous object
has a smaller magnitude, and the horizontal axes of Figures 6.9 are correspondingly
reversed.

sity is not significantly greater than the overdensity foumthe innermost annulus of the
—23.46 < Mpr < —22.98 bin, and indeed is actually less when 3C295 with its populous
cluster is excluded from the analysis (see Section 6.2 .djthErmore, the overdensities
in the next two annuli out are not as significant for thg; < —23.46 bin as for the

—23.46 < Mp < —22.98 bin.

Therefore, comparing the faintest bin with the other twod bants of a connection
between the host magnitudes of the ZP5 objects and theidensities. However, the
similarities between the-23.46 < Mg < —22.98 and My < —23.46 bins (particularly
when 3C295 is excluded from the analysis) suggest that theeobion may not be a
strong one. In a similar fashion to Section 6.2.1, | invedighis possible link further in
Figures 6.7, 6.8 and 6.9, in which | show the host magnitudéseoZP5 objects versus
their environmental overdensities for the three annulduseSection 6.2.1r < 564 kpc,

564 kpc < r < 977 kpc andr < 977 kpc respectively. Once again | test each of these
three data sets for correlations using Spearman’s ranklation coefficient. | list the
resulting coefficients and their significances in Table &@ain, the statistics are robust

given the use of a large number of objects and a wide rangesirinminosity ¢ 2 mag).




6.2. ANNULAR OVERDENSITIES 151

0 < r/kpc < 564

8¢O: IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIII :
F Y% FRI, LEG ]
~, 2.5F % FRI, HEG -
Q. F O FRIL LEG ]
~< 5 gfF W FRI, HEG _-
) U W 3C295 ]
- [ ® Weighted Mean ]
~. 15F -
> r ]
4o - u
w10 + -]
c C ]
9) C ]
f% 0.5F + 'H] + ﬁ .
> C ® + ]
S ooof 4 PP b
05 e e e ]
—21 —22 —23 —24

Figure 6.7: The environmental overdensity pet kpc? versus host magnitudé () for
ther < 564 kpc annulus, where is the distance from the central ZP5 galaxy (Section
6.2.2). Fanaroff-Riley Class | (FRI) objects are shown as sthiist Fanaroff-Riley Class

Il (FRII) objects are shown as squares. Simultaneously, Lreit&tion Galaxies (LEGS)
are shown using open symbols whilst High Excitation Galexi¢EGS) are shown using
filled symbols. 3C295 is highlighted with a red symbol. | alsdcalate the weighted
mean overdensity in four bins of equal sizelify;, betweenMy = -22 andMy = -24.
These weighted means are shown by blue circles. 3C295 igleus§these bins, as are
two other objects (7C1731+6638 and TOOT0013+3459) whicHdyavithout the use of
excessively large bins, be the sole object in their respebins.
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Figure 6.8: The environmental overdensity pef kPc® versus host magnitudé\{z)
for the 564 kpc < r < 977 kpc annulus, where is the distance from the central ZP5
galaxy (Section 6.2.2). Fanaroff-Riley Class | (FRI) objeats shown as stars whilst
Fanaroff-Riley Class Il (FRII) objects are shown as squaresulsaneously, Low EXxci-
tation Galaxies (LEGs) are shown using open symbols whiighHExcitation Galaxies
(HEGS) are shown using filled symbols. 3C295 is highlightethwired symbol. | also
calculate the weighted mean overdensity in four bins of bgjaa in M, betweenM/ =
-22 andMpg, = -24. These weighted means are shown by blue circles. 3C22Bs&le of
these bins, as are two other objects (7C1731+6638 and TO@¥3@59) which would,
without the use of excessively large bins, be the sole omdbieir respective bins.
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Figure 6.9: The environmental overdensity pet kpc? versus host magnitudé () for
ther < 977 kpc annulus, where is the distance from the central ZP5 galaxy (Section
6.2.2). Fanaroff-Riley Class | (FRI) objects are shown as sthiist Fanaroff-Riley Class

Il (FRII) objects are shown as squares. Simultaneously, Lreit&tion Galaxies (LEGS)
are shown using open symbols whilst High Excitation Galexi¢EGS) are shown using
filled symbols. 3C295 is highlighted with a red symbol. | alsdcalate the weighted
mean overdensity in four bins of equal sizelify;, betweenMy = -22 andMy = -24.
These weighted means are shown by blue circles. 3C295 igleus§these bins, as are
two other objects (7C1731+6638 and TOOT0013+3459) whicHdyavithout the use of
excessively large bins, be the sole object in their respebins.




154 CHAPTER 6. THE RADIO GALAXY ENVIRONMENTS

Hints of a trend for more luminous objects (i.e. those witlyéa negative values of
Mp) to reside in denser clusters can be seen in Figure 6.7, andighificance with
which the Spearman’s rank correlation coefficient deviftess) the null hypothesis of
no correlation is 97% or 22 (Table 6.3), although this drops to an insignificant 92% or
1.80 when 3C295 is excluded. These hints can also be seen in thétegigheans of
Figure 6.7. The annulus of Figure 68 kpc < r < 977 kpc) shows little evidence for
a correlation between host magnitude and overdensity, &ildtihe correlation is again
hinted at by the summed annulus of Figure 6.7. 6.%(977 kpc), without 3C295 the
correlation is still not significant (see Table 6.3).

Therefore my results hint at a link between host luminosiy averdensity in the cen-
tres of the ZP5 clusters. They are, however, far from conaygarticularly when 3C295
is excluded from the analysis), and a larger sample (paatiguat higher luminosities)

would be required to investigate this further.

6.2.3 Overdensity and Radio Morphology

In Chapter 4 | showed that the Fanaroff-Riley Class | (FRI) olgj@etmy subsample,

once corrected for passive evolution, lie on the Fundanh&hae of local radio galaxies
(Bettoni et al. 2001) but the Fanaroff-Riley Class Il (FRII) attgedo not. Rather they
occupy an alternative plane, rotated with respect to thallpane. | suggested that
merger-induced size evolution may be the dominant factbinokthe rotation of the FRII

Fundamental Plane between~ 0.5 andz = 0. If this is indeed the case we might
therefore expect to observe a greater number of close caonsaaround the FRIIs in the
sample (as potential objects for mergers, thus causingl#me potation) than the FRIs.
In order to investigate whether this is indeed the case,gnr€i6.10 | show the annular
overdensities of the ZP5 objects, binned according to tfaelio morphology (FRI or

FRII).
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Figure 6.10: The environmental overdensity in each of theuirior the ZP5 galaxies,
binned into Fanaroff-Riley Class | (FRI) objects and FanaRiféy Class Il (FRII) ob-
jects. The grey dashed line in the FRII bin shows the binnedlanverdensity when
the object 3C295 is excluded from the results.

