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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES

SCHOOL OF PHYSICS AND ASTRONOMY

Physical Sciences: Astrophysics

Doctor of Philosophy

COSMOLOGICAL EVOLUTION OF SUPERMASSIVEBLACK HOLES IN THE

CENTRES OFGALAXIES

by Anna Danuta Kapińska

Radio galaxies and quasars are among the largest and most powerful single objects
known and are believed to have had a significant impact on the evolving Universe and its
large scale structure. Their jets inject a significant amount of energy into the surrounding
medium, hence they can provide useful information in the study of the density and evolution
of the intergalactic and intracluster medium. The jet activity is also believed to regulate the
growth of massive galaxies via the AGN feedback.

In this thesis I explore the intrinsic and extrinsic physical properties of the population
of Fanaroff-Riley II (FR II) objects, i.e. their kinetic luminosities, lifetimes, and central
densities of their environments. In particular, the radio and kinetic luminosity functions
of these powerful radio sources are investigated using the complete, flux limited radio cat-
alogues of 3CRR and BRL. I construct multidimensional MonteCarlo simulations using
semi-analytical models of FR II source time evolution to create artificial samples of radio
galaxies. Unlike previous studies, I compare radio luminosity functions found with both
the observed and simulated data to explore the best-fitting fundamental source parameters.
The Monte Carlo method presented here allows one to: (i) set better limits on the predicted
fundamental parameters of which confidence intervals estimated over broad ranges are pre-
sented, and (ii) generate the most plausible underlying parent populations of these radio
sources. Moreover, I allow the source physical properties to co-evolve with redshift, and I
find that all the investigated parameters most likely undergo cosmological evolution; how-
ever these parameters are strongly degenerate, and independent constraints are necessary to
draw more precise conclusions. Furthermore, since it has been suggested that low luminos-
ity FR IIs may be distinct from their powerful equivalents, Iattempt to investigate funda-
mental properties of a sample of low redshift, low radio luminosity density radio galaxies.
Based on SDSS-FIRST-NVSS radio sample I construct a low frequency (325 MHz) sample
of radio galaxies and attempt to explore the fundamental properties of these low luminos-
ity radio sources. The results are discussed through comparison with the results from the
powerful radio sources of the 3CRR and BRL samples.

Finally, I investigate the total power injected by populations of these powerful radio
sources at various cosmological epochs and discuss the significance of the impact of these
sources on the evolving Universe. Remarkably, sets of two degenerate fundamental parame-
ters, the kinetic luminosity and maximum lifetimes of radiosources, despite the degeneracy
provide particularly robust estimates of the total power produced by FR IIs during their life-
times. This can be also used for robust estimations of the quenching of the cooling flows in
cluster of galaxies.
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They’ve done studies you know, 60% of the time it works every-

time.

PAUL RUDD (1969 – ),AS BRIAN FANTANA

The most exciting phrase to hear in science, the one that heralds

the most discoveries, is not ‘Eureka!’ but ‘That’s funny...’

ISAAC ASIMOV (1920 – 1992)





Reports that say that something hasn’t happened are always inter-

esting to me, because as we know, there are known knowns; there

are things we know we know. We also know there are unknowns;

that is to say we know there are things we do not know. But there

are also unknown unknowns - the ones we don’t know we don’t

know.

DONALD RUMSFELD (1932 – )

1
Introduction

——————————–

The following chapter gives an introduction to the background of active galaxies, and radio

galaxies and radio-loud quasars in particular. Their basiccharacteristics, influence on the

expanding Universe and hence their importance is discussed. Major previous studies are

summarised and the aims of this work are presented.

——————————–
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1.1 Where the story begins: the nuclei of active galaxies

Remarkable advances in extragalactic astronomy have been made since the discovery of

active galaxies – the galaxies that harbour supermassive black holes (SMBH) in their nuclei

(active galactic nucleus, hereafter AGN; e.g. Curtiset al., 1918; Baade and Minkowski,

1954; Schmidt, 1963; Smith, 1967; Schmidt, 1968; Rowan-Robinson, 1972; Fabianet al.,

1976; Hutchings and Campbell, 1983; Begelman, 1986; Shlosman et al., 1990; Richstone

et al., 1998; Di Matteoet al., 2005; Cattaneoet al., 2009, among many others). Early

investigations of the origin of the extraordinary luminosity of these sources in the 1960s

led to the present belief that most, if not all, galaxies contain a supermassive black hole in

their centres, whether violently active, dormant or dead (Kormendy and Richstone, 1995;

Richstoneet al., 1998; Magorrianet al., 1998). In simple models an AGN is powered by

accretion onto the central supermassive compact object. The total energy produced by the

AGN is enormous, reaching 1050 J Mpc−3 (e.g. Soltan, 1982), and the mass of the central

compact object is of order of 106−109 M⊙ (e.g. Burbidge and Perry, 1976; Sargentet al.,

1978; Yu and Tremaine, 2002).

In the general picture the central black hole (BH) is surrounded by an accretion disc

composed of cold matter and, further away, by an obscuring torus composed of dust and

matter (Figure 1.1). Dissipative processes, such as viscosity and turbulence, transport the

matter falling onto the BH inwards, causing the disc to heat up and the angular momentum

to be transferred outwards. Sometimes the angular momentumis efficiently lost via the so-

called jets, that is twin, perpendicular to the accretion disc, collimated outflows of energetic

matter most probably coming from the vicinity of the SMBH. However, the jet production

mechanism on small scales, and even the jet composition, is rather poorly known (e.g. Rees

et al., 1982; Begelmanet al., 1984; Wardleet al., 1998; Ferrari, 1998; Meieret al., 2001;

Sikoraet al., 2005; Ferrariet al., 2009).

All of the above processes give rise to the AGN luminosity causing it to radiate signif-

icantly in most bands of the electromagnetic spectrum. An example of the spectral energy

distribution (SED) of quasars is reproduced in Fig. 1.2. In particular, for quasars the ac-

cretion disc radiation peaks in the optical and ultravioletpart of the spectrum (however,

for low-luminosity AGN the peak of the radiation tends to be in the near infrared, see e.g.

Ho 1999). If the accretion disc is obscured by gas and dust, the emission is absorbed by

the dust and then re-emitted in the infrared; this is the so-called reprocessing and since it

produces a thermal spectrum it is easily distinguished fromany jet or disc related com-

ponents. Further, the strong gravitational gradient produced by the SMBH will increase

the frictional heating which will then cause emission in X-rays close to the event horizon.

The photons can be also scattered up to X-ray energies (producing power-law spectrum)

through the inverse Compton scattering in the corona of hot material formed around the

accretion disc, which is suggested to be the dominant emission process in the X-ray energy

range (e.g. Jovanovićet al., 2008). The overall X-ray spectrum originates from, among
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Figure 1.1: A schematic model of an AGN. Credits: Brooks/Cole Thomson Learning.

others, thermally Comptonized soft photons, thermal blackbody emission (in the case of

optically thick accretion discs) and X-ray reflection from the disc (see e.g. Fabian, 2006; Jo-

vanović and Popović, 2009, and references therein). In the optical and ultraviolet part of the

spectrum one may distinguish broad and narrow emission lines. The broad emission lines

originate from the cold material which orbits around the BH at high speeds, hence photons

at various Doppler shifts are produced, while the lines withnarrow widths1 are produced by

slower moving clouds of gas that can be found beyond the torus. The jets and the outflow

created so-called radio lobes are prominent predominantlyat radio frequencies due to the

synchrotron radiation from relativistic particles. The synchrotron radiation produces a non-

thermal spectrum, which again is easily distinguishable. The extended emission of energy

transported to the radio lobes is often spectacularly visible at MHz frequencies, while the

compact radio core and jets may be detected at GHz radio frequencies due to the relativistic

beaming as well as de-beaming effects of the jets. Interestingly, jets may be sometimes

observed at optical and X-ray wavelengths (e.g. M87: Kinmanet al., 1974; Schreieret al.,

1982; Lelievreet al., 1984; Stiavelliet al., 1991; Birettaet al., 1991; Marshallet al., 2002).

Fundamentally, the release of the gravitational energy is the origin of the AGN’s luminosity;

however, it is important to note that if the SMBH is spinning,extra energy may be extracted

electro-magnetically from the BH itself, contributing to its enormous energetic output (e.g.

Blandford and Znajek, 1977; Reeset al., 1982; Meieret al., 1997, 2001; Meier, 2002).

1Note, that the forbidden emission lines always come from thenarrow line region.
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Figure 1.2: Mean broadband spectral energy distribution of radio-loud(grey, dashed)
and radio-quiet (grey, solid) low redshift quasars as modelled by Elviset al. (1994). The
coloured solid lines represent the typical spectral indices in optical, radio and X-ray regime
(αo, αr, andαx respectively), as well as typical radio-to-optical spectral index for radio-
loud quasars (αro), and typical optical-to-X-ray spectral indices (αox). Thex-axis shows
frequency log10(ν/Hz) (bottom axis), and its corresponding wavelength, energy, and tem-
perature (top axis). Credits: Richardset al. (2006).



1.2 Menagerie of AGN 5

1.2 Menagerie of AGN

Despite the existence of a whole zoo of different AGN types (see e.g. Urry and Padovani,

1995, for a review), one can introduce some systematics to its classification. AGNs are

often divided into two types depending on their radio loudness: the radio-quiet and radio-

loud classes. Radio loudness of an AGN is often defined as a ratio (R) of its radio flux

density measured at 5GHz to the opticalB-band (4400Å) flux density (Kellermannet al.,

1989), and for radio-loud AGN it is expected that

R=
S5GHz

SB
> 10. (1.1)

Only approximately 10− 20 per cent of AGNs are radio-loud (Sramek and Weedman,

1980; Strittmatteret al., 1980; Kellermannet al., 1989). However, through recent studies

this ratio is believed to increase with optical luminosity density (e.g. 20− 50 per cent of

quasars which have MB <−24.5 are radio-loud, while only 16−20 per cent them are radio

loud for MB < −21.5: Padovani, 1993; Hooperet al., 1996), as well as X-ray luminosity

density (e.g. della Cecaet al., 1994; La Francaet al., 2010). Moreover, it has been suggested

that radio loudness may be related to the type of the AGN host galaxy (see e.g. Smithet al.

1986, but cf. Dunlopet al. 2003), BH mass (Laor e.g. 2000; Dunlopet al. e.g. 2003;

McLure and Jarvis e.g. 2004, but cf. Ho 2002b) and/or the black hole spin (e.g. Wilson and

Colbert 1995; Moderskiet al. 1998; Sikoraet al. 2007; Chiaberge and Marconi 2011, but

cf. Broderick and Fender 2011).

In this project I focus only on radio-loud AGN, which are further divided into radio-loud

quasars, blazars and radio galaxies. It is important to notehere that although historically

only quasars, blazars and radio galaxies are considered radio loud, there is growing evidence

that some low-luminosity AGN should be included in this class (see Ho and Peng, 2001;

Ho, 2002a,b). Nevertheless, the latter will not be considered in this work.

1.2.1 Quasars, Blazars and Radio Galaxies

Quasars (quasi-stellar sources) were originally identified in optical images as extremely

luminous point-like objects resembling stars. Quickly it became evident that they are at high

redshifts and hence must be extragalactic (Greenstein and Matthews, 1963; Schmidt, 1963).

They are ones of the most luminous AGN classes with luminosities reaching 1039−1040 W.

As with all active galaxies they can be detected across the entire electromagnetic spectrum

and they often show broad and narrow emission optical lines.Only approximately 10 per

cent of all quasars are radio loud (Kellermannet al., 1989) exhibiting radio core and often

extended radio emission.

Blazars (blazing quasi-stellar objects) include the so-called BL Lacertae objects (BL

Lacs) and Optically Violent Variable quasars (OVV quasars), and are distinguished by
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Figure 1.3: Grey scale total radio intensity maps of two radio galaxies with distinct mor-
phologies.Top: 3C 31 FRI radio galaxy observed at 1.4 GHz shows well visible turbulent
structure characteristic for this type of objects (Lainget al., 2008).Bottom:Pictor A – an
FRII radio galaxy with its symmetrical structure containing hotspots, radio lobes and faint
one sided jet; observed at 1.4 GHz (Perleyet al., 1997). The top panels indicate the flux
density variations in the images in Jy (top) and mJy (bottom).
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rapidly variable and strongly polarised radio, optical andX-ray emission. The variable

emission of blazars is thought to come from a relativistic jet oriented to the line of sight,

hence often the apparent superluminal motion in the inner part of the jet is seen. When com-

pared to quasars, blazars tend to have spectra dominated by the non-thermal continuum. For

reviews see e.g. Angel and Stockman (1980), Fan and Xie (1996), Fossatiet al. (1998), Fan

et al. (2001).

Radio galaxies always manifest extended radio emission. Their observed radio structure

depends on the interaction between the relativistic outflows of the active nucleus and the

external medium. The large scale radio structure of radio galaxies and their classification is

further discussed in§1.2.2. The optical hosts of radio galaxies are almost alwaysmassive

ellipticals, although at least one exception has been found(Ledlow et al., 1998). Radio

galaxies may exhibit strong emission lines in their spectra, as well as be relatively feature-

less; some authors have argued that the existence of emission lines should be considered as

the basis for further radio galaxy classification rather than their radio morphology, and this

issue is discussed in§1.2.3.

1.2.2 Large Scale Radio Structures of AGN

Fanaroff and Riley (1974) divided the extragalactic large scale radio sources into two main

classes, namely the low luminosity density FR I and more luminous FR II type. The division

line was roughly set atL178MHz ∼ 2× 1025 W Hz−1 s−1. However, it has been suggested

since then (Owen and White, 1991), that the FR I/FR II break isa function of the optical

luminosity density of the host galaxy; this has been furtherparametrised by Ledlow and

Owen (1996) who showed that the break is rising with the optical luminosity density as

LR ∝ L1.7
opt.

It quickly became clear that sources of the two classes differ morphologically. FR IIs are

limb-brightened, often symmetrical objects with well defined features such as jets, hot spots

and radio lobes; they are often referred to as classical double radio sources. The relativistic

outflows of FR IIs are tightly collimated and remarkably stable. They terminate in strong

shocks, where the outflow particles may be re-accelerated, forming the so-called hot spots.

The particles are then transported through the backflow filling in the cocoon, which in turn

is formed by the expansion of jet through the external medium(the theory of relativistic jets

is briefly reviewed in§2.1). In contrast, the outflows of FR I sources are poorly collimated,

their decelerating jets start interacting with the external medium soon after their ejection.

Unlike FR IIs, the vast majority of their radio emission is radiated close to their radio cores

(which are believed to be at the base of the jets), hence they are often described as core-

jet bright, edge-darkened objects. Examples of both classes are shown in radio maps of

Figure 1.3. Interestingly, most quasars exhibit FR II morphology, while radio galaxies are

found to be either FR I or FR IIs. The large scale radio structures of both morphologies may
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extend up to Mpc scales, which is well beyond the optical extent of their host galaxies (e.g.

3C 236, which is one of the largest and most famous radio galaxies, extends to∼ 4.5 Mpc).

The emission mechanism for these radio structures is synchrotron radiation that origi-

nates from relativistic particles accelerating in a strongmagnetic field (Rybicki and Light-

man, 1979; Longair, 1992). The highly relativistic, shocked particles (typically assumed to

be electron-positron dominated), composing the compact emission of radio core and jets,

give rise to the spectrum predominantly at GHz frequencies as depicted in Figure 1.4, al-

though the compact emission from relativistically beamed jets may be sometimes detectable

also at MHz frequencies (e.g. 3C 345 and 3C 454.5, see BRW99).The radio lobes con-

sist mostly of shocked jet material, freshly injected as well as older one, and are visible

primarily at MHz radio frequencies.

1.2.3 Unification of Radio-loud AGN

Over the past three decades the orientation-based unification scheme has been the standard

picture of the radio-loud AGNs. These unification models assume that different apparent

classes of AGNs are in fact the same type of objects observed at different angles to the

line of sight. The first idea that the orientation may play therole in AGN unification came

from Orr and Browne (1982) who suggested that the core-dominated quasars were sim-

ply the lobe-dominated quasars viewed close to the line of sight. Further, Scheuer (1987)

and Barthel (1989) reviewed the relativistic beaming modeland proposed that the only dif-

ference between radio galaxies and quasars are their viewing angle, and often associated

relativistic beaming. Based on this view, radio galaxies and radio-loud quasars of FR II

morphology would belong to the same population of sources. Similar unification has been

proposed for radio galaxies of FR I type and blazars, where the latter are the FR Is seen

down the jet. Consult Antonucci (1993) and Urry and Padovani(1995) for reviews of these

models, and e.g. Tadhunter (2008) for criticism of these views.

Although the orientation-based unification models suggestthat radio galaxies of differ-

ent Fanaroff-Riley morphology should be treated separately, the question of whether these

morphologically different sources originate from the sameparent population and are depen-

dent on the environment they reside in, or whether they are intrinsically distinct, is still open

(e.g. Baumet al., 1992, 1995; Meieret al., 1997; Gopal-Krishna and Wiita, 2000; Rawl-

ings, 2002; Kaiser and Best, 2007; Kawakatuet al., 2009; Wanget al., 2011). In particular,

Baumet al. (1992) in their interpretation of the radio galaxies’ emission-line nebulae spec-

troscopy suggest that the angular momentum of the gas in the accretion disc of the AGN

may be important in determining the radio morphology of the sources. According to their

work FR Is are supposed to be fed at low accretion rate, and have presumably low spins,

while FR IIs are expected to undergo higher accretion rates and their BH spins are supposed

to be also higher (although the authors do admit that the spinsuggestion is highly specu-

lative, it would provide explanation for the differences injet collimation and Mach num-
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bers of the two classes; see Baumet al., 1995). Similar interpretation is favoured by e.g.

Rawlings (2002). However, such arguments lead to the conclusion that there should exist

fundamental differences of the central engines of sources of the two morphological classes.

Consequently, two classes have been introduced, namely theclass of high-excitation galax-

ies (HEG) which includes the most powerful radio galaxies and quasars (nearly entirely of

FR II morphology), and the low-excitation galaxy class (LEG) consisting of most FR I

radio galaxies and low-luminosity FR II sources. As a counterargument to this reasoning

Gopal-Krishna and Wiita (2000) present a sample of rare hybrid radio sources; HYMROS

(HYbrid MOrphology Radio Sources) are radio sources with large scale structure which

resembles both Fanaroff-Riley classes, that is they seem tobe of FR I type on one side,

and FR II on the opposite side. The existence of such sources supports the idea that the

radio morphology depends on the jet interaction with the surrounding medium rather than

intrinsic differences of the central engine. Also Kaiser and Best (2007) and Wanget al.

(2011) present semi-analytical models that allow evolution of FR II objects into FR I type.

On the other hand, it is noted that the model of Baumet al. (1995) allows for evolution of

the central engine properties, that is the mass accretion rate may decline in time allowing

FR II sources to evolve into FR I. Clearly, this issue is not yet resolved.

In this thesis I follow the orientation-based unification models assuming that the differ-

ence between radio galaxies and radio-loud quasars is only their viewing angle. Due to the

availability of semi-analytic parametrisation of the jet modelling (see also§2.1), only FR II

type sources are considered in this work. However, despite using the FR I/FR II distinc-

tion between radio sources rather than the LEG/HEG diagnostics, the question of and any

evidence for LEG/HEG differentiation is tackled in my further analysis (Chapter 4).

1.3 Where the monsters live: the impact of the radio-loud AGN

on the surrounding Universe

Radio galaxies and radio-loud quasars are believed to have had a significant impact on the

evolving Universe and its large scale structure (e.g. Kronberg et al., 2001; Gopal-Krishna

and Wiita, 2001; Gopal-Krishnaet al., 2004; Silk, 2005). These radio sources are often

found in galaxy groups and clusters (among others: Longair and Seldner, 1979; Hill and

Lilly, 1991; Allington-Smithet al., 1993; Deltornet al., 1997; Zirbel, 1997; Belsoleet al.,

2007). Although, there is evidence that FR II sources at low redshifts seem to prefer lower

density environments (poor clusters and groups of galaxies), while FR IIs at higher redshifts

and the vast majority of FR Is are often found in clusters of galaxies, and high density

environments (e.g. Zirbel, 1997). Since their jets inject asignificant amount of energy into

the surrounding medium, stored in the radio lobes, they can provide useful information in

the study of the density and evolution of the intergalactic and intracluster medium. The jet

activity is also believed to regulate the growth of massive galaxies through the compression
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Figure 1.4: Radio-to-optical SED of 3C 138 radio galaxy. This example shows the phys-
ical origin that gives rise to the SED components. Low radio frequencies (MHz) unveil
the synchrotron emission of the radio lobes, while radio jetstarts contributing to radio
luminosities at GHz frequencies. Although not indicated inthe figure, the compact radio
emission from hotspot and radio core contributes to the source luminosity density already
at low GHz frequencies. The sketch is not to scale, here the dust shell is approximately
104× its true size as compared to the length of the drawn jet. Credits: Clearyet al.(2007).

of the cold clouds of the ambient medium surrounding the outflow and thus triggering star

formation either by the jet impact itself or by heating the intergalactic gas (e.g. Böhringer

et al., 1993; McNamaraet al., 2000; Rawlings and Jarvis, 2004; Scannapiecoet al., 2005;

Croton et al., 2006; Dopitaet al., 2007; Shabalaet al., 2011). Moreover, the powerful

distant2 radio galaxies and quasars allow us to trace the large scale structure of the early

Universe (e.g. Mileyet al., 2004).

1.3.1 Clusters of galaxies

Clusters of galaxies are the largest gravitationally boundobjects in the Universe. Their typ-

ical physical extent is of 1−10 Mpc, and they contain masses of approximately 1015 M⊙.

They may contain hundreds of galaxies, although it has been loosely defined that agglomer-

ations which contain no fewer than approximately 50 galaxies are to be classified as clusters

2The most distant quasar currently known (as of December 2011) resides at a redshift ofz= 7.085 (Mort-
lock et al., 2011).



1.3 Where the monsters live: the impact of the radio-loud AGNon the surrounding
Universe 11

of galaxies. Structures of smaller number of objects are classified as groups of galaxies;

these do not have well defined centers3 (cluster/group core), and are much smaller both in

physical size (1−2 Mpc) and in mass (1012−1014 M⊙) than galaxy clusters. Many galaxy

clusters are bright X-ray sources with X-ray luminosities of 1043− 1045 erg s−1 (that is

1036− 1038 W). This X-ray emission has been found to be most consistent with thermal

bremsstrahlung originating from hot gas. The gas, known as intracluster medium (ICM),

is very hot (107−108 K), of rather low density (approximately 10−2−10−4 atoms cm−3),

and consists of ionised hydrogen and helium enriched by heavy elements such as iron (see

e.g. Tamuraet al., 2004, on the ICM metal abundances). For extensive reviews on galaxy

clusters see e.g. Sarazin (1988) and Arnaud (2005).

Clusters of galaxies are assumed to be bound, self-gravitating systems. Based on this as-

sumption already early estimations of masses of clusters (e.g. Zwicky, 1933; Smith, 1936)

showed that their total masses are much greater than can be contributed by all of the galaxies

in particular clusters; this is currently known as the missing mass problem. This discovery

led to the hypothesis on the existence of ‘dark matter’ (Zwicky, 1933, 1937). In a typical

galaxy cluster only approximately 15 per cent of the total mass is composed of the visible

baryonic matter, while the remaining 85 per cent is believedto form the dark matter com-

ponent. See e.g. Biviano and Salucci (2004) and Sand (2006) for reviews and discussions

on this topic.

Giant elliptical cD galaxies are often found in the concentrated cores of galaxy clusters.

These galaxies are the most luminous ones known, and are often inhabited by powerful

radio sources (see e.g. Sarazin, 1988; Kormendy and Djorgovski, 1989). It has already been

noted three decades ago (e.g. McHardy, 1979) that radio sources are often found in galaxy

clusters and are located close to the cluster core (see also Hill and Lilly, 1991; Allington-

Smithet al., 1993; Ledlow and Owen, 1995; Deltornet al., 1997; Belsoleet al., 2007; Wing

and Blanton, 2011).

1.3.2 AGN feedback

During the initial gravitational collapse that forms galaxies and galaxy clusters, the intra-

cluster medium (intergalactic medium; thereafter IGM) is heated to high temperatures. The

hot gas of the collapsing structures quickly loses its energy by the bremsstrahlung emission

in X-rays; this cooling will be strongest in the densest regions. Once the material in the

collapsing structure centre cools down, the pressure of thehot gas nearby will induce more

material to flow inwards – this mechanism is referred to as thecooling flow. For compre-

hensive review on the physics of cooling flows see Fabian (1994). Surprisingly, however,

it has been found that much less mass is actually being cooledthat it is expected from the

theoretical predictions; a term ‘cooling flow problem’ has been coined (e.g. Heckmanet al.,

3Note, however, that this is not differentiating characteristics between groups and clusters of galaxies;
galaxy clusters can be divided into regular (with well defined core and spherical symmetry, e.g. Coma Cluster)
and irregular ones (e.g. Virgo Cluster).
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Figure 1.5: An example of shocked X-ray emission surrounding radio lobeof the Centau-
rus A, an FR I radio galaxy atz= 0.0018. Radio contours (1.4 GHz) are overlaid on the
smoothed, colour coded (units of ACIS counts/pixel) X-rayChandradata (0.4−2.5 keV).
Credits: Crostonet al. (2009).

1989; O’Deaet al., 1994; Voit and Donahue, 1995; Edge and Frayer, 2003; Peterson et al.,

2003; Peterson and Fabian, 2006). The following mechanismshave been proposed as an

additional source of heating of the cooling flows: AGN and supernova heating, thermal

conduction, comic ray heating (see Peterson and Fabian, 2006, and references therein). The

AGN feedback is presently considered to be the primary source of heating.

As previously mentioned, the outflows of the AGN inject a significant amount of energy

into the surrounding medium. The interaction occurs between the expanding low density,

high pressure radio lobes and denser ambient medium via the ‘pdV ’ work done by the

lobes. But even when the jet activity stops, the radio lobes start to expand buoyantly, and

continue to interact with the ambient medium. The evidence confirming this view includes

strong interaction of radio galaxies with surrounding environment (e.g. 3C 84: Böhringer
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et al., 1993), radio bubbles, and X-ray shocks. The radio bubbles are ‘holes’ in the X-

ray surface brightness, and studies have shown that they often coincide with radio lobes of

radio galaxies (see McNamara and Nulsen, 2007, for review and references). The direct

evidence for shocks in the hot phase (X-ray shocks) can be found around small scale radio

lobes of nearby radio galaxies; examples include CentaurusA (Kraft et al., 2003; Croston

et al., 2009, see Figure 1.5), NGC 3801 (Crostonet al., 2007), and Markarian 6 (Mingo

et al., 2011). Although more difficult to detect, evidence of shockheating has been also

found in the case of FR II radio galaxies, e.g. 3C 444 (Crostonet al., 2011). However,

AGN feedback is thought to be an intermittent process as manyradio galaxies show signs

of recurrent activity (e.g. Schoenmakerset al., 2000a). The intergalactic and intracluster

cold gas is directly connected to the accretion mechanism ofthe SMBH, and hence heating

of the ICM (during the AGN activity,ton) most probably affects the accretion rate of the

AGN central engine. Eventually, the accretion may shut off,and after some time (toff) may

restart. Since each episode of the AGN activity will give rise to the overall feedback from

the SMBH, estimation of the so-called duty cycles of AGNs (that is the ratio of the time

spent in the active state to the time spent in the quiescent state, that iston/toff) became of

interest to many authors. For extensive reviews on the AGN feedback see e.g. McNamara

and Nulsen (2007) and Gittiet al. (2012).