From the left hand panel of Figure 6.10 it can be seen thaetl®eno significant
evidence for environmental overdensities in the inner &fthe FRI type objects, while
there are hints of an underdensity in their outer annuli.dnt@ast, the right hand panel
of Figure 6.10 shows a rather different overdensity diatrdn for the FRII type objects,
with large overdensities being seen in the inner three afaod hints continuing to the
sixth annulus) before the environmental density appraatifeebackground density in the
outer annuli. The FRII overdensities, and the consequefardiice in distribution to the
FRIs, remains when 3C295 is excluded from the analysis. A Mahitney-Wilcoxon
(MWW) test on the number counts in the first annulus, split ifkds=and FRIls matched
in Mg, rejects at a significance level o09.9% (>3.37) the null hypothesis that the two
distributions have the same mean. The null hypothesisligejgcted at a significance
level of >99.9% (>3.3r) when 3C295 is excluded from the calculation. However, | note
that only nine of my objects (from 40 in the full sample) arasdified as FRIs, and
therefore a larger sample of FRIsat~ 0.5 would enable the uncertainties in the left
hand panel of Figure 6.10 to be reduced. Unlike for powerRilsi-which are very rare,

this should be possible with existing and forthcoming despa surveys, coupled with
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multi-wavelength photometry and optical spectroscopy.

Nevertheless, these results as they currently stand asestamt with with my findings
in Chapter 4, where | found that the FRI type objects in my sulpéautie on the local
Fundamental Plane (after correction for passive evolytoon the FRII type objects do
not. The host galaxies of the FRII type galaxies must theeafiodergo further evolution
between: ~ 0.5 andz = 0, with merger-induced size evolution a plausible candiftate
the dominant process behind this. The presence of a graaetansity of close compan-
ions for the FRII type objects than for the FRI type objects,camél here, would allow
for such an evolution in the FRII host galaxies but possiblyasostrong an evolution for

the host galaxies of the FRI type objects.

6.2.4 Overdensity and Spectral Classification

It has been suggested (Hardcastle, Evans & Croston 2007 alhaEXxcitation Galaxies
(LEGs) are powered by the accretion of the hot phase of the BBiVHigh Excitation
Galaxies (HEGs) are powered by the accretion of cold gas. @p&anation for the
supply of cold gas in HEGs is that it is driven towards the ¥etsalactic Nucleus (AGN)
during a galaxy merger (see Chapter 1). Support for this wasgnh Chapter 3, in which

| found that the HEGs in my subsample show evidence for thegmee of younger stellar
populations (possibly as a result of merger-induced standtion) but the LEGs do not. If
this scenario is correct then it is possible that there gxistifference in the environmental
density of LEGs and HEGs, with HEGs residing in denser emrents (giving rise to
the proposed recent merger). A difference is not, howewenahded by this theory since
a recent merger in and of itself does not demand the presémtleer close companions.
| use my data to investigate any such difference in envirorial@ensity by binning the
annular overdensities of the ZP5 objects according to #pactral classification (LEG or

HEG). The resulting binned overdensities are shown in Eigut 1.
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Figure 6.11: The environmental overdensity in each of theuirior the ZP5 galaxies,
binned according to their spectral classification into LoweiEation Galaxies (LEGs) and
High Excitation Galaxies (HEGs) The grey dashed line in tlg3bin shows the binned
annular overdensity when the object 3C295 is excluded freamehults.

Figure 6.11 shows a greater overdensity in the first threalafon the HEGs than for
the LEGs. However, even for the innermost annulus, thereiffee in the number counts
for LEGs and HEGs matched iy is statistically insignificant using an MWW test, and
the difference in the distributions may arise as a resuli@fipparent links between radio
morphology and excitation state. Furthermore, the appaléarence in the overdensity
distribution for the LEGs and the HEGs vanishes when 3C29%akided. | therefore
find no evidence of differences in environment for LEGs whempared with HEGs,

thus the largest effect appears to be with radio morpholagjyer than excitation state

and/or accretion mode (Hardcastle et al. 2007).

6.3 An Alternative Overdensity Measurement

The method used to investigate the overdensities in Se6tmas a number of draw-
backs. First, objects within the sample at lower redshitt teind to bias the results
since on average more objects will be detected around tloesees (since their apparent
magnitude is smaller, i.e. they appear brighter). Sectwdytethod of using the reference

chips to calculate the background count allows the calicuidd be affected by extremely
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large clusters, as discussed in Section 6.1.3. Third, ibissasy to compare my results

with others in the literature.

An alternative measure of overdensity is the spatial cfirgjeamplitudes,, as de-
vised by Longair & Seldner (1979) and subsequently used byenous authors to study
the environments of different types of active and inactie¢agies (e.g. Yee & Green
1987; Ellingson, Yee & Green 1991; Wold et al. 2000; McLure &ribop 2001a; Wold
et al. 2001; Farrah et al. 2004; Geach et al. 2007). Workirtgrims of B, allows one
to compare results with others in the literature calculatetie same way. Furthermore,
the inclusion of the integrated luminosity function in thendminator of the calculation
(see Section 6.3.1) allows us to compare the environmeratisjetts at different redshifts
on an equal footing, since the results are in effect normdlis/ the expected number of

objects at each redshift given the magnitude cut of the data.

In this section | therefore re-analyse the overdensitiesirad the ZP5 objects as a
function of radio luminosity and as a function of host lunsity, this time usingB,,
as my measure of the overdensity in order to take advantailpesé desirable attributes.
Furthermore, rather than use the background count as asdurom my reference chips,
| now use a background count and the luminosity functionrdatesd from a large survey
(see Section 6.3.1) in order to avoid the potential problerntls the previous method

discussed above.