1.4 Extragalactic Radio Surveys

The interstellar medium (ISM), and particularly its coolerphases, consisting of neutral gas,

molecular gas, and dust grains, is often a source of obscuration of radiation from astronom-

ical objects. The obscuration by these particles, absorption and scattering, is inclined to be

most severe at shorter wavelengths and particularly at ultraviolet part of the spectrum; the

radiation is obscured by particles of sizes comparable to the considered (or shorter) wave-

lengths, and since typical dust grains are of 0.1µm in size (e.g. Weingartner and Draine,

2001; Zubkoet al., 2004), radio and infrared frequencies are the least affected (although at

X-rays and gamma-rays the ISM starts to become again more transparent than at optical and

ultraviolet wavelengths). Thus unobscured observations at radio wavelengths are very pow-

erful in detecting high redshift astronomical objects, andare considered a perfect laboratory

for cosmological studies.

One of the best known, as well as one of the first comprehensivecatalogues of ex-

tragalactic radio sources, is the 3C catalogue (The Third Cambridge Catalogue of Radio

Sources; Edgeet al. 1959, see also Bennett 1962). Its ‘revised revised’ version(3CRR;

Lainget al., 1983) is formally a complete sample of extragalactic radiosources of the orig-

inal survey, and is very commonly used in radio galaxy and quasar studies. The Radio

Astronomy Observatory of the University of Cambridge provided a few more extragalactic

radio catalogues at both low and high frequencies, for instance 6C measured at 151 MHz

(The Sixth Cambridge Catalogue; Eales, 1985), and 9C at 15 GHz (The Ninth Cambridge
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Catalogue; Waldramet al., 2003), among others. As discussed by Condon (1999), the

progress in electronics (and computing power) allowed us toemploy the long known syn-

thesis aperture techniques to a new, powerful level. Thus some of the new generation radio

surveys came into existence, such as the still not yet complete FIRST survey (Faint Images

of the Radio Sky at Twenty-centimetres; Beckeret al., 1995), NVSS (The NRAO VLA Sky

Survey; Condonet al., 1998) and WENSS (The Westerbork Northern Sky Survey; Ren-

gelink et al., 1997). Undeniably, all of the existing radio surveys contribute significantly to

our knowledge of the radio Universe; their diverse frequencies at which the visibilities4 are

measured as well as angular resolutions do give a complementary insight into the radio sky.

However, one must remember that the longer the wavelength (λ ) is, the lower the reso-

lution (θres) becomes; the angular resolution may be balanced by increasing the size of the

radio interferometer baseline (Dbaseline) since

θres ∝
λ

Dbaselinesin(Θ)
, (1.2)

whereΘ is the angle at which the source is observed and is measured from the baseline

plane,Dbaselinesin(Θ) may be referred to as the projected baseline. Yet the angularreso-

lution cannot be increased infinitely, and some limitationsexist. It is clear that the higher

frequency surveys may reach better angular resolution (e.g. FIRST with θres∼ 5 arcsec)

than the low frequency ones (e.g. WENSS withθres∼ 54 arcsec). One must bear in mind,

however, that always both the longest interferometer baseline and the frequency are impor-

tant for obtaining specific angular resolution. The high resolution of the FIRST survey is

thanks to both of these parameters; for instance the NVSS survey measured at the same

frequency as FIRST reaches only 45 arcsec in the angular resolution since its longest base-

lines are significantly shorter than those used for the FIRSTsurvey. Another aspect that one

must also consider is the effect commonly referred to as ‘resolving out’ the radio sources,

especially the low luminosity sources of extended diffuse emission. Some explanation on

the basics of the operation of radio interferometers is necessary at this point. The coordi-

nate system of radio image is based on(u,v) coordinates, where the(u,v) plane represents

the antennae spacings (baselines) tracing the radio sourcevisibilities with respect toω –

the so-called phase tracking centre, and is measured in terms of wavelength (λ ). The(u,v)

plane is a Fourier transform of the ‘true’ sky which in turn ismeasured in(l ,m) coordinates;

the (l ,m) plane is perpendicular to the phase tracking centre and is spatially described as

direction cosinesl andm, which are coordinates of source direction vector. The interferom-

eter response to a radio source is derived from these position vectors. Therefore, it can be

clearly seen that the response of an interferometer dependson the radio source’s size and

4The visibility is the fundamental parameter of an interferometer and can bedefined as a measure of co-
herence of the electric field. A radio interferometer measures discrete components of the spatial frequency
spectrum of an object on the sky, and the ‘visibility amplitude’ is the maximum transmitted intensity (bright-
ness) of the observed object.
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its position; for extended sources the visibility amplitudes decrease with increasing base-

line lengths, and for a radio source of angular sizeθsize interferometer antennae separated

by baselines of< (λ/θsize) only will contribute to the visibilities amplitude. This problem

becomes significant at the longest baselines. For more detailed discussion on the radio in-

terferometry techniques, especially regarding relationship between radio frequency, radio

image resolution and interferometer baselines see Appendix C. For a comprehensive intro-

duction to radio interferometry see e.g. Tayloret al. (1999) and Thompsonet al. (2001).

Because of the reasons presented above there is a tight relationship between measuring

total flux density of a radio source and settings of the interferometer with which observations

are done; for that reason the FIRST and NVSS surveys are oftenused to complement each

other, where the low resolution NVSS (θres∼ 45 arcsec) measures total radio flux density of

the source, and FIRST provides detailed information on the radio source structure (which

is important in the case of extended sources such as radio galaxies). Yet this is not all; the

frequency of the radio observations also plays a crucial role. Measurements at low radio

frequencies (ν < 500 MHz) are, obviously, more sensitive to lower energy emission than

observations at GHz frequencies and hence offer better detection of lower power, extended

large scale radio structures. In addition, at high radio frequencies (ν > 1 GHz) relativistic

effects are more likely to be observed, and significantly more compact core-dominated radio

sources are included. Hence, the ‘old favourite’, 3CRR, which is measured at 178 MHz,

along with other catalogues such as 6C or 7C (The Seventh Cambridge Survey; McGilchrist

et al., 1990, both at 151 MHz), is often used in the studies of the radio galaxies and radio-

loud quasars. See also detailed discussion in Blundellet al. (1999, hereafter BRW99) on

this subject.

Although radio observations seem to be a perfect laboratoryfor studying both radio

sources at cosmological distances and in population studies, one must bear in mind that

these catalogues are not free from observational biases. Since radio luminosity density (Lν )

depends on the distance to the radiation source, that is

Lν = 4πd2
LSν , (1.3)

whereSν is radio source flux density measured at the radio frequencyν , anddL is the

luminosity distance (see Appendix C), at higher redshifts only the most powerful radio

sources will be observed. This unavoidable Malmquist (1922) bias is referred to as the

Lν − z degeneracy, and is pictured in Chapter 3 (Fig. 3.1). The phrase ‘complete, flux-

limited radio sample’ refers to surveys that contain all radio sources observed at a given sky

area above the survey’s flux limit, and hence they are considered to be complete despite the

inclusion of the bias. Nonetheless, extra care must be takenwhile carrying out population

studies.

To explore the population of low radio power high redshift radio galaxies and radio-loud

quasars, deeper (more sensitive) radio observations than are currently available at MHz
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frequencies, are needed. Two international projects that are of a particular importance are

LOFAR (The LOw Frequency ARray; Lazioet al., 1999), the first science of which is

currently under its way, and SKA (Square Kilometre Array5) which is expected to be in

operation in 2020. LOFAR will operate at radio frequencies of 30− 240 MHz with an

angular resolution of the order of arcsec if observing with international baselines (baselines

of ∼ 1000 km). The estimated system sensitivity6 of LOFAR array reaches 10 mJy at

30 MHz and 0.20 mJy at 200 MHz again using the longest international baselines. These

characteristics are considerably improved as compared to the widely used 3CRR catalogue.

1.5 Previous Population Studies

The impact of radio galaxies and radio-loud quasars on theirenvironments as well as their

cosmological evolution has been addressed by many authors over the last few decades.

The pioneering work on the evolution of these violent activegalaxies, based purely on the

observational data, was done, among others, by Oortet al. (1987), who for the first time

broke the degeneracies between radio lobe luminosity density, redshift and linear size of

the extragalactic radio source population, and found that generally the linear sizes of AGN

radio lobes evolve with cosmic epoch asD ∝ (1+z)n, wheren≈−3.3±0.5. Similar results

were obtained by, e.g., Singal (1988) and Kapahi (1989) who studied a variety of samples

extending toz∼ 1.8−2.9 and both authors foundn≈−3.0. Moreover, in their work on high

redshift quasars (z> 1.5) Barthel and Miley (1988) presented evidence that these powerful

radio sources reflect a cosmic epoch dependent stage of the evolving large scale structures in

their physical appearance. The interest in radio galaxy andquasar cosmological evolution

lead to the work of Dunlop and Peacock (1990) who showed that the space densities of

powerful radio galaxies were the largest in the so-called ‘quasar era’, i.e. between redshifts

∼ 1.5 and 3 (see also Jackson and Wall, 1999). Through this discovery it became apparent

that these radio sources carry important knowledge about the evolving Universe.

Because of the relatively simple structure of radio sourceswith FR II morphology (con-

trary to the turbulent nature of FR Is), attempts have been made to develop analytical

models of their growth; the pioneering work of Scheuer (1974) and Blandford and Rees

(1974), and further of Baldwin (1982) and Carvalho (1985) led eventually to the develop-

ment of some sophisticated semi-analytical models of FR IIs’ growth over the past 15 years

(e.g. Kaiser and Alexander 1997, hereafter KA97; Kaiseret al. 1997, hereafter KDA97;

BRW99). These models can predict source observables, that is radio lobe luminosity den-

sity and linear source size, from underlying physical properties such as jet kinetic luminosity

(Q), source age (t), and the density of the intergalactic medium (ρ). This development has

5http://www.skatelescope.org
6The system sensitivity (system equivalent flux density, often referred to as SEFD) is the theoretical sensi-

tivity that an interferometer can reach. Characteristics such as efficiency of the antennae, the collecting area as
well as system noise are taken into account in the estimationof the system sensitivity.



1.5 Previous Population Studies 17

Figure 1.6: The reproduction of the original diagram of Shklovskii (1963), wherey-axis
represents the photographic absolute radio magnitude denoted asMr, andx-axis represents
the source’s linear dimensions denoted asR• (for detailed explanation see the original pa-
per). The author refers to the diagram as the ‘absolute magnitude – linear dimensions’ dia-
gram for radio galaxies. Shklovskii (1963) defines two regions of the diagram that clearly
stand out, namely the ‘main sequence’ (when the radio luminosity density increases), and
the ‘giant sequence’ (for which the radio luminosity density decreases). The currently
usedPν −D diagrams in various radio galaxy and radio-loud quasar studies (§1.5) include
only the giant sequence.
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led to number of studies that investigated whole populations of these powerful sources and

their evolution through exploration of their fundamental properties (Daly 1995; BRW99;

Kaiser and Alexander 1999; Barai and Wiita 2006, 2007; Wang and Kaiser 2008). The basic

methodology of these studies was to construct virtual populations of these sources choosing

underlying properties for the population and running them through semi-analytical models

to predict the distribution of source observables, the linear size and radio lobe luminosity

density. The simulated populations were further compared to observed data from complete

samples of radio sources.

However, those studies focused on the commonly used radio power – linear size (Pν −D)

distribution diagram introduced by Shklovskii (1963; reproduced in Figure 1.6). The prob-

lem with such an analysis is thatPν −D diagram is difficult to interpret in terms of other

very commonly used techniques to study source populations such as the luminosity func-

tions. Moreover, many studies, whether they were purely observational or based on the the-

oretical models of radio source growth, (e.g. Kapahi, 1989;Singal, 1993, BRW99) focused

predominantly on the relationship between the observablesand their trends with cosmolog-

ical epochs. These observables are determined by the fundamental source properties, and

hence they carry convolved effects of possible cosmological evolution of the underlying

physical properties, as well as the influence of possible observational biases. There have

been attempts to investigate the fundamental source parameter space and its redshift evo-

lution (Kaiser and Alexander, 1999; Machalskiet al., 2004a; Wang and Kaiser, 2008), but

sometimes strong assumptions have been adopted. For instance, assumptions on some of

the intrinsic parameters of the relativistic jets, such as their particle content and the initial

energy of the particles injected in the outflow, as I attempt to show in this thesis, may lead

to different final results. Also, in the investigations of the redshift evolution of some of

the radio source fundamental parameters (such as its age or ambient density in which the

source expands), always one of these parameters was fixed when the other was explored. In

Chapter 3 I show that such a procedure will lead to indirect assumptions on the final results.

1.6 The Holy Grail: Aims of this Work

Since the discovery of radio galaxies and quasars a number of‘big questions’ have been

posed, and their study over time has provided more questionsthan answers. These ques-

tions have changed depending on the decade and a good review highlighting these has been

compiled by e.g. O’Dea (2002). Some of the important burningtopics we face currently

include detailed investigations of environments and length of the lifetimes of these powerful

radio sources. The knowledge of the environments into whichthese radio sources expand

is crucial in investigations of radio source propagation and, what follows, their morphol-

ogy. Since radio galaxies have a significant and violent effect on their surroundings, these

investigations would allow us to shed more light on the relation between radio source ac-

tivity and the cooling flows in clusters of galaxies. Also, the estimation of the lifetimes of
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these sources is of great importance as it will help one to measure for example the duty

cycles of radio galaxies. Another question refers to the waythe ages of radio galaxies can

be measured, since commonly used methods disagree (e.g. synchrotron vs. dynamical age

estimates). Radio galaxies and radio-loud quasars providea unique opportunity for the ex-

ploration of the cosmological evolution of the large and small scale structures, hence the

evolution of these sources, and investigation of their progenitors as well as relics seem to

be of a great importance. Also, their activity in the observable bands (e.g. radio waves) as

well as their effect on the environments in which they residetrace the activity of the central

engine; exploration of these objects gives an opportunity of the investigation of the birth,

death and evolution over the cosmic time of their activity and the supermassive black holes

themselves.

In this project I develop a multidimensional Monte Carlo algorithm to generate virtual

populations of FR II sources. Unlike previous studies (§1.5), I use distributions of radio lobe

luminosity densities that can easily be transformed into radio luminosity functions, rather

than thePν −D diagram, to compare the generated population and the observed data. Also,

I attempt to set as few assumptions as possible on the underlying physical source properties

to obtain more general results (although the resolution of these results are still restricted

by computing time). The Monte Carlo simulation is repeated multiple times following

grid minimisation that searches broad ranges of the possible underlying source properties,

and which allows for generation of confidence intervals of the estimated parameters. Co-

evolution of the physical source properties is also allowed. This will enable one to determine

the dominant type of evolution, if any. Once the fundamentalparameters of FR II radio

galaxies and radio-loud quasars are estimated (that is their kinetic luminosities, ages, and

environments) I investigate the impact of these sources on the evolving Universe through

the significance of their AGN feedback. Ideally, one would like to uncover the information

on the underlying parent populations (unbiased by the sensitivity of the instruments used

by the surveys) of these radio galaxies and quasars, and I attempt to shed more light on

this possibility. The study would be complete with the inclusion of the FR I radio sources,

and this is discussed with the plans on the extension of this work in the conclusions of this

thesis. Finally, one of the aims of this work has been to provide the community with a

simple method which allows one to answer some of the above questions.

1.7 Synopsis

The multidimensional Monte Carlo simulation developed forthis study is presented in

Chapter 2. Statistical methods, such as the maximum likelihood method and the goodness-

of-fit test, as well as techniques used to display results, that is the production of the con-

fidence intervals, are discussed. I also present a brief introduction to the fundamentals of

the jet physics, and the theoretical model considered in this project in particular (KA97,

KDA97). An extensive overview of the assumptions and fitted intrinsic and extrinsic model
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parameters is also given.

In Chapter 3I present and discuss the results obtained from the simulations based on

the 3CRR and BRL radio catalogues. This part of the study focuses on some of the most

powerful FR II type sources observed up to redshiftz= 2. The evidence and the strength

of the cosmological evolution of the intrinsic (e.g. kinetic luminosity, age) and extrinsic

(e.g. density of source environment) parameters of these FRII sources is presented. Since

the results may depend on the assumed secondary parameters,I discuss those and investi-

gate how strong their influence might be. Based on these results I also discuss implications

of the radio galaxy impact for the evolving Universe, and theAGN feedback in particular

(Chapter 6). Similar analysis is further conducted on a low luminositydensity, low redshift

(z< 0.2) radio sample and is presented inChapter 4. Since this sample (Bestet al., 2005;

Best and Heckman, 2012) is constructed at 1.4 GHz, a detailed description of cross match-

ing it with publicly available, low radio frequency radio surveys is presented. Further, the

results of this chapter are compared to the results of the more powerful FR II sources of the

3CRR and BRL radio catalogues, and evidence for validity of the HEG/LEG classification

of the large scale radio sources is discussed.

The much sought-after scaling relation between kinetic andradio lobe luminosity den-

sity of FR II sources is discussed inChapter 5. Discussion on the scaling relation presented

here is based on the theoretical model of KA97 and KDA97. The underlying physical

parameters most strongly influencing the relation, for instance age of the source, jet com-

position etc, are discussed.

In Chapter 7conclusions drawn from this study, as well as newly posed questions are

presented. I also discuss some possible directions for continuing and extending this work.

Finally, in Appendix AI present the maximum likelihood confidence intervals, and the

respective best fitting parameter sets that maximise the likelihood, of the secondary as-

sumptions that may influence the results (discussed inChapter 3). Appendix Bcontains a

list of multicomponent WENSS sources discussed inChapter 4. And in Appendices Dand

E the fundamental formulae of the maximum likelihood estimator and adopted cosmology

(respectively), which are widely used in this work, are presented.

The standardΛCDM cosmology withΩM = 0.3, ΩΛ = 0.7 and the Hubble constant of

H0 = 71 km s−1 Mpc−1 is assumed throughout this thesis.



Things should be made as simple as possible, but not any simpler.

ALBERT EINSTEIN (1879 - 1955)

2
Application of Semi-Analytical Models of

Radio Galaxy Evolution: the multidimensional

Monte Carlo Simulations

——————————–

Since the discovery of radio galaxies in the 1950s attempts have been made to formalise

descriptions of the physical evolution which they undergo throughout their lifetimes. Given

the cosmological distances at which these radio sources areoften found, and their ability

to trace the evolution of the expanding Universe, they are invaluable for cosmological stud-

ies. Consequently, the fundamental parameters characterising radio galaxies have been

an objective in radio galaxy and quasar studies over the pastfew decades. In the follow-

ing chapter I give a short overview of the existing theoretical models of radio galaxy growth

and discuss the models’ assumptions. Most importantly I outline the algorithm of the Monte

Carlo simulations through which the underlying fundamental parameters of radio galaxies

are explored in the further analysis of this dissertation. The content of this chapter has been

submitted to the Monthly Notices of the Royal Astronomical Society (A.D. Kapínska, P. Utt-

ley & C.R. Kaiser, ‘Fundamental properties of Fanaroff-Riley II radio galaxies investigated

via Monte Carlo simulations’, MNRAS (2012) accepted, in press).

——————————–
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2.1 Theoretical models of radio galaxy and quasar time evolu-

tion

A basic picture of FR II type radio source growth, where the relativistic plasma is ejected in

two opposite directions forming collimated outflows, is nowadays widely accepted. These

outflows expand and interact with the surrounding medium until they terminate in strong

shocks and create radio lobes where the excess transferred energy is stored. The idea first

proposed by both Blandford and Rees (1974) and Scheuer (1974) has been developed, over

the past 15 years, into a few more sophisticated models of theevolution of FR II sources. In

particular, there are three models which have gained the most attention, KA97 (part 1) and

subsequently KDA97 (part 2), BRW99, and Manolakou and Kirk (2002, hereafter MK02).

The time evolution of FR I sources, on the other hand, has not been yet successfully de-

veloped into general models of source growth1, although some attempts and considerations

have been undertaken (e.g. Bicknell, 1994, 1995; Wanget al., 2009; Luo and Sadler, 2010).

2.1.1 Relativistic jets

Many mechanisms have been proposed for production and collimation of astrophysical jets

since their discovery, yet no final consensus has been reached. Here I will only outline

the hypotheses put forward on the jet production and collimation problem, and also briefly

discuss emission mechanisms of the large scale outflows and their structures. More detailed

discussion on the theoretical model I will use in the furthersimulations of radio galaxies in

this project is given in the two subsequent sections (§2.1.2 and§2.1.3), while the issue of

the jet particle content will be discussed in the light of this project’s results in§3.10.5 (but

see also§2.3.6).

Formation of relativistic jets. The two crucial requirements while dealing with the jet

production problem are the availability of the material that can be deposited into the out-

flows and the mechanism that will efficiently do this. The accreted material (material in

the accretion disc, hot gas in the corona and/or thick torus)and the production of the jets

are tightly linked. If the central source discards more material in the form of outflows than

it is able to accrete, the jet will shut off, and restart only if enough material is accreted2.

The purely dynamical models of the jet production include funnels (i.e. pre-existing chan-

nels) and nozzles in the clouds surrounding central BH, which are believed to be escape

routes for the outflows. In particular the models predict that the jets are produced by the

dynamical interaction between gas clouds and streams of gasin ion- or radiation-supported

1Some models of time evolution of the low luminosity radio galaxies, that is FR Is, do exist; however, they
are not general enough to be used in a population study such asthis one. These models are often developed as
a case study for a few extensively observed FR I radio galaxies, and contain too many parameters that need to
be constrained observationally.

2Examples of what is considered evidence for the intermittency of the outflows are discussed in§4.3.4.
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thick discs or tori (e.g. Cassen and Pettibone, 1976; Paczy´nsky and Wiita, 1980; Reeset al.,

1982; Begelman and Rees, 1984). Further, the so-called AGN winds may produce various

types of outflows, but as shown through hydrodynamical simulations they are suspected not

to be able to collimate the outflows (see Begelmanet al., 1984, and references therein).

The currently favoured class of the jet production mechanisms are the ones which incorpo-

rate magneto-hydrodynamics (MHD), that is the strong influence from the magnetic field is

recognised. In these mechanisms the outflows are consideredto be produced by the AGN

winds, where jets are composed of the extracted energy and excess angular momentum of

the accreting matter (e.g. Lovelace, 1976; Blandford and Payne, 1982), may be produced by

the BH rotational energy (e.g. Blandford and Znajek, 1977),or include both of these mech-

anisms (Meieret al. e.g. 1997; Meier e.g. 1999, but see also Ohsugaet al. 2005; Ohsuga

and Mineshige 2007). Although the MHD simulations of the relativistic jet production are

considered a good approximation, for the realistic representation of these mechanisms rel-

ativistic effects should be considered. The relativistic hydrodynamic mechanisms were in-

vestigated previously by e.g. Wilson (1972) and Martı́ and Müller (2003), but surprisingly

full general-relativistic MHD has been considered only in the last decade (Koideet al.,

1998, 1999; Leismannet al., 2005). Moreover, one of the important aspects of the jet pro-

duction mechanisms is their ability to effectively collimate the outflow. Without adequate

collimation the jet will not survive the interaction with ambient medium once it had trav-

elled further away from the central engine. Aspects such as the jet pressure (e.g. FR Is

usually have under-pressured jets3, see e.g. Ferrariet al.1995), the strength of the magnetic

field, and the overall speed of the outflow are important, especially that the outflow must

re-collimate once it travelled few parsecs (the reconfinement shock in Figure 2.1). Jets of

FR Is are believed to be collimated to a smaller degree than those of FR IIs; the former

sources will eventually develop instabilities and became turbulent flows. For more detailed

discussion including concepts which are not considered here (e.g. the jet stability) see e.g.

Blandford and Pringle (1976), Eilek and Caroff (1979), Bodoet al. (1990, 1996), see also

Ferrari (1998) and Perucho (2011) for short reviews. For a good review on the nature of

the extragalactic radio sources see early work of Begelmanet al. (1984), and for a recent

review specifically on the jet production mechanisms see e.g. Ferrari (1998), Meier (2001)

and Meieret al. (2001).

Synchrotron radiation. The process responsible for the non-thermal radio emissionob-

servable in large scale extragalactic radio sources is predominantly synchrotron radiation –

emission radiated by the relativistic charged particles spiralling in and accelerated by mag-

netic field4. Synchrotron radiation as the mechanism for producing emission from radio

3The minimum jet pressure can be found from the minimum energyrequirements. I discuss the energy
requirements later in this section.

4The continuum radio emission may be created by either thermal or non-thermal mechanisms. The thermal
emission depends strongly on the temperature of the emitting object. The black body radiation is caused by



24 Chapter 2. Application of Semi-Analytical Models of Radio Galaxy Evolution

sources was first proposed in the 1950s by Alfvén and Herlofson (1950). The polarised op-

tical emission of the M87 jet observed by Baade (1956), who followed the observations of

the Crab Nebula polarised emission and conclusions on its synchrotron emission origin pro-

posed by Oort and Walraven (1956), provided strong evidencefor the earlier proposal (see

also Burbidge, 1956). The current understanding of the radiation process assumes that the

fields are purely magnetic and are assumed to be homogeneous.The total radiated power

depends solely on the particles (their chargeq, massmand velocityv) and the strength of the

magnetic fieldB. Specifically, the average radiated power per electron of the synchrotron

emission is

P=
4
3c

σT(γv)2UB, where UB =
B2

8π
, (2.1)

σT is the Thomson cross-section andγ denotes the Lorentz factor. Considering an ensemble

of electrons that occupy volumeV and which number density is described byn(γ) given

that their Lorentz factors are withinγ andγ +dγ , the total emitted synchrotron power per

unit frequency is

Pν =
1

6π
σTcUB

γ3

v
n(γ)V. (2.2)

In order to produce the observable synchrotron emission a minimum energy contained

in the relativistic particles and the magnetic field is required. The minimum energy is often

referred to as the ‘equipartition energy’, because the minimum occurs when the particle and

the magnetic field energies (Upar andUB respectively) are almost equal. That is

Utot =Upar+UB (2.3)

and it can be shown that the minimum occurs for

UB =
3
4

Upar. (2.4)

Many authors attempt to verify the minimum energy requirements from the large scale

outflows and their imprint on the ambient medium (e.g. Burch,1979; Alexander, 1987;

Carilli et al., 1991; Hardcastleet al., 2002; Dunn and Fabian, 2004; O’Deaet al., 2009,

among others) since it will help to establish adequacy of thetheory to the extragalactic

large scale radio sources and/or any deviations. For detailed synchrotron theory see e.g.