6.3.1 CalculatingB,,

| followed the standard procedure (e.g. Longair & Seldner%9McLure & Dunlop
2001a) in calculatings,, values for the ZP5 clusters as follows. First | calculatesl th
quantity A,,, which measures the excess in the number of objects suriraytick central

source compared to the expected background count:




6.3. AN ALTERNATIVE OVERDENSITY MEASUREMENT 159

[V 3—r y—
= [2 ] (557) 0 61

where N, is the number of galaxies contained within a radiug dfom the central
source, excluding the central source itself, andis the expected background count in
the same aperture. The constardrises from the angular correlation function (see e.g.
Longair & Seldner 1979; Wold et al. 2000) and | here adopt geativalue ofy = 1.77
(e.g. Groth & Peebles 1977; Geach et al. 2007). Howeverd thait Prestage & Peacock
(1988) and Prestage & Peacock (1989) showedMH)ais insensitive to the choice of,

providingy ~ 2. FromA,,, the spatial clustering amplitudg,, is calculated as follows:

AGN, [ D 177°
Byq = Ijgb(zé {1 + z} ’ (6.2)

whereL, is a constant whose value is 3.78 wher= 1.77 (e.g. McLure & Dunlop
2001a).N, is the expected background count per square radlasthe angular diameter
distance of the central source ands its redshift. The quantity(z) is calculated as
the galaxy luminosity function at the redshift of the targetegrated from the bright
end of the luminosity function up to the absolute magnitudrectv corresponds to the
apparent magnitude limit of the data at the redshift of there¢ source. In this case, the
magnitude cut is'i< 21.5 (Chapter 5), and appropriate k-corrections are used to conve
from the apparent magnitude to the absolute magnitude im ease. The k-corrections
were generated using Hypéiin a similar fashion to the colour cuts in Section 6.1.2; at
each redshift Hyperz was used to generate the abs6ha@d magnitude of an elliptical
galaxy corresponding to the magnitude limit of the ddta=(21.5). The assumptions and

caveats are as described in Section 6.1.2.

For each of the ZP5 objects | calculated a valuégf using two different apertures:

Shttp://webast.ast.obs-mip.fr/hyperz/
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r < 564 kpc andr < 977 kpc. The calculateds,, values can be found in Table 6.4.
The first was designed to probe the immediate vicinity of theti@al galaxy in each case,
the second to investigate a greater area of the cluster. Buodunts for each annulus
(V;) were taken from the catalogues of objects detected on thatehips (Section
6.1.1 and Chapter 5) using the colour cuts described in Se6tib.2 in order to limit
my investigations to elliptical galaxies of comparabledftt to the central source. The
background count per square degree was estimated from th&lC3-B1 field, using the
same colour cuts (with a conversion from Vega to AB magnis)iédes used for the INT
data (Section 6.1.Z)The CFHTLS has a depth df+ 27.3, which is significantly deeper
than my data and thus suitable for use in this way. Using teeage background count
from a large survey removes the potential problem, discliss8ection 6.1.3, of a large

cluster having an effect on the background count calculasaty my reference chips.

The luminosity function used was thieband luminosity function for the redshift
range 0.40-0.60 from llbert et al. (2005). This yields paters ofp* = 8.37 x 1074,
a = —1.47andM* = —23.52 for the Schechter luminosity function (Schechter 1976):

6(0, 2) = B0 gyt a0, 6.3)

| note that this luminosity function is for all galaxies, nost for ellipticals. Since my
colour selection produces values 8f, N, and N, which are dominated by ellipticals,
my resultingB,, values will not be strictly correct and, as they currentnst, cannot
be compared directly with other values Bf, in the literature. However, | do not expect
the discrepancy to be large since at the bright end of thenasity function we are

dominated by elliptical galaxies (figure 4 of Zucca et al. @00l test this assumption

“Details of the CFHTLS, the Deep Survey and the D1 field can bendo at
http://www.cfht.hawaii.edu/Science/CFHLS/, http://wwast.obs-mip.fr/article204.html and
http://www.ast.obs-mip.fr/article212.html respeclive The conversion from Vega to AB magnitudes
was done using the equations at http://www.ast.cam.awfasur/technical/photom/colours/.
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ng / MpC1.77

Object r < 564 kpc r < 977 kpc
3C16 -61+ 38 -944 33
3C19 261+ 153 340+ 128
3C46 -25+ 62 -61+ 50
3C200 216+ 129 131+ 90
3C225B 105+ 221 295+ 217
3C228 478+ 264 522+ 209
4C74.16 3341257 203+ 183
3C244.1 330t 131 261+ 93
3C274.1 236+ 114 168+ 80
3C295 1300t 268 1023+ 177
3C330 273+ 219 110+ 148
3C341 245+ 128 166+ 90
3C427.1 453+ 289 875+ 276
3C457 291+ 125 262+ 93
6C0825+3407 61 28+ 56
6C0850+3747 15@- 93 409+ 99
6C0857+3945 22% 183 422+ 172
6C1111+3940 31190  -119+ 152
6C1132+3439 334191 399+ 155
6C1200+3416 388219 125+ 133
6C1303+3756 78 106 334+ 120
7C0213+3418 283 145 485+ 133
7C0219+3419 -26-201 114+ 207
7C0219+3423 133252 -114+ 161
7C0220+2952 94 187 84+ 154
7C0223+3415 -28& 77 -42+ 68
7C0810+2650 183 111 235+ 93
7C1731+6638 -2& 150 127+ 164
7C1806+6831 27175 295+ 214
TOOT0009+3523 2285 -5+ 66
TOOTO0013+3459 125 249 66+ 190
TOOT0018+3510  -64- 40 -98+ 35
TOOT1255+3556 7% 107 66+ 86
TOOT1301+3658 205109 135+ 77
TOOT1303+3334 194220 125+ 167
TOOT1307+3639 495 317 287+ 217
TOOT1309+3359 2388 35+ 78
TOOT1626+4523  -72 50 -117+ 44
TOOT1630+4534 10@- 126 87+ 101
TOOT1648+5040 12 67 18+ 59

Table 6.4: The value oB,, calculated for each ~ 0.5 (ZP5) object using two annuli:
r < 564 kpc andr < 977 kpc (Section 6.3.1).
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All Objects 3C295 Excluded
Annulus ¢/kpc) p  Significance p  Significance
r < 564 0.50 99.8% 0.46 99.6%
r <977 0.52 99.9% 0.48 99.7%

Table 6.5: The Spearman’s rank correlation coefficiept$dr correlations between the
151 MHz radio luminosities of the ZP5 objects and thgjy, values, together with their
associated significances that they deviate from the nulbtingsis of no correlation (Sec-
tion 6.3.2 and Figures 6.12 and 6.13). The coefficients aed #ignificances are listed
for the two annuli used in Figures 6.12 and 6.13, namety 564 kpc andr < 977 kpc
(wherer is the distance from the central ZP5 galaxy). | also show thedficients and
their significances when 3C295 is excluded from the analgsie Section 6.2.1).

further in Sections 6.3.2 and 6.3.3, and show that whilsettect5,, values cannot be
compared directly with other values in the literature, amntls or correlations found

using them can be relied upon.

6.3.2 B, and Radio Luminosity

Following on from Section 6.2.2, in Figures 6.12 and 6.13dvelthe 151 MHz radio lu-
minosities of each of the ZP5 objects versus tiigjy values for two annulir < 564 kpc
andr < 977 kpc respectively (where is the distance from the central ZP5 galaxy). |
test these data sets for correlations using Spearman’scardation coefficient, and the
resulting coefficients and their significances are listethinle 6.5. Since | once again test
for correlations using the entire sample and over a largge@amradio luminosity, these
results are statistically robust.

Figure 6.12 shows evidence of a positive correlation betwieg and radio lumi-
nosity, and the Spearman’s rank correlation coefficienigisicant at the 99.8% (3d)
level (see Table 6.5), dropping to 99.6% (2)9vhen 3C295 is excluded from the analy-
sis. Considering the larger & 977 kpc) annulus in Figure 6.13, a positive correlation is
once again visible. Here the Spearman’s rank correlatiefficent is significant at the

99.9% (3.3) level, falling to 99.7% (3.8) with the exclusion of 3C295. As in Section
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Figure 6.12: B,, versus the logarithm of the 151 MHz radio luminosity{1) for the

r < 564 kpc annulus, where is the distance from the central ZP5 galaxy (Section
6.3.2). Fanaroff-Riley Class | (FRI) objects are shown as stduitst Fanaroff-Riley
Class Il (FRII) objects are shown as squares. Simultaneously, Excitation Galax-
ies (LEGs) are shown using open symbols whilst High Exatatcalaxies (HEGS) are
shown using filled symbols. 3C295 is highlighted with a red gl also calculate the
weighted mean overdensity in six bins of equal siz&jn,(L5/WHz !sr 1), between
log,o(L151/WHz 'sr1) = 24.7 andlog, (L5 /WHz 'sr') = 27.7 (excluding 3C295).
These weighted means are shown by the blue circles.
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Figure 6.13: B,, versus the logarithm of the 151 MHz radio luminosity{1) for the

r < 977 kpc annulus, where is the distance from the central ZP5 galaxy (Section
6.3.2). Fanaroff-Riley Class | (FRI) objects are shown as stduitst Fanaroff-Riley
Class Il (FRII) objects are shown as squares. Simultaneously, Excitation Galax-
ies (LEGs) are shown using open symbols whilst High Exatatsalaxies (HEGS) are
shown using filled symbols. 3C295 is highlighted with a red gl also calculate the
weighted mean overdensity in six bins of equal siz&jn,(L5/WHz 'sr 1), between
log,o(L151/WHz 'sr 1) = 24.7 andlog,(L15/WHz 'sr') = 27.7 (excluding 3C295).
These weighted means are shown by the blue circles.
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All Objects 3C295 Excluded
Annulus ¢/kpc) p  Significance p  Significance
r < 564 0.45 99.5% 0.41 99%
r <977 0.51 99.9% 0.47 99.6%

Table 6.6: The Spearman’s rank correlation coefficiepjsf@r correlations between
the 151 MHz radio luminosities of the ZP5 objects and thgj; values, whenB,,

is calculated using the elliptical galaxy luminosity fuiect of Zucca et al. (2006) for
0.4 < z < 0.9 (Section 6.3.2). Also listed are the significances with \wfiwese coeffi-
cients deviate from the null hypothesis of no correlatione Toefficients and their signif-
icances are listed for the two annuli used in Figures 6.126ah8, namely- < 564 kpc
andr < 977 kpc (wherer is the distance from the central ZP5 galaxy). | also show
the coefficients and their significances when 3C295 is exdldiden the analysis (see
Section 6.2.1).

6.2.1, both of these correlations are more evident when #ighted means of Figures

6.12 and 6.13 are considered.

As discussed in Section 6.3.1, my standatg calculation makes the assumption
that the global luminosity function in the regime we are pngbhere is dominated by
elliptical galaxies, and therefore that any trends idesdtifusing theB,, values can be
relied upon. To test this further, | re-calculate my, values, this time using thé-
band luminosity function for elliptical galaxies in the sdiift range 0.4-0.9 from Zucca
et al. (2006). Note that | do not use this luminosity functiarthe first instance due
to its less precise redshift range. With this luminosityduon the calculated values
of B,, are slightly higher, as expected from Equation 6.2 since) is lower for the
elliptical-only luminosity function. | then re-test the @itive correlations identified in the
data using the Spearman’s rank correlation coefficient. cOedficients, along with their
significances, are listed in Table 6.6. Whilst the signifieanaf the correlations (99% or
2.60 and 99.6% or 2.8 when 3C295 is excluded from the analysis for the 564 kpc
andr < 977 kpc annuli respectively) are slightly lower than in theialitalculation, it is
clear that significant correlations are still detected dwad the trends identified in Figures

6.12 and 6.13 can be relied upon, as assumed.
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All Objects 3C295 Excluded
Annulus ¢/kpc) p  Significance p  Significance
r < 564 -0.32 95% -0.26 89%
r <977 -0.33 96% -0.28 92%

Table 6.7: The Spearman’s rank correlation coefficiept$dr correlations between the
host magnitudes of the ZP5 objects and thgjy values, together with their associated
significances that they deviate from the null hypothesisatarrelation (Section 6.3.3
and Figures 6.14 and 6.15). The coefficients and their sogmities are listed for the two
annuli used in Figures 6.14 and 6.15, namely 564 kpc andr < 977 kpc (wherer is the
distance from the central ZP5 galaxy). | also show the coeffts and their significances
when 3C295 is excluded from the analysis (see Section 6.24ljn Figures 6.7 to 6.9,
the coefficients are negative since a more luminous objecalsnaller magnitude. The
horizontal axes of Figures 6.14 and 6.15 are correspondiegérsed.

These correlations are therefore both clearer and statligtimore significant than
those based on the simple overdensity calculations pregemtSection 6.2.2, and pro-
vide stronger evidence for the existence of a relationsbigveen radio luminosity and
environmental density, consistent with the suggestiohrdudio luminosity is enhanced
in denser environments. However, | note that some of thectsjeith high radio lumi-
nosities still have lowef3,, values in both Figures 6.12 and 6.13, once again indicating
that the picture is more complicated than a simple deperdehcadio luminosity on

environmental density or vice versa.