Rybicki & Lightman 1979, Longair 1994.

random motions of electrons. Further, the free-free emission (bremsstrahlung) created by colliding ions and
electrons will contribute to the overall radio emission. The synchrotron radiation (magneto-bremsstrahlung) is
referred to as non-thermal emission. The vast majority of the radio emission, especially at lower frequencies,
comes from the synchrotron mechanism.
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Figure 2.1: Sketch of FR II class radio source large scale structure elements. For expla-
nation see§2.1.2. Credits: Kaiser and Alexander (1997).

2.1.2 Dynamical evolution of powerful extragalactic radiosources

In the following theoretical models of an FR II radio source growth (i.e. KA97/KDA97,

BRW99 and MK02) only the large scale structure of the radio sources is considered. It is

assumed that all of these sources produce well collimated outflows and further physics close

to the BH is omitted. It is not my intent to compare the existing models, hence I will only

briefly summarise the main features of the aforementioned semi-analytical approximations

of the FR II radio source growth. The BRW99 and MK02 models follow the dynamical

evolution of radio sources as described by KA97, which I willfocus on in this work. For

detailed discussion and derivation of the quoted equationsthe reader is referred to adequate

models’ original publications.

The following picture of the dynamical evolution of a relativistic jet is sketched in Fig-

ure 2.1. The outflow is ejected ballistically from the AGN andis initially characterised by

a half-opening angleθjet. At some critical distance from the nucleus a reconfinement shock

develops passing through which an initially ballistic jet transforms into an outflow which

becomes pressure confined, that is the outflow is in pressure equilibrium with its immediate

surroundings – the growing cocoon. At this point it is assumed that the jet radius is con-

stant. The input rate of energy that is deposited into the source’s cocoon is also constant;

this input rate is referred to as the power of the jet or sometimes the jet kinetic luminos-

ity, and is denoted asQ. Furthermore, the rest-mass transport rate in the jet (Ṁo), the bulk

motion within the jet and so its velocity are also assumed to be constant. The environment

into which the source expands is described by a density profile approximated here by the

generalised King’s (1972) profile
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ρx = ρo

(

r
ao

)−β
for r > ao, (2.5)

wherer is the radial distance from the AGN core, andρo is a constant central density within

the core radiusao. The indexβ is usually constrained by the observations, although some

restrictions may apply in the case of certain assumptions (e.g. the self-similarity assumption

requiresβ < 2, see Falle, 1991). Note however, that the model depends on the combination

of (ρoaβ
o ) and not the parameters separately. The approximation is valid at distances of at

least few core radii.

Given the characteristic quantities discussed above, thatis Q, Ṁo and(ρoaβ
o ), one can

define a characteristic length scaleDo (Falle, 1991)

Do =

[

(ρoaβ
o )

2Q

Ṁo
3

]
1

2(β−2)

. (2.6)

Once the jet becomes significantly larger than this characteristic length scale, its flow no

longer is dependent on the rest-mass transport rateṀo. Moreover, as Falle (1991) and KA97

show, the source expansion problem can be solved purely witha dimensional analysis where

the source growth depends purely on the jet of the source withconstant power (Q, hereafter

referred to as the radio source’s kinetic luminosity), its age (t) and the environment in which

it self-similarly expands. The linear length of the radio lobe (Dlobe) of the radio source is

hence

Dlobe= c1

(

Q

ρoaβ
o

)
1

5−β

t
3

5−β , (2.7)

where thec1 parameter depends solely onβ , adiabatic indices of the radio lobe and the

external medium (Γl andΓx respectively), and the source aspect ratioRT (i.e. the ratio of

the radio source length to its width, see§2.3.5), and is given by

c1 =

[(

8R4
T

9π

)

(Γx +1)(Γl −1)(5−β )3

9[Γl +2RT(Γl −1)]−4−β

]

1
5−β

. (2.8)

As the outflows drill their paths in the ambient medium they eventually terminate form-

ing hot spots at the end of the jets. The hot spots, often referred to as the ‘working surface’,

are situated at the ‘head’ of the strong shocks generated by the jets and are much larger

than the cross section of the jet. Specifically, through the collision between the jet and the

external medium two shocks form, one in each of the collidingmedium. These are the bow

shock, which propagates into the external medium, and an internal shock which propagates
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into the cocoon. Additionally, the so-called contact discontinuity forms in between the two

shocks (Figure 2.1). The dynamics of the bow shock is tightlylinked to the mass of the

shocked ambient medium. The contact discontinuity defines the cocoon of the radio source

where the transported jet material and energy is stored. Specifically, the shocked jet ma-

terial is diverted back towards the source’s radio core filling in the cocoon (the process is

often called a ‘backflow’), the visible part of which is defined as the radio lobe. Although

the shocked jet material is separated from the shocked ambient medium by the contact dis-

continuity, any mixing of the two materials may occur close to this border. KA97 assumes

at this point that the pressure at the working surface (phot spot) is completely balanced by the

pressure of the surrounding shocked external medium (pbowshock), i.e. phot spot= pbowshock.

Based on the above scenario and the assumption that the relativistic particles of the out-

flow and the magnetic field pressure are balanced by the ram pressure of the IGM, the lobe

pressure (plobe) of a radio source at a given aget can be found with

plobe ∝ (ρoaβ
o )

1/3Q2/3D(−4−β)/3
lobe . (2.9)

Note that the dependence on the age of the radio source is hidden in the expression on the

linear size of the radio lobeDlobe. Also, it is important here to stress that the assumption

on the jet being confined by the cocoon pressure implies that the jet pressure (after the

reconfinement shock) equalsplobe. Furthermore, KA97 assume that any gradients in the

lobe pressure are smoothed out; such an assumption does not apply only in the regions

close to the working surface. For the full equation and its derivation see KA97 and Kaiser

and Best (2007).

One of the important consequences of the KA97 model is the self-similarity of the radio

source growth. The rate at which kinetic energy is transported into the bow shock in the

KA97 model is

Pbowshock= 0.5
∫

Abowshock

ρxv3
bowshockdAbowshock, (2.10)

whereAbowshock is the bow shock surface area,vbowshock is the velocity perpendicular to

it, and ρx is the gas density of the external medium as defined in Eqn. 2.5. Through the

geometrical analysis KA97 shows that this can be expressed as

Pbowshock∝ D2−β
lobe

(

dDlobe

dt

)3

, (2.11)

and is constant. Further, they also show that the volume of the radio source, assumed to be

cylindrical, expands according to

Vlobe ∝
(

Dlobe

ao

)3

. (2.12)

Eqn. 2.11 and 2.12 indicate that both, the cocoon and the bow shock of the growing radio
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source must expand self-similarly.

The BRW99 and MK02 models follow the formalism of KA97 for thedynamics of a

growing radio source. The only difference lies in the interpretation of the hot spot and head

region of the source structure; BRW99 (and so MK02 who follows formalism of BRW99)

assume that hot spot region is not equivalent to the head region, the latter being much larger.

Material transported by jets gets backflowed into the cocoonfrom the hot spot (where the

particles may be re-accelerated) via the head of the jet. Also, they argue that radio sources

do not expand self-similarly. Such an interpretation will influence prescriptions on the radio

luminosity density evolution of the sources’ lobes and is discussed in more detail in the next

section (§2.1.3).

2.1.3 Luminosity density evolution of powerful extragalactic radio sources

The KDA97 formalism. To calculate the radio lobe luminosity density KDA97 assume

that the radio lobe of a source is composed of small volume elementsδV. Each of such

volume elements depends on the particles’ injection timeti . The internal energy (δU ) of

δV is expected to change as

d(δU) = Qd(δ ti)− plobe(ti)d(δV). (2.13)

That is the internal energy ofδV depends on the rate of the energy being deposited less the

work done on the adiabatic expansion of the volume element. Further, KDA97 assume that

the energy density of the particles is in equipartition withthe magnetic field energy density

(Eqn. 2.4). Given this, the volume elements are summed up andusing Eqn. 2.2 for the total

power of the synchrotron radiation KDA97 find the radio lobe luminosity density at a radio

frequencyν (note thatLν = 4πPν ) of the radio source to be

Lν = fLQp(m+1)/4
lobe t

∫ 1

xmin

C(x)dx, (2.14)

wheremdenotes the injection spectral index of the energy distribution of the relativistic par-

ticles (§2.3.4), the termC(x), wherex= ti/t, depends on the energy losses of the relativistic

plasma, and

fL =
(σTc

ν

) 2(m+1)(2RT)
4(1−Γl)/Γl f 3−m

γ fn
3(m+5)

. (2.15)

The terms fγ and fn are normalisations of the Lorentz factor of the relativistic particles

radiating at frequencyν in the evolving magnetic field and of the particle energy spectrum

changes respectively. The energy losses depend on the time the particles have spent in the

radio lobe. This means that the losses are not only depended on the aget of the radio
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source, but also on the injection time of particles, given that ti < t. The following losses

will affect the radio lobe luminosity density: adiabatic expansion, synchrotron and inverse

Compton losses. The adiabatic energy losses occur due to thesource expansion, while losses

from the synchrotron emission and inverse Compton losses occur due to the (decreasing)

magnetic field and the constant scattering of the cosmic microwave background (CMB)

photons respectively. In particular, the synchrotron emission losses dominate mainly at

the very early stages of the source’s life when the magnetic field is the strongest. As the

magnetic field decreases with the growth of the source, the inverse Compton losses will

replace the synchrotron losses at the very late stages of thesource life. The adiabatic losses

affect the source evolution during its whole lifetime. Since these processes are incorporated

into the model they allow to follow the source luminosity evolution more accurately.

In the derivation of Eqn. 2.14 it is assumed that the relativistic particles are initially

accelerated at the timeti and their energy distributionn(γi) can be described by a power-

law relation depending on their initial Lorentz factorsγi (see also Eqn. 2.22). Furthermore,

one cannot neglect the type of particles involved in the inflation of the cocoon. Synchrotron

radiation requires charged particles; electrons are thought to be the typical constituent of the

relativistic jets. However, to obtain neutrally charged flow some sort of positively charged

particles must accompany electrons. Most commonly positrons or protons are invoked;

however given fixed kinetic luminosityQ the choice of the positively charged particles in

the flow will have profound influence on the resulting radio lobe luminosity density. This

issue is further discussed in§2.3.6.

For the full derivation of the radio luminosity density equation see KDA97 and Kaiser

and Best (2007, 2008). It is interesting to note here that theshocked jet material, which

radio lobes are filled with, is still hot and relativistic as it may be re-accelerated in the hot

spot region; the particles are believed to undergo the first-order Fermi process that accel-

erates them (Fermi, 1949). However, the surface brightnessof the radio lobes may decay

in the direction towards the radio core mainly due to adiabatic losses in the magnetic and

particle energies, hence the visible radio lobes are much smaller than the expected cocoons.

Nevertheless, the lower energy particles remain as heat in the cocoon for the lifetime of the

radio source.

Modifications – the BRW99 and MK02 models. The BRW99 and MK02 models differ

from KDA97 in their assumptions on the luminosity density evolution of the sources deter-

mined by the way the relativistic particles are injected from the jet to the radio lobe, and

the particle transport. The original KDA97 model concludesthat for the assumptions they

adopt, the working surface, cocoon and bow shock of a source must expand self-similarly.

This implies that the working surface grows proportionallyto the size of the radio source.

Note also that in the KDA97 model emission from hot spot is ignored, and a constant factor

by which pressure in the cocoon differs from the pressure in the working surface is assumed.

BRW99 argue for the importance of the hot spot region pointing out the over-simplicity
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Figure 2.2: ThePν −D diagram for the 3CRR sample (§3.2) of FR II radio galaxies and
radio-loud quasars.

of the KA97/KDA97 model and its assumption of source self-similar expansion. They as-

sume that hot spots do not grow self-similarly, and show thatcontribution of hot spot emis-

sion to the total radio luminosity density is, on average, approximately 0.04 per cent. The

authors also argue that inverse Compton losses from the AGN’s own radiation field cannot

be neglected in the calculation of the total radio luminosity density. Given this, BRW99

follows the formalism of KDA97 but with two additional important modifications. Firstly,

they assume that the injection index (that is the slope of theenergy distribution of relativistic

particles, see§2.3.4) is governed by the break frequencies of the energy distribution in the

hot spots. Secondly, BRW99 assume that adiabatic expansionlosses are controlled by the

hot spot pressure which isnot equivalent to the head region pressure.

Further, MK02 expands the KDA97 and BRW99 models incorporating details on the

particle transport mechanisms. In particular, instead of assigning distribution to the particles

which are deposited in the cocoon (which is the case in the KDA97 and BRW99 models),

MK02 consider the actual first-order Fermi acceleration process occurring at the termination

shock (the hot spot) that governs the particles’ distribution. Further, they show that there

must develop a re-acceleration process which occurs in the head region, after the particles

pass through the termination shock. It is worth noting that assumptions of BRW99 and

MK02 lead to much steeper evolutionary tracks of the sourcesin the radio power – linear

size (Pν −D) plane as compared with the predictions of the KDA97 model.
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More recently Barai and Wiita (2006, 2007) attempted to develop a more accurate model

by testing and modifying the three leading theoretical models. They report that none of the

existing models can give fully acceptable fits to all of the properties deduced from the radio

surveys (especially the synchrotron spectral indexα); however, according to their findings

KA97/KDA97 give the best overall results as compared to the other two models. In this

work the original KA97/KDA97 model is employed.

2.2 Monte Carlo Simulation Algorithm

In the traditional and most common way, the radio source evolution has been investigated

through thePν −D diagram (Shklovskii, 1963, see also§1.5) presented in Figure 2.2 for

the 3CRR sample (for the sample description see§3.2), which in recent studies has been

extended into radio lobe spectral index (α) and redshift (z) parameter space. Here, an

alternative approach is incorporated and instead of investigating [Pν −D−z−α ] space radio

luminosity functions (RLFs) are used in the analysis. An advantage of doing so is the direct

link to the results of other source population studies whichare most commonly expressed

in terms of luminosity or mass functions. Due to degeneracy between the fundamental

properties it is impossible to infer the source kinetic luminosity, the central ambient density

and the source age directly from the observables of the radiolobe alone, and hence Monte

Carlo simulations are necessary in order to generate simulated RLFs.

To construct a single virtual sample in total,∼ few×106 virtual radio sources are gen-

erated. The subsequent prescription is followed.

1. For each source of the virtual sample I assign a set of physical parameters summarised

in Table 2.1. Each of the parameters is either drawn from its respective distribution or is

the same for each source; the details of these physical ‘input’ parameters are presented

in §2.3.

2. Based on the theoretical model of KA97/KDA97 the source isevolved and its linear size

D is calculated.

3. The linear size of the source is checked for its reliability, that is whether the source ex-

pansion exceeds an assumed fraction of the light speed (maximum allowed head advance

speed, see§2.3.7). If it does, the source is rejected. Otherwise, the source is accepted

and its linear size is corrected for the projection angle (§2.3.9).

4. The radio lobe luminosity densityLν of the source at a frequencyν = 178 MHz and its

randomly generated redshift are calculated.

5. The radio luminosity density is subsequently randomisedby adding a Gaussian variable

of standard deviation∆Lerr = 0.08× Lν to account for any instrumental/systematic er-

rors. Moreover, since the source is evolved in its rest-frame, a correction of(1+ z)α
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transforming the calculated radio luminosity density to the common frequency must be

included. The common frequency of 178 MHz is used. These corrections are discussed

in detail in§2.3.4.

6. Steps 1 - 5 are repeated∼ few×106 times.

7. The radio lobe luminosity density histograms for each redshift range and linear size

bin are generated as discussed in§3.2. The binning of the virtual sample histograms

matches exactly the one used for the real observed data sample. However, to ensure

that the probability density functions of kinetic luminosities (Eqn. 2.19 and Eqn. 2.20)

are represented by reasonable number of sources at the functions’ exponentially falling

ends, the virtual population is initially generated assuming that their kinetic luminosities

are drawn from a uniform distribution, and later a weightingfactor is applied to each

source (see§2.3.1).

8. At this stage the histograms represent the total number ofsources in the simulated sample

since we have not determined yet the fluxes of the generated sources. In this sense,

those are the ‘true’ numbers of the entire source population. However, to be able to

compare the simulated sample to the observed data the selection effects arising from

limited flux sensitivity must be taken into account, which isachieved by using radio

luminosity functions. RLFs are an ideal tool when dealing with coupled selection effects

such as limited sensitivity of radio surveys. They are defined as number density of

sources per unit co-moving volume per unit luminosity. The initial histogram of the

entire simulated population is therefore transformed intoRLF (φsim,i) by using the survey

volumeVsurvey,

φsim,i =
A
4π

nLi

Vsurvey
, (2.16)

whereA is the area of the sky that the survey covers, andnLi represents the data counts

in luminosity density binsLi. Further, the RLF is transformed back into a histogram of

number of expected sources for each linear size and luminosity density bin usingVlim –

a maximum co-moving volume in which a source in a given luminosity density bin and

with the flux limit of the survey would be included in the sample (Schmidt, 1968),

nLi ,Slim =
4π
A

φsim,iVlim . (2.17)

The two transformations simplify to

nLi ,Slim = nLi

Vlim

Vsurvey
. (2.18)

Note that flux densities of the simulated radio galaxies (Ssim,i) are not examined directly,

and hence no radio sources are rejected based on the limited sensitivity bias (i.e. re-

quirement thatSsim,i > Slim ). Instead, a correction factor (Vlim/Vsurvey), which indicates
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the probability of radio source occurrence at a given flux limit, is employed. The effect

of the limited flux sensitivity is an average for each considered bin. To ensure greater

accuracy we perform the flux correction on much finer bin widths than those of the final

histograms. In particular, in this step we use 20 times finer bins than used in the final

histograms. These are later summed to match the initially constructed distributions.

9. So far, the number of progenitors becoming active and turning into FR II sources have not

been discussed. To ensure a reasonably large statistical sample, the simulated sample is

generated with a much larger number of virtual radio sourcesthan the observed data sets

contain. Instead of introducing a corresponding distribution function the full simulated

sample is used. However, since both the simulated and observed samples must be of a

similar size, that is of a similar number of sources considered, the data counts, which

are found with Eqn. 2.18, need to be normalised in the virtualsample. I use the binned

maximum likelihood method (MLM, see§2.4.1) together with Brent’s method (Brent,

1973; Presset al., 1992) to do so. The normalisation is set as a free parameter,but

represents an average for the considered redshift range.

10. Finally, the goodness-of-fit test is performed. The statistics used, normalisation of the

sample and the goodness-of-fit test are discussed in§2.4.

2.3 Monte Carlo Simulation Input Parameters

2.3.1 Kinetic Luminosity Distribution

The kinetic luminosity of each generated source is drawn randomly from a distribution

function that acts as a probability density function. The form of the distribution function of

sources’ kinetic luminosities is not known, and various forms have been assumed in previ-

ous works ranging from a simple uniform distribution between minimum (Qmin) and max-

imum (Qmax) kinetic luminosity (e.g. Wang and Kaiser, 2008), through power-law scaling

asQx (e.g. BRW99) to more complex functions as used by Willott et al. (2001, discussed

below).

Two models for the initial distribution functions of the kinetic luminosities are consid-

ered. In Model S the kinetic luminosity distribution function is assumed to be modelled by

the so-called Schechter function (Schechter, 1976) of a form

ψ(Q) dQ= ψ∗
(

Q
QB

)−αs

exp

(−Q
QB

)

dQ (2.19)

where the slope of the function for the kinetic luminosity values below the kinetic luminos-

ity break (QB) is described by the exponentαs, and drops exponentially for the higherQ.

ψ∗ is a normalisation constant, which in our case is neglected at this stage as Eqn. 2.19 is

used as a probability density function.
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Model W follows Willott et al. (2001), who introduce a modified version of the above

Schechter function of the form

ψ(Q) dQ= ψ∗
(

Q
QB

)−αs

exp

(−QB

Q

)

dQ, (2.20)

and where the exponentαs describes the function for kinetic luminosities higher than QB,

while for lower kinetic luminosities the function drops exponentially, andψ∗ is used as in

the Model S. In their original paper Willottet al.(2001) use a combination of Eqn. 2.19 and

Eqn. 2.20 to describe the whole population that consists of high and low radio luminosity

sources. Eqn. 2.20 was introduced to specifically model the high radio luminosity sub-

population of radio sources. Since currently I do not consider FR I type sources in this

study Eqn. 2.20 alone is used to describe the considered sub-population of powerful radio

sources as opposed to the original method of Willottet al. (2001).

These functions and the effect theαS parameter has on their shapes are plotted in Fig-

ure 2.3. Both functions describe the distribution of kinetic luminosities betweenQmin and

Qmax, which are set in such a way that contribution to the RLFs of sources with kinetic

luminosities outside this range is negligible. To ensure these probability density functions

are represented by reasonable number of sources, what will assure good statistics at the

functions exponential ends, the kinetic luminosities are initially generated from a uniform

distribution betweenQmin andQmax. Each of these kinetic luminosities is assigned a proba-

bility of its occurrence (a weighting factor) according to the considered probability function

(Eqn. 2.19 and Eqn. 2.20). This weighting factor is applied to each source while construct-

ing histograms at a later stage.

2.3.2 Ambient Density Distribution

The central density value (ρo) for each generated source is randomly drawn from a log-

normal distribution with the mean value log10(ρm) and standard deviation ofσlog10(ρo) =

0.15. The standard deviation is not introduced as a free parameter; however, it is tested how

strong an effect it has on the results (see discussion in§3.10).

Since the type of the surrounding environment (clusters of galaxies or field galaxies) is

tightly linked to the core radius of the source, these shouldnever be discussed separately.

Here one value ofao is set for all the simulated sources (2 kpc). The choice ofao may

determine the most likely environments found in our simulation; this issue is discussed in

detail in§3.7. The exponentβ of the density profile (Eqn. 2.5) is randomly chosen from a

uniform distribution betweenβmin = 1.2 andβmax= 2.0. Although many authors use a con-

stant value ofβ (e.g. β = 1.5 is used by Daly 1995; BRW99; Kaiser and Alexander 1999;

β = 1.9 andβ = 2.0 by KDA97; Wang and Kaiser 2008), some observational evidence

suggest that the parameter may vary between sources (e.g. Alshino et al. 2010).
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Figure 2.3: Examples of the Schechter function (top, model S) and its modification
(bottom, model W). Both functions are plotted forQB = 1040 W, and for normalisation
which has been arbitrarily chosen to beψ∗ = 103 for model S andψ∗ = 102 for model W.
The functions are plotted for a sample of differentαs parameter values as detailed in the
plots. The change in theαs parameter will change predominantly the slope of the function.
In model S (top) theαs parameter shapes the slope beforeQB, where for positiveαs the
slope becomes negative (more low luminosity sources are included) and for negativeαs

the slope becomes positive (i.e. less low luminosity sources are included). In model W
(bottom) parameterαs governs the shape of the post break part of the function. Here, the
lower the value ofαs, the flatter the slope becomes allowing more high luminositysources
to be included. It is also worth noting that ifαs is the only parameter being changed, all
plots (separately for each model) cross at the kinetic luminosity break value.
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Table 2.1: Overview of a source physical parameters and default distributions from which
they are drawn. Details on the assumed distribution or valueof the respective parameters
are discussed in sections as given in Column 4.

Parameter Assumed Description Discussed
distribution in

PHYSICAL PARAMETERS

z distribution source redshift §2.3.10
Q distribution source jet power §2.3.1
ρo distribution mean central density in which source ex-

pands
§2.3.2

ao value core radius §2.3.2
β distribution power law index of the radial density distri-

bution
§2.3.2

t distribution source current age §2.3.3
tmax distribution source maximum age §2.3.3
α calculated value radio spectral index §2.3.4
m distribution power-law exponent of the relativistic parti-

cles’ energy distribution
§2.3.4

γmin value minimum Lorentz factor of relativistic parti-
cles

§2.3.4

γmax value maximum Lorentz factor of relativistic par-
ticles

§2.3.4

RT distribution aspect ratio §2.3.5
ϑ distribution projection angle §2.3.9
Γx value adiabatic index of the IGM §2.3.8
Γc value adiabatic index of the radio lobes §2.3.8
Γb value adiabatic index of the magnetic field energy

density
§2.3.8

k value ratio of thermal to electron energy densities
in the jet

§2.3.6

vmax value maximum allowed head advance speed §2.3.7

DISTRIBUTIONS’ PARAMETERS

QB value kinetic luminosity break §2.3.1
αs value exponent of the kinetic luminosity distribu-

tion
§2.3.1

nq value strength of the kinetic luminosity break red-
shift evolution

§3.4.2

continued on next page
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Table 2.1: Continued.

Parameter Assumed Description Discussed
distribution in

ρm value mean of log-normal distribution of radio
sources’ central densities

§2.3.2

σρo value standard deviation of log-normal distribu-
tion of radio sources’ central densities

§2.3.2

nr value strength of the central density redshift evo-
lution

§3.4.2

tmaxm value mean of log-normal distribution of radio
sources’ maximum ages

§2.3.3

σtmax value standard deviation of log-normal distribu-
tion of radio sources’ maximum ages

§2.3.3

nt value strength of the maximum source’s lifetime
redshift evolution

§3.4.2

2.3.3 Age distribution of the simulated sources

It is assumed that radio sources live up to a certain maximum age (tmax) after which they

instantly die. This may seem to be an oversimplification as any relic radio galaxies are

going to be neglected; however, from previous work of KDA97 and BRW99 for instance,

one can see that the luminosity tracks of radio sources steepen rapidly at the late stages of

the source’s life, quickly dropping below detectable flux levels.

Here the age of a source is randomly drawn from a uniform distribution betweent = 0

and tmax. The expectation that all radio sources have the same maximum age seems to

be slightly unrealistic, hence a log-normal spread of the maximum ages around the mean

tmaxm, i.e. σlog10(tmax) = 0.05, is introduced. I also investigate the effect of the widthof this

distribution in§3.10.2.

2.3.4 Injection and radio spectral indices

The energy distribution of the relativistic particles initially follows a power-law relation

with exponentm, the injection index,

N(E)dE ∝ E−mdE, (2.21)

which can be expressed in terms of the Lorentz factorsγ of the particles, that is
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n(γ)dγ ∝ γ−mdγ . (2.22)

The exponentm assigned to a source is drawn from a uniform distribution with the mini-

mum and maximum value allowed by the theoretical model of source growth used in this

study, that ismmin = 2 andmmax = 3. However, theoretical studies of the particle accel-

eration in the relativistic shocks suggest a universal value (m∼ 2.2−2.4, e.g. Kirket al.,

2000; Spitkovsky, 2008), while studies based on observations of gamma-ray burst after-

glows favour a Gaussian distribution of this parameter (Curranet al., 2010). Also, Machal-

ski et al. (2007) conclude that the distribution ofm is rather narrow withm∈ [2.0,2.4]

according to their modelling, and Meli and Mastichiadis (2008) report on good fits of the

spectra by a power-law with indexm∼= 2.0−2.3.