6.3.3 B, and Host Magnitude

Following on from Section 6.2.2, in Figures 6.14 and 6.15dvelthe host magnitudes of
each of the ZP5 objects versus th8yy, values for the two annuli used in Section 6.3.2:
r < 564 kpc andr < 977 kpc respectively (where is the distance from the central ZP5
galaxy). | again test each of these three data sets for atime$ using Spearman’s rank
correlation coefficient. | list the resulting coefficientsdaheir significances in Table 6.7.
The use of the whole sample, and the consequent range inumostdsity this entails,

once again ensures the robustness of the statistics.
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Figure 6.14:B,, versus host magnitudé{y) for ther < 564 kpc annulus, whereis the
distance from the central ZP5 galaxy (Section 6.3.3). Faf&iley Class | (FRI) objects
are shown as stars whilst Fanaroff-Riley Class Il (FRII) olgeare shown as squares.
Simultaneously, Low Excitation Galaxies (LEGs) are showimg open symbols whilst
High Excitation Galaxies (HEGSs) are shown using filled sylmb8C295 is highlighted
with a red symbol. | also calculate the weighted mean ovesitieim four bins of equal
size in My, betweenMy = -22 andMy = -24. These weighted means are shown by
blue circles. 3C295 is outside of these bins, as are two othjects (7C1731+6638 and
TOOTO0013+3459) which would, without the use of excessiVatge bins, be the sole

object in their respective bins.
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Figure 6.15:B,, versus host magnitudé{y) for ther < 977 kpc annulus, whereis the
distance from the central ZP5 galaxy (Section 6.3.3). Faf&iley Class | (FRI) objects
are shown as stars whilst Fanaroff-Riley Class Il (FRII) olgeare shown as squares.
Simultaneously, Low Excitation Galaxies (LEGs) are showimg open symbols whilst
High Excitation Galaxies (HEGSs) are shown using filled sylmb8C295 is highlighted
with a red symbol. | also calculate the weighted mean ovesitieim four bins of equal
size in My, betweenMy = -22 andMy = -24. These weighted means are shown by
blue circles. 3C295 is outside of these bins, as are two othjects (7C1731+6638 and
TOOTO0013+3459) which would, without the use of excessiVatge bins, be the sole
object in their respective bins.
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All Objects 3C295 Excluded
Annulus ¢/kpc) p  Significance p  Significance
r < 564 -0.32 96% -0.27 90%
r <977 -0.33 96% -0.27 91%

Table 6.8: The Spearman’s rank correlation coefficiept$dr correlations between the
host magnitudes of the ZP5 objects and tigjy values, wher3,, is calculated using the
elliptical galaxy luminosity function of Zucca et al. (200@r 0.4 < z < 0.9 (Section
6.3.3). Also listed are the significances with which theseffaments deviate from the
null hypothesis of no correlation. The coefficients andrtegnificances are listed for
the two annuli used in Figures 6.14 and 6.15, namely 564 kpc andr < 977 kpc
(wherer is the distance from the central ZP5 galaxy). | also show tedficients and
their significances when 3C295 is excluded from the analgsie Section 6.2.1). Note
that the coefficients are once again negative since a moriedws object has a smaller
magnitude.

Neither Figure 6.14 nor Figure 6.15 show a clear relatignbbiween host luminosity
andB,,. Indeed, the Spearman’s rank correlation coefficient sttbesse is no evidence
for a correlation when 3C295 is excluded from the analysi&{8&® 1.6s significance in
Figure 6.7 and 92% or 148in Figure 6.8, as listed in Table 6.7). As in Section 6.3.2, re
testing the correlations using the Zucca et al. (2006) lasity function does not cause a
great change in these significances, as listed in Table G&.efore, in a similar fashion
to Section 6.2.2, | find very little evidence for a link betwd®ost galaxy magnitude and

environmental density.

6.4 Overdensities and Radio Jet Position Angle

The results presented in Sections 6.2 and 6.3 suggest thist Were may be a link
between the environmental density of a ZP5 object and it faehinosity and radio
morphology, the picture is more complicated than a stréogiverd dependence of one
on the other. For example, whilst there is evidence for atpescorrelation between
radio luminosity and overdensity in Figures 6.3, 6.12 ard@§it is noticeable that some

objects with high radio luminosities still reside in enviraents which are not particularly
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dense.

In this section | investigate another possible element efgitture; whether there
exists a link between the angular profile of the overderssdaigd the position angle (PA)
of the radio jets of the ZP5 objects. If there is indeed a liakeen the radio luminosity
and the environmental density due to the impact of the jetthendense intra-cluster
medium, then we would expect there to be some link betweeditbetion of the radio

jets and the direction of greatest environmental overdgnsi

In order to investigate this, | once again used sources frarcentral chips which
matched the colour cuts of Section 6.1.2. However, herdricesd my analysis to sources
falling within the three innermost annuli used of SectioB @ concentric area of 3
10° kpc?), where the source density deviates most significantly tlebackground level.
For each source remaining in the catalogues | then calcltlageangle with respect to the
radio jet PA made by the line joining the source to the cerdRB object, as illustrated
in Figure 6.16. Each source therefore has a calculated antfle range 0—90(where O
means an object is aligned with the radio jet). Then, for &b object, | determined the
number of surrounding objects whose angle thus calculateahfo each of six equal size
bins: 0-15, 15-30, 30-45%, 45-60, 60-75 and 75-90, and corrected these number
counts for completeness according to Section 5.3.2. Kinlatdivided the ZP5 sample
according 151 MHz radio luminosity using the same bins ad urs8ection 6.2.115; <
10?53 W Hz~! sr!, L5 from 1023 to 10%® W Hz~! srt, L5 from 10%*>® to 10263
WHz 'srt!, L5 from10%°3t0 1026 W Hz ! srtandL5; > 10?8 W Hz ! sr!. For
each of these radio luminosity bins, | added together thepteteness-corrected source
counts, binned in angular segments, for all of the objectb@nradio luminosity bin. |
then calculated the relative density of sources in eaclednglas a fraction of the number
of sources contained in all of the angle bins for that radmihosity bin, along with the

Poisson error. The resulting fractional overdensitiesshmvn in Figure 6.17.
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Figure 6.16: An illustration of how the source angles useBiantion 6.4 were calculated.
For each source, the angi® (ade by a line connecting the source to the central(.5
object was calculated with respect to the radio jet posiiogle ().