Moreover, the power-law of the relativistic electron energy distribution extends between

γmin andγmax, i.e. between the Lorentz factors of the least and most energetic electrons of

the outflow. I assumeγmin = 1 andγmax= 1010. KDA97 stresses thatγmin ≪ γmax. I decided

to use much higher maximum Lorentz factor than KDA97 who usedγmax = 105. Lorentz

factors ofγmax ∼ 105 − 106 have also been measured by Meisenheimeret al. (1989) and

Massaro and Ajello (2011), while BRW99 favourγmax
∼= 1014. I decided to use the inter-

mediate value as a default one. Further, Blundellet al. (2006) report a new estimate for the

low-energy cut-off of the energy distribution of relativistic electrons in FR II type sources.

Based on the observations of Cygnus A they estimate a rather high value ofγmin = 104.

On the other hand, investigations of hot spots done by Meisenheimeret al. (1989) suggest

that the minimum Lorentz factors, below which the synchrotron losses are unimportant,

are typicallyγmin ∼ 102, but may reach values of 1−104. Values of 102 for the minimum

energy cut-off are also supported by, for example, Barai andWiita (2006) and Meli and

Mastichiadis (2008). Since there is a large discrepancy, especially in the estimations of the

Lorentz factors, the possible effects of these different assumptions on the simulated radio

source populations are investigated in§3.10.4.

To find the radio spectral indexα , a measure of the dependence of the source’s flux

density on the frequency, one needs at least two data points,that is two radio lobe luminosity

densities of the same source measured at two different frequencies. A simple power-law is

employed betweenLν178 andLνx to findα , which is finally used to correct theLν178 (see also

Appendix E); the radio lobe luminosity density estimated with the model,Lν178, is in the

source rest-frame and one needs to convert it to the common frequency using(1+z)α . For

consistency and to mimic behaviour of the 3CRR sampleνx = 750 MHz is chosen (after

Kaiser and Alexander, 1999). Note that BRW99, Jarvis and Rawlings (2000) and Jarvis

et al. (2001) argue that this most commonly used relation (i.e. simple power-law) may be

too simplistic, and instead, curved radio spectra should beconsidered. On the other hand,

Bornanciniet al. (2010) report that the radio spectrum of their sample is consistent with

a single power law between 74 and 4850 MHz. See also§3.2 for more discussion on this
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issue and a few examples.

2.3.5 Aspect ratio and self-similarity

One of the consequences of the KA97 dynamical model of the source expansion is its self-

similar growth. Instead of measuring or introducing the jetopening angle, the aspect ratio

(RT) is used. The aspect ratio is the ratio of a source length to its width. In the KA97

modelRT is linked to the jet opening angle (θjet) throughRT ∝ 1/θjet based on the assump-

tion that the radio lobe pressure is balanced by the externalgas ram pressure.RT stays

constant through the source lifetime. The BRW99 model, on the other hand, assumes that

RT increases with the source growth, and their results suggestsome dependence on the

source kinetic luminosity and/or its age, while Machalskiet al. (2004a,b) suggest that the

self-similarity may not hold for old sources.

Mullin et al. (2008) present a detailed investigation of aspect ratios of3C sources of

z< 1.0. The observedRT values are found to fall in a range of 1< RT < 8, with a median

within 〈RT〉 ∈ 1.6−2.6 (which depends on spectral class). Mullin et al. (2008) report that

higher aspect ratios seem to occur for larger sources (> 100 kpc) which may suggest a non

self-similar source growth, or a self-similar growth occurring only in the early stages of a

source life. However, the aspect ratio has a predominant influence on the radio source linear

size (hence its age). In particular, the smaller the aspect ratio gets, the wider the opening

angle of the jet becomes, and thus a higher pressure of the radio lobe is needed to account

for the faster sideways expansion of the lobe. This in turn will lead to smaller head advance

speeds of the jet, as well as larger synchrotron losses, and will result in smaller linear sizes

as compared to the sources with largerRT. This may be one of the reasons why larger

sources seem to have larger aspect ratios. Similarly, BRW99suggested that the aspect ratio

might be higher for more powerful sources. However, one mustnotice that for a given age

and environment of a radio source higher kinetic energy willlead to larger linear size, and,

according to our argument above, larger aspect ratios may beexpected.

Since the distribution ofRT is not yet well constrained; I decided to assume a uniform

distribution of the aspect ratio with 8.0> RT > 1.3, which translates to the range of jet

opening angles of 13.7◦ < θjet < 63◦ (values based on Leahy and Williams 1984; Daly

1995; Machalskiet al.2004a; Mullinet al.2008), and to follow the original KDA97 model

which implies self-similar growth of a radio source. A distribution of aspect ratios allows

for a variation in growing rates of radio sources and hence ismore realistic than a single

value. In the application of the model in this study, the aspect ratio is used as the ‘true’ one

which describes radio source real geometry (that is geometry unaffected by the projection

effects). The projection angle correction is applied to thefound linear size of the radio

source, and not the aspect ratio (consult§2.3.9). For this reason, one must bear in mind that

the ranges of the resulting final aspect ratios (that is affected by the projection effects) will

differ slightly from the quoted here values.
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2.3.6 Jet particle content

The ratio (k′) of the energy densities of thermal particles to the energy densities of the

electrons at the time they are injected into the cocoon is initially assumed to bek′ = 0.

Important to note is that this definition ofk′ differs slightly from typical assumptions (k) in

such a way that relativistic and non-relativistic electrons are already included even ifk′ = 0

(this already implies that the typically assumed ratio isk 6= 0).

There is much debate on the particle content of the radio galaxy jets. Some argue that the

FR II jets are lightweight (electron-positron dominated),while FR I jets are heavy, that is

they may possess a significant proton content (e.g. Celotti and Fabian, 1993; Wardleet al.,

1998; Kino and Takahara, 2004; Dunn and Fabian, 2004; Croston et al., 2005, 2008a).

Moreover, Hardcastle and Croston (2010) based on the investigation of Cygnus A report

that FR II radio galaxies may be more proton dominated (k ∼ 1−4) if they reside in very

rich environments. KDA97 showed that heavy FR II jets will require significantly higher jet

powers to reproduce the same radio luminosity density as theelectron-positron dominated

jets, hence they concluded thatk′ must be close to 0. Initially, in my simulations I followed

the conservative KDA97 assumption, but the effect of changingk′ (to allow a proton content

in the jets) on the whole population of simulated sources is investigated in§3.10.5.

2.3.7 Maximum head advance speeds

The head advance speed (vmax) is the speed with which the jet propagates through the am-

bient medium. It is dependent on the density and pressure of the ambient medium, and the

density and pressure of the outflow. As noted earlier the jet must be over-pressured with

relation to its surroundings in order to drill its path through the ambient medium, hence the

head advance speed will strongly depend on both density and pressure of the two compo-

nents.

In the simulations it is at first assumed thatvmax at the time of observation may not

exceed 0.4c, all sources that surpass this limit are rejected at the stage of generating the

population. Such an upper limit is consistent with the speeds inferred from the synchrotron

spectral ageing of high luminosity double radio sources (e.g. Liu et al., 1992; Bestet al.,

1995), and supported by the estimation of dynamical ages of FR II sources by Machalski

et al. (2007) who reportvmax≤ 0.3c. However, there have been discussions on the possible

overestimation of the lobe advance speed upper limits; results obtained through the analy-

sis of lobe asymmetries and the steepening of radio spectra suggest that the head advance

speeds do not exceed 0.15c (e.g. Arshakian and Longair, 2000), or even 0.05c (Scheuer,

1995). The effect of different assumptions ofvmax on the results is discussed in§3.10.3.
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2.3.8 Adiabatic indices of radio lobes, magnetic field, and external medium

After KA97/KDA97, the adiabatic indices of the radio lobes,magnetic fields and the ex-

ternal medium is assumed to beΓl = Γb = 4/3 andΓx = 5/3 respectively, that is a non-

relativistic equation of state for the closest external medium of the radio source, and rela-

tivistic particles inside the radio lobes is assumed.

2.3.9 Projection effects

The linear size calculated based on the randomly chosen and set physical parameters of each

source in the generated population (see steps 2. and 3. in§2.2, and Appendix E) is the source

true size, and is further randomly oriented in the sky as it isobserved at some projection

angleϑ . It is assumed that the projection angle is distributed uniformly in [1− cos(ϑ)]

plane. Therefore, the size becomesDproj = Dtruesin(ϑ). For simplicity I will refer to this

projected size asD, and the true size is not considered from now on.

Also, note that Eqn. 2.5 is an approximation and is valid for distancesr greater than few

core radii. As argued by Alexander (2000, 2006), Eqn. 2.5 forthe smallest radio sources

should take a form ofρx = ρ with β = 0, which represents a flat atmosphere in which the

radio source expands. Hence sources of the projected linearsizes smaller than 10 kpc in

the samples, either the simulated or the observed ones, are not considered. Radio sources

affected by this limit are the so-called GHz-peaked spectrum (GPS) and compact steep

spectrum (CSS) sources (their linear sizes reach∼ 10−20 kpc), which are believed to rep-

resent the youthful stages of the FR I and FR II populations (e.g. Carvalho, 1985; Mutel and

Phillips, 1988; Fantiet al., 1995), and/or are frustrated by their high density environments

(e.g. Bicknellet al., 1997; O’Dea, 1998).

2.3.10 Redshift distribution

It is assumed that sources are uniformly distributed in space, between minimum (Vmin) and

maximum (Vmax) comoving volume depending on the considered redshift range. From this

a radio source redshift (z) is found. Redshifts fromz= 0 toz= 2 in steps of∆z= 0.001 are

considered in this work. The evolution of source number density is not initially modelled

in the construction of the simulated population; however a normalisation (scaling), which

is a free parameter in each redshift range (step 9. in§2.2, §2.4.1), is applied before the

maximum likelihood method and goodness-of-fit test are performed. Hence I obtain an

average in radio source number density for eachzbin considered.
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Figure 2.4: The goodness-of-fit test. The synthetic log-likelihood distribution of the 2×
105 synthetic data sets generated from the model average histogram (consult§2.4 for term
explanation). The red arrow indicates the position of the actual data set log-likelihood.
The dashed line (black) marks the 68.3 per cent containment (from the minimum value of
−ln(L), note that the distribution is one-sided), and the dot-dashed one (black) the 95.4
per cent containment. The histogram of the synthetic log-likelihood distribution of the
lowest redshift data of Model S is shown. The data is consistent with the model at the
90 per cent confidence level (p−value = 0.234).

2.4 Confidence intervals and Goodness-of-Fit test

2.4.1 Binned Maximum Likelihood Method

In fitting the simulated to the observed samples, and in following statistical tests, I use the

binned maximum likelihood method (MLM; e.g. Cash 1979). A log-likelihood is found in

fitting each of the simulated samples to the observed data according to

lnL= ΣN
i=1

[

xi ln
(yi

n

)

− yi

n
− ln(xi !)

]

(2.23)

whereN is the number of bins, each with an expected number of sourcesyi and with the

observed number of countsxi , andn is the normalisation constant discussed in step 9. in

§2.2. For the mathematical derivation of this equation and fundamentals of the maximum

likelihood estimators the reader is referred to Appendix D.
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2.4.2 Goodness-of-Fit

To perform the goodness-of-fit (GoF) test the Monte Carlo analysis is used. The final his-

togram of the simulated radio sources is in fact the mean of all possible realisations of the

underlying ‘true’ population, which I refer to as the ‘modelaverage histogram’. The Monte

Carlo procedure undertaken here is to randomise each bin of the model average histogram

within the Poisson regime to obtain a ‘synthetic data set’, asingle realisation of the ‘true

population’. Further, I apply the binned MLM method to find the log-likelihood between

the newly created synthetic data set and the model average histogram. The procedure is

repeated multiple times (∼ 2×105) to obtain a distribution of the possible log-likelihoods

of the true population, which I refer to as the ‘synthetic log-likelihood distribution’. Finally,

the log-likelihood of the observed data histogram is compared to the generated synthetic

log-likelihood distribution. The 1σ level of consistency requires the actual data set log-

likelihood to be placed within the 68.3 percentile of the log-likelihood distribution, i.e.

between 0 and 68.3 per cent since the distribution is one-sided (Figure 2.4). The GoF test

results are quoted in terms ofp−value, which is the probability that the test statistic is at

least as extreme as the one observed and assuming the null hypothesis is true. 1σ is equal

to 0.317 in terms ofp−value. The null hypothesis is rejected if thep−value is less than

the significance levelαsig; a conservative value ofαsig = 0.1= 10 per cent is adopted. The

choice of the number of synthetic histograms allows me to check the agreement up to 4σ
level (p− value= 2.3×10−4). It is important to remember that the confidence levels ob-

tained in such a way are nominal only as the synthetic log-likelihood distribution is not

Gaussian here.

Although this technique tests whether a model fits data well,it is incapable of distin-

guishing the best-fitting models. To compare these best-fitting models one needs to perform

the so-called likelihood ratio test the statistic of which is

dLR =−2 [ log(L(Hm0))− log(L(Hm1)) ] (2.24)

and whereL denotes log-likelihood,Hm0 is the null model andHm1 an alternative one. The

p−value of thedLR statistics may be obtained to find which model should be preferred.

However, the models must be nested and if this requirement isnot fulfilled, the likelihood

ratio test is invalid. For the modelsHm0 and Hm1 to be nested it is necessary thatHm1

contains the same parameters asHm0, and has at least one additional parameter.