Itis apparent from Figure 6.17 that there is no evidencearfitit four radio luminos-
ity bins for any relation between environmental overdgnaitd radio jet PA. However,
the most radio luminous binlfs; > 10%%®* W Hz~! sr!) shows evidence for an align-
ment between overdensity and the PA of radio the jet. A Kuipstrejects at the 99.8%
(3.10) level the null hypothesis that the distribution is uniforrdlowever, once again
excluding 3C295 from the analysis reduces this significanc@586 (2.@), thus only
providing tentative evidence of an alignment effect. Fenthore, since there are only
13 objects in the.,5; > 10?58 W Hz~! sr~! bin (or 12 when 3C295 is excluded) these
statistics must be taken as giving an indication of trendyg @nd not with the robustness

that would be obtained with a larger sample.

However, these hints of an alignment between overdensiyradio jet PA for the
most radio luminous objects are consistent with the suggestat the highest luminosity

radio sources require the densest IGM medium on which to awkliscussed in Section
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Figure 6.17: The fractional overdensity versus the anglmfthe radio jet position angle
for the z ~ 0.5 objects, separated by 151 MHz radio luminosiby;; (Section 6.4).
The fractional overdensities are shown irf bins, and the dotted line in each subfigure
illustrates a uniform distribution. The black line in eaalbBgure shows the fractional
overdensity for all of the objects contained within the catliminosity bin. The grey
dashed line in the final binL(s; > 10%*®* W Hz~! sr!) shows the fractional overdensity
when the object 3C295 is excluded from the results.
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6.2.1). It is also a possible explanation for the obsermat@de in Sections 6.2.1 and
6.3.2 that some objects with high radio luminosities havatikely low environmental
densities; it is possible that a source with a high radio hosity may sit in an environ-
ment with a relatively low global environmental density batve radio jets aligned with
an axis of particularly high local density. Thus the radits jeould be enhanced by the
dense IGM medium leading to a high radio luminosity for a seunhich resides in a

region of relatively low global environmental density.

6.5 Overdensities and Host Position Angle

As discussed in Chapter 1, many studies have found that the evegs of Brightest Clus-
ter Galaxies (BCGs) are aligned with the major axes of theit tlosters (the Binggeli
effect, e.g. Sastry 1968; Binggeli 1982; Trevese, Cirimeleli& E992; Fuller, West &
Bridges 1999; Torlina, De Propris & West 2007), and that ttaeiggmments were already
present by: ~ 0.5 (Donoso, Mill & Lambas 2006). In Chapter 4 | noted that the ZP5
objects may evolve into BCGs. One test of this is therefore drehere exists an align-
ment between environmental overdensity and the host g@axghe angle of the major

axis) for the ZP5 objects.

To test this | repeated the procedure described in Sectibnbéit rather than use
the direction of the radio jets as my reference point for thgl@ calculation | used the
direction of the host galaxy PA from McLure et al. (2004). Eaource in the immediate
vicinity of a ZP5 object thus has a calculated angle in thgead-90, where 0 means
an object is aligned with the ZP5 galaxy host PA. For each ZBj&ab | again binned
these angles into six angle bins of equal size. | then divided&P5 sample according to
host magnitude using the same three bins as in Section 62;2> —22.98, —23.46 <

Mpr < —22.98 andMp < —23.46. For each of these host magnitude bins | calculated the
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Figure 6.18: The fractional overdensity versus the angiefthe host galaxy position
angle for thez ~ 0.5 objects, separated by host magnitudtg; (Section 6.5). The frac-
tional overdensities are shown in°lsins, and the dotted line in each subfigure illustrates
a uniform distribution. The black line in each subfigure shale fractional overdensity
for all of the objects contained within the host magnitude. brhe grey dashed line in
the final bin (M < —23.46) shows the fractional overdensity when the object 3C295 is
excluded from the results.

fractional overdensity distribution in the same mannemaSection 6.4. The results are

shown in Figure 6.18.

No alignment effects are seen in Figure 6.18 for the fairaadtmiddle host magni-
tude bins (/r > —22.98 and—23.46 < Mpr < —22.98). However, the most optically
luminous objects X/ < —23.46) show hints of an alignment between environmental
density and host galaxy PA. A Kuiper test rejects at the 998%r) level the null hy-
pothesis that the distribution is uniform, although thigfl to an insignificant 93% (18
when 3C295 is excluded. In addition, there are only 14 objectkis bin (13 without

3C295) meaning we are unable to regard these statistics gdetety robust. Mindful
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of these caveats, the tentative hints of the Binggeli effeehdor the most optically lu-
minous objects [/ < —23.46) suggests that these objects may evolve into BCGs as
suggested in Chapter 4, but that the rest of the sample shtaelMidence for this, albeit

with limited number statistics.

6.6 Conclusions

In order to investigate whether properties of radio galssie linked to the environments
in which the galaxies reside, in this chapter | use both agsttimrward overdensity and
a B,, analysis with appropriate colour cuts to determine therenvnental density of
the radio galaxies in the ZP5 sample and compare this to thie haminosity and the
host magnitude of the galaxies. | also investigate how tmsitemay be related to radio
morphology and excitation state, and whether there is @&pesf orientation of the cluster

environment around these sources.

¢ | find a positive correlation betwedn ;; and environmental overdensity, significant
at the 99.7% (3.8) level for r < 977 kpc. This is consistent with the suggestion
(e.g. Barthel & Arnaud 1996; Kauffmann, Heckman & Best 2008dé&aet al.

2010) that radio jets are enhanced in denser environments.

¢ | also find hints of an alignment between overdensity ancorgdiPA for the most
radio luminous objects in the sampl&§;, > 10%% W Hz"! sr'!). As well as
once again being consistent with the suggestion that theektguminosity radio
sources require the densest IGM on which to work, this findilsp provides a
possible explanation for the objects in the sample with nggho luminosities but
relatively low overdensities; it may be that whilst the gdbbverdensity is low for
these objects the radio jet is aligned with an axis of paity high local density,

giving rise to the high radio luminosity.
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e The FRIs in my sample appear to have a very different enviromahdensity distri-
bution to the FRIIs, significant at the99.9% (>3.37) level, with FRIIs possessing
a greater number of close companions than the FRIs. This s@stent with Chap-
ter 4, where | found that FRIIs need to evolve in order to movi® ghe local
Fundamental Plane (plausibly through mergers) but the F&isotl However, the
small number of FRIs in the sample (nine) mean that this fincengains a tentative
one. | find no difference in the environmental density disttion between LEGs

and HEGs.

e Finally, | find tentative hints of an alignment between thganaxes of ZP5 galax-
ies and their clusters (the Binggeli effect), but only for thest optically luminous
objects in the sampleW{r < —23.46). This suggests that these objects may evolve

into BCGs as suggested in Chapter 4, but that the rest of the salopiot.




Chapter 7

Conclusions

In this thesis | have investigated the hosts and cluster@mvients of a sample of 41 radio
galaxies at: ~ 0.5 (the ZP5 sample; McLure et al. 2004). In this chapter | sunsear
my main findings (Sections 7.1 and 7.2), describe the link&/den them (Section 7.3)

and indicate possible areas of future work that build upemth

7.1 Host Galaxies

My investigations into the hosts of the~ 0.5 radio galaxy sample, and their links to the
AGNs themselves, have focussed on two areas: the star fomastories of the host
galaxies and the Fundamental Plane of the host galaxies.

To study the star formation histories of my host galaxies (##va3) | used spectro-
scopic data for a 24 object subsample of the full ZP5 samgie. dbservations and data
reduction were described in Chapter 2. | used the strengtreef@0@ break [D,(4000)]
as an indicator of recent star formation and found that myjorgdlaxies fall into one of
two distinct populations in the [§4000) — radio luminosity plane. The lower radio lu-
minosity population is composed entirely of Low ExcitatiGalaxies (LEGS), whereas

the population at higher radio luminosity contains all o tHigh Excitation Galaxies
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(HEGS) in the sample as well as a few LEGs. | found that the taadio luminosity
population has systematically highey,@000) indices than the higher radio luminosity
population. This dichotomy is well explained by the preseata younger stellar pop-
ulation in the higher radio luminosity (or HEG) populatiofhese results are consistent
with the hypothesis (Hardcastle, Evans & Croston 2007) thi&Gklare powered by the
accretion of cold gas, possibly supplied to the galaxy bygeer (which would also trig-
ger the observed star formation). The LEGs on the other haaydhave experienced no
recent influx of cold gas (explaining their general lack afamt star formation) and thus

be powered by the accretion of the hot phase of the intdastakedium.

In Chapter 4 | used the same spectroscopic data in order ty gted-undamental
Plane of 18 of my radio galaxies, combining the host galaxy d@m McLure et al.
(2004) with velocity dispersion data determined using adifitting procedure. | showed
that the Fanaroff-Riley type | objects (FRIs), once correéteghassive evolution, lie on
the Fundamental Plane of local radio galaxies (Bettoni é0f)1) but the Fanaroff-Riley
type Il objects (FRIIs) do not. However, both types of objgmpear to lie on the same
z ~ 0.5 plane. | thus found evidence for evolution of the FundaniePi@ne of these
radio galaxies between ~ 0.5 andz = 0, at least for the more powerful FRII type
objects. Considering the source of this evolution, | fourat tieither passive evolution,
nor a mass-dependent evolution in the mass-to-light ratiosan evolution in the size
of the host galaxies can by themselves provide the necesstation in the Fundamental
Plane. However, | suggested that a combination of all thifeets, with merger-induced

size evolution as the dominant factor, may provide the gout
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7.2 Environments

In Chapter 6 | used wide field multi-band imaging data (desctilm Chapter 5) to inves-
tigate the cluster environments of all but one of the objecthe ZP5 sample. | found
that the cluster overdensity is positively correlated il radio luminosity, in agreement
with the suggestion that radio jets are enhanced in dens@oaments (e.g. Barthel &
Arnaud 1996; Kauffmann, Heckman & Best 2008; Falder et al.0201 also found a
difference in the overdensity distribution between the FRI &RII type radio galaxies,
observing a greater number of close companions around HARdisERIs. However, the

small number of FRIs in the sample (nine) means that this fgqhcémains tentative.

Furthermore, | found that the cluster environments of thmigects which have the
largest optical host luminosities show tentative evidefozean alignment between the
major axes of the galaxies and the major axes of their cligtbe Binggeli effect, see
e.g. Sastry 1968; Binggeli 1982) This suggests that thesetshgvolve into BCGs in the
local universe (e.g. Binggeli 1982; Trevese, Cirimele & FIa92; Fuller, West & Bridges
1999; Torlina, De Propris & West 2007). Finally, the raditeg@es with the highest radio
luminosities show tentative hints of an alignment betwdenduster major axis and the
position angle of the radio jet. This is consistent with ttiea that high luminosity radio
sources require a dense surface for the jets to work on irr todeovide the necessary
synchrotron losses. In turn, it also provides a possibldaggtion for those objects in
the sample observed to have high radio luminosities butivelg low overdensities; it
may be the case that whilst the global overdensity is low liesé objects the radio jet
is aligned with an axis of particularly high local densityyigg rise to the high radio

luminosity.
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7.3 Radio Galaxies, Hosts & Environments

The results outlined in Sections 7.1 and 7.2 support a siceimwhich there are strong
links between radio galaxies, their hosts and their enviremts.

On the one hand we see a picture in which the powerful FRII tyakorsources
reside in particularly rich cluster environments:zat~ 0.5. The first effect of this is
merger activity between ~ 0.5 andz = 0, leading to the merger-induced size evolution
which | suggest is the principle mechanism whereby theses=&k¥ moved onto the
local Fundamental Plane. Secondly, the high density ofrttez-galactic medium (IGM)
provides an abundance of material on which the radio jetswaak, resulting in high
synchrotron losses and thus the high radio luminosity. diirthe presence of close
companions means that many, but not necessarily all, o# thigiects will have undergone
a recent merger. This merger would have provided an inflwotaf gas, leading both to
star formation and to the efficient accretion of the cold gathle black hole, leading to
the HEGs with evidence of recent star formation seen in Ch&pte

On the other hand we find that the less powerful FRI type radiocss reside in less
rich cluster environments at~ 0.5 (although still in overdense regions when compared
to the background count, as described in Chapter 6). Mergenseer for these objects,
and thus they move onto the local Fundamental Plane by gasgolution alone. Since
they are less likely to have undergone a recent merger thézed likely to be a supply of
cold gas for star formation and for accretion onto the blaale hresulting in LEGs with
little evidence of recent star formation. In addition, tbeér density of the IGM does not
provide as much material for the radio jets to work on as incdee of those objects in
denser environments, leading to the lower radio luminesitibserved. In certain cases,
however, a radio galaxy located in an environment with a rebgebal overdensity may
have its radio jet aligned with an axis of particularly higital density, giving rise to

objects with a high radio luminosity without a correspomgiyrhigh global overdensity.
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In this picture, therefore, the radio properties af & 0.5 radio galaxy are principally
determined by the environment, which also plays a key rotiebermining the evolution
of the host galaxy. Also, whilst the emission line propexti¢ the AGNs are driven by
the nature of the material accreted onto the black hole shatso greatly influenced by
the environment, leading to the overlap seen in the morghckband spectral properties
of radio galaxies. However, if this picture is correct, ibm@ns unclear as to how the
environments of the FRI and FRII type objects evolve into tlusial counterparts, where
FRIs inhabit moderately rich clusters whilst FRIIs are foumsolation or in small groups
(Longair & Seldner 1979; Prestage & Peacock 1988, 1989;&lilllly 1991), although

there is substantial overlap between the populations.

Finally, my findings provide some evidence in support of tl@NAdriven feedback
included in the current models of galaxy evolution and farora The link between
star formation history and spectral classification is catesit with the suggestion of two
separate modes of accretion onto the central black hole AGah, as included in various
models (e.g. Croton et al. 2006; Sijacki et al. 2007). Howeteer evolution of the radio
galaxy hosts themselves appears to be satisfactorily iegoldy processes which do not
include feedback, and thus AGN-driven feedback does natapp be a dominant factor

in the evolution of radio galaxy hosts singe- 0.5.

7.4 Future Work

A valuable extension of this work would be to obtain speabratie remainder of the ZP5
sample. This would enable the results concerning the FuaedtiPlane, in particular the
position of the FRI type objects with respect to the 0 andz ~ 0.5 planes, to be placed
on a sounder footing. In a similar vein, further investigas into the environments of

z ~ 0.5 FRIs would allow a more definite conclusion regarding the ibsslifferences
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between the cluster densities of FRIs and FRIIs.

Further work beyond this would be to acquire spectroscopitimaging data of the
hosts and environments of complete samples of radio galawer the entiree = 0
to z = 1 redshift range. This would enable us to trace the evolutioth® hosts and
environments of powerful radio galaxies betweesa 1 andz = 0 as a function of radio
luminosity, velocity dispersion and bulge luminosity, aslvas investigating differences
in this evolution as a function of spectral or morphologigake. Atz < 0.5 this data could
be obtained in a straightforward manner using similar teqphes and telescopes to those
described in this thesis, thus enabling us to investigaetinrent gap in redshift between
my work and that of Bettoni et al. (2001) with respect to the damental Plane, and

between my work and that of McLure & Dunlop (2001a) with reste the environments.

Extending this work to higherz(= 0.5 to z = 1) redshifts would require deeper
radio samples. Such samples could be constructed from asieegy over a relatively
wide area, such as the VIDEO surveulge luminosities and effective radii could be
measured using the near-infrared data from VIDEO, whicHdalso be used to inves-
tigate the cluster environments. Dedicated spectrosdofimv-up with 8-metre class
telescopes would be required to determine the velocityedsspns of galaxies in these
samples. The star formation histories at these higher iftslsbuld be investigated in the

far-infrared using Herschel (e.g. Hardcastle et al. 2010).

Further into the future, it will be possible to investigake tFundamental Plane of
guasar host galaxies using integral field unit (IFU) techgglon forthcoming instru-
ments. For example, using the HARMONI IFU on the Europeandixély Large Tele-
scope (E-ELT) together with adaptive-optics-correctedentations it will be possible
to determine the velocity dispersion of these galaxies @ut + 2 using the redshifted

Call triplet or Mgo complex. This data can also be used to create reconstruntel@ar-

thttp://www.star.herts.ac.ukimjarvis/video/
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subtracted 2D images of the quasar host galaxies, from whiekeffective radii and
surface brightnesses can be measured. Combining thesdnevielbcity dispersions, we
will be able to study the evolution of the Fundamental Plainguasar hosts from ~ 2

to the present day, and see whether similar trends are pr@séound for radio galaxies
(as we would expect from unified models). Such an invesbgas already possible at

lower redshifts £ < 0.3) using the SINFONI IFU on the Very Large Telescope (VLT).
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Appendix A
WHT Spectra

In Figures A.1 to A.4 | show the final galaxy and signal-tosespectra for each of
the objects observed using the William Herschel Telescdfid ). Respectively Figures
A.1, A.2, A.3 and A.4 show the spectra as extracted over tiferdnt apertures discussed
in Section 2.2.6 and Section 2.3: full width at three-quartetensity (FWTQI), full width
at half maximum (FWHM), full width at zero intensity, and theesture corresponding to
the effective radiusr(). The observations and data reduction for these data aceiloled
in Section 2.3.
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Figure A.1: The final galaxy (left panels) and signal-toseo{right panels) spectra of
objects observed using the William Herschel Telescope (WblTthe full width at three-
guarters intensity (FWTQI) aperture (see Section 2.3). Egmdhxy spectrum is nor-
malised to a mean flux of one, and the corresponding noisdrapecs divided by the
same normalisation factor before conversion to a signaleiee spectrum (Section 2.2.7).
The shaded areas indicate regions which are masked due poethence of emission or
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Figure A.1 continued.
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Figure A.2: The final galaxy (left panels) and signal-toseo{right panels) spectra of
objects observed using the William Herschel Telescope (WdiThe full width at half
maximum (FWHM) aperture (see Section 2.3). Each galaxy sjp@ads normalised to a
mean flux of one, and the corresponding noise spectrum idetiby the same normali-
sation factor before conversion to a signal-to-noise spet{Section 2.2.7). The shaded
areas indicate regions which are masked due to the preséeoaission or telluric ab-
sorption features or chip artefacts, as discussed in $sc?@.7 and 2.3.
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Figure A.2 continued.
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Figure A.3: The final galaxy (left panels) and signal-toseo{right panels) spectra of
objects observed using the William Herschel Telescope (Widdhe full width at zero
intensity (FWZI) aperture (see Section 2.3). Each galaxytspm is normalised to a
mean flux of one, and the corresponding noise spectrum idetiby the same normali-
sation factor before conversion to a signal-to-noise spet{Section 2.2.7). The shaded
areas indicate regions which are masked due to the preséeoaission or telluric ab-
sorption features or chip artefacts, as discussed in $sc?@.7 and 2.3.
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Figure A.4: The final galaxy (left panels) and signal-toseo{right panels) spectra of
objects observed using the William Herschel Telescope (Widijhe apertures corre-
sponding to the effective radii of the objects (see Secti@). Zach galaxy spectrum is
normalised to a mean flux of one, and the corresponding npesersim is divided by the

same normalisation factor before conversion to a signaleiee spectrum (Section 2.2.7).
The shaded areas indicate regions which are masked due poethence of emission or
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telluric absorption features or chip artefacts, as dissthgs Sections 2.2.7 and 2.3.
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Figure A.4 continued.
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Figure A.4 continued.