2.4.3 Confidence intervals

The source physical parameters that are the main focus in this study aretmaxm (§2.3.3),ρm

(§2.3.2), andQB and αs (§2.3.1). To obtain the confidence intervals of these parameters

grid minimisation searching their broad ranges is performed (Table 3.2 and Table 4.3); I

follow the method of Cash (1976). For each parameter set in the searched grid there is a
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corresponding log-likelihood. From these, the globalLmax is found, indicating the best fit

to the observed data (Eqn.2.23). Furthermore, as pointed out by Cash (1976), one may find

the difference betweenLmax andL for all the other sets of parameters in the evaluated grid,

the so-called∆C statistic, which is defined as

∆C= [−2 ln(Lmax)+2 ln(L)]. (2.25)

L is the log-likelihood of the sub-grid, which is extracted from the global grid by setting

each point of a parameter which we are focused on as non-varying and the corresponding

set of log-likelihoods of these points are listed based on the all the other parameters that

vary. The∆C statistic is distributed asχ2 with nLmax−nL degrees of freedom (dof), where

nLmax denotes degrees of freedom associated with the globalLmax andnL denotes the dof

of restricted sub-grid (dof= 2 in all presented here plots). The confidence intervals are,

therefore, defined such that contours encircle parameters for which their log-likelihood is

above a certain value (L > L0), and levels ofχ2 distribution may be used. Note that this

may lead to disconnected regions in the case the likelihood function is highly irregular. For

an in-depth description of constructing contour plots in cases such as this one the reader is

referred to Lamptonet al. (1976) and Cash (1979).

2.5 Markov chain Monte Carlo methods and the use of Bayesian

evidence for model selection

Markov chain Monte Carlo. As it will be evident in Chapter 3, the likelihood distri-

bution of the parameters being estimated here is highly irregular. In such cases, the well

known optimisation techniques in function minimisation (maximisation), such as downhill

simplex method (often referred to as amoeba method, e.g. Presset al. 1992) may fail by

converging to non-stationary points (that is local minima/maxima). However, although not

used here, a special class of Monte Carlo methods exists based on the so-called Markov

chains, which may bring solution to such cases, especially regarding highly dimensional

parameter spaces. Markov chains are mathematical systems in which a transition from one

state to another occurs independently from the past sequence of the transitions. The Markov

chain Monte Carlo (MCMC) methods require probability distributions of the searched pa-

rameters which are sampled instead of performing multi-dimensional grid minimisation on

the full parameter set. In this sense the MCMC methods samplethe posteriorprobability

distribution of the searched parameters; in Bayesian statistics the posterior is the probabil-

ity distribution assigned after the relevant evidence is obtained (see below). The specific

MCMC algorithms search for regions of high probability of the parameter space avoid-

ing low probability regions and thus being significantly faster than a standard grid search.

The well known algorithms include Metropolis-Hastings algorithm, Gibbs sampling or slice

sampling among others. The reader is referred to e.g. Neal (1993), MacKay (2003) and
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Heavens (2009) for detailed discussions on the subject.

Bayesian evidence. One of the important questions one would like to answer concerns

model selection. That is, ideally one would like to know which of the tested models, given

the data, is preferred. In the frequentists approach, whichI have been following in this work,

the likelihood ratio test (§2.4.2) is the method which can be used to distinguish betweenthe

best-fitting models which are being tested. However, the requirement for the models to be

nested is a great limitation of this method. One way around this is to use the Bayesian

approach. In the mathematical formalism of Bayes’ theorem the posterior probability for

the searched parameter,Pprob(θ |data), is given by

Pprob(θ |data) =
Pprob(data|θ)Pprob(θ)

Pprob(data)
, (2.26)

whereθ is the adopted model (set of parameters to be estimated),Pprob(data|θ) is the likeli-

hood,Pprob(θ) is theprior probability function, that is one’s prior knowledge or belief about

the parameters which are to be estimated, andPprob(data) is the Bayesian evidence. In the

discrete case the Bayesian evidence is expressed as

Pprob(data) =
k

∑
i

Pprob(data|θi)Pprob(θi), (2.27)

and one can use this to distinguish between models via the so-called Bayes factor. For two

different modelsHm1 andHm2, which do neednot to be nested and which are parametrised

by parameter setsθm1 = (θ1, ...,θk) andθm2 = (θ1, ...,θn) respectively, the Bayes factor is

defined as

Kstat=
Pprob(data|Hm1)

Pprob(data|Hm2)
=

∑k
i Pprob(data|θi ,Hm1)Pprob(θi |Hm1)

∑n
j Pprob(data|θ j ,Hm2)Pprob(θ j |Hm2)

. (2.28)

The higher the value ofKstat the stronger support for modelHm1 develops. Consult e.g.

Heavens (2009) and Feigelson and Jogesh Babu (2012) for morediscussion on the subject.

One must bear in mind, however, that, as phrased by Feigelsonand Jogesh Babu (2012),

while regarding Bayesian interference if ‘the priors are not correct, the estimation process

can lead to false conclusions’.

My future plans on the simulation optimisation through expanding my current work into

sketched here methods is further discussed in Chapter 7.
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2.6 Summary

In the chapter I briefly discuss the fundamentals of the relativistic jets, and in particular I

discuss one of the semi-analytical models of FR II radio galaxy time evolution developed

by Kaiser and Alexander (1997) and Kaiseret al. (1997). Further, I describe the newly

developed algorithm of multidimensional Monte Carlo simulation through which the fun-

damental parameters of radio galaxy populations can be explored. Unlike previous studies,

the method compares radio luminosity functions found with both the observed and sim-

ulated data to explore the best-fitting sources’ parameters. The method incorporates the

maximum likelihood estimator to find the best-fitting parameters, and may be applied to

small data sets (within Poisson regime). For further analysis the method for generating the

confidence intervals of the estimated fundamental parameters, as developed by Cash (1979),

is presented. The semi-analytical model’s assumptions, such as the particle content of the

relativistic jets or the particle energy distributions, aswell as assumptions for the multi-

dimensional Monte Carlo simulation, e.g. the distributionof kinetic luminosities or radio

source lifetimes allowed, are extensively discussed.

The method presented in this chapter is applied to the observational data, flux-limited

samples of radio galaxies and radio-loud quasars, and the analyses of the following best-

fitting parameters are presented and discussed in Chapter 3 and Chapter 4.
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3
Redshift Evolution of Powerful FR II Radio

Galaxies and Radio-Loud Quasars

——————————–

In the following chapter I present and discuss in detail the results on the fundamental prop-

erties of the most powerful FR II radio galaxies and radio-loud quasars and their evolution

across cosmological epochs. The study is done through the application of the multidimen-

sional Monte Carlo method presented in Chapter 2. I also discuss the possible influence

some assumptions set in the semi-analytical models of radiosource growth may have on

the results. The content of this chapter has been submitted to the Monthly Notices of the

Royal Astronomical Society (A.D. Kapińska, P. Uttley & C.R. Kaiser, ‘Fundamental proper-

ties of Fanaroff-Riley II radio galaxies investigated via Monte Carlo simulations’, MNRAS,

submitted).

——————————–
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3.1 Objectives

I present and discuss results on the fundamental propertiesof the most powerful FR II radio

galaxies and radio-loud quasars and their evolution acrosscosmological epochs. Some of

the best known and most secure samples of radio galaxies and radio-loud quasars are con-

sidered here; these are one of the most powerful FR II radio sources and they extend to high

redshifts. The study is done through the application of the newly developed multidimen-

sional Monte Carlo method presented in Chapter 2. The use of such a secure, but of high

flux limit, radio sample has both advantages and disadvantages. Firstly, since the sample

has been used in many population studies it may provide a testfor the newly developed

method. Also, given that our analysis provides a significantimprovement in exploring the

fundamental properties of these extragalactic radio sources (cf. Chapter 1:§1.5) it may

present our comprehension of these radio sources as well as the theoretical models used to

model them in a new light. If a radio sample is very well known and thoroughly inspected it

can be used as a secure representation of the whole source (sub)population. However, high

flux limits mean that only the most powerful radio sources, especially at higher redshift, are

included. This may limit what one can deduce from the results. Throughout this chapter I

will highlight when this is the case. In addition, to complement this study, radio sample of

lower flux limit is also investigated; this part of the study is presented in the next chapter

(Chapter 4).

3.2 Observational data sets

Complete flux-limited radio samples which contain all extragalactic radio sources in a given

sky area and above the sensitivity limit specified for each survey are used in this study.

Currently, I concentrate only on sources of the FR II morphology due to the availability

of semi-analytical models of their time evolution; however, the approach presented here

may be extended to cover the whole radio source population once theoretical models for

FR Is are developed. I use both radio galaxies and radio-loudquasars as it is assumed,

following the unification models, that the only difference between these types of sources

is their inclination angle (e.g. Barthel, 1989). Additionally, due to the sparse population of

sources at high redshifts, and hence poor representation, Idecided to limit the analysis to

sources with redshifts up toz= 2. Due to the nature of the theoretical models that assume

that most of the radio luminosity density comes from the radio lobes of the sources, one

should use samples observed at low radio frequencies (∼ few× 100 MHz) to avoid core

radio emission that dominates at GHz frequencies. There arefew commonly used low-

frequency radio catalogues. Here, I present the work done with two such radio samples,

namely the well known Third Cambridge Revised Revised Catalogue (Lainget al., 1983,

3CRR), and the complete radio sample of Bestet al. (1999, hereafter BRL).

The 3CRR radio sample is very shallow (its flux limit equals 10.9 Jy defined at 178 MHz),
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Figure 3.1: Radio lobe luminosity density vs redshift plane for the 3CRR(crosses) and
BRL (diamonds) samples used in this work (sources of FR II morphology with flux densi-
ties above the limitS= 10.9 Jy at 178 MHz (solid line) and withz< 2.0 are shown). The
shaded area shows the part of luminosity-redshift plane that is inaccessible due to the flux
limit.

but covers a large area of the sky (4.23 sr); it contains some of the most powerful radio

galaxies. To ensure the 3CRR catalogue of extragalactic radio sources to be as complete

as possible, the 3CRR sample was based on the measurements from three catalogues (all

composed at the observing frequency 178 MHz), namely the 3CRcatalogue, the Fourth

Cambridge catalogue (hereafter 4C, Pilkington and Scott, 1965; Goweret al., 1967), and

the pencil-beam survey catalogue (hereafter 4CT, Caswell and Crowther, 1969). 3CR, 4C

and 4CT catalogue measurements were used for sources of linear sizes smaller than 10 ar-

cmin. The beam size of the 3CR catalogue observations was approximately 13.6′ × 4.6◦,

of the 4C catalogue observations was 15′×5◦, and 23′×23′ of the 4CT catalogue observa-

tions. Further, the measurements of these three catalogueswere supplemented by a separate

observations of radio sources of large angular sizes, i.e.> 10 arcmin. For more details see

Laing et al. (1983) and references therein. Total of 146 sources of FR II morphology are in

the sample; however, 3C 231 (M82) is excluded in this study, as well as, following (Blun-

dell et al., 1999, hereafter BRW99), two additional sources, 3C 345 and3C 454.5 (due to

the Doppler boosting). Of the remaining sources 23 are of FR Itype, and all are found at

very low redshifts, not exceedingz≈ 0.25.

The BRL sample is defined at an observing frequency of 408 MHz with flux limit of
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Table 3.1: Demography of the observational data from the 3CRR and BRL radio sam-
ples. Quoted numbers of sources valid after certain criteria are met (S178MHz > 10.9 Jy,
D > 10 kpc). FR I type sources are listed for reference only (for details see§3.2).

Redshift No. of sources
range 3CRR BRL
(z) FR I FR II FR I FR II

z1 ∈ [0.0,0.3] 23 40 7 31
z2 ∈ (0.3,0.8] 45 35
z3 ∈ (0.8,2.0] 50 26

5 Jy. The sample has been created to complement other radio samples, and with the 3CRR

catalogue it provides a coverage of the entire sky above−30◦ in declination. Its flux limit

translates to∼ 9.7 Jy at 178 MHz assuming a typical radio spectral indexα = 0.8 and where

the relation between the flux density of a source (Sν ) at a frequencyν , and its radio spectral

indexα , is defined as

Sν ∝ ν−α . (3.1)

The sample is constructed based on the Molonglo Reference Catalogue (Largeet al., 1981).

The beam size of the Molonglo telescope observations is in a range from 2.63′ ×2.87′ ar-

cmin for δ =−30◦ to 2.63′×4.87′ arcmin forδ = 18.5◦. The BRL sample is 100 per cent

spectroscopically complete (Bestet al., 2000, 2003). In total the BRL sample contains 178

sources of which 124 are of FR II morphology.

The two samples are analysed together and both are brought tothe common observed

frequency of 178 MHz. In the case of both samples the measuredradio spectral index of

each source is used. The spectral indices of the sources contained in the 3CRR sample is

measured between 178 and 750 MHz, while in the BRL sample between 408 MHz and

1.4 GHz; the latter is extrapolated to 178 MHz based on the radiospectral indexα1400
408 .

It has been shown before that radio spectra of FR IIs may show curvature, where spectra

steepening are observed at both very low and high radio frequencies (e.g. Laing and Pea-

cock, 1980; Carilliet al., 1991; Eilek and Arendt, 1996, among others). If the steepening

is significant between the frequencies which I use here for spectral index estimation, the

extrapolated flux densities of the BRL sample may be over or under estimated (depending

on which frequency end the steepening is more severe). Carilli et al. (1991) report that for

the most powerful FR IIs the steepening of the spectra may occur already at frequencies

below 1 GHz; for Cygnus A they find that steepening occurs already at 750 MHz. However,
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Cygnus A may be a somewhat special case. Laing and Peacock (1980) measured spectral

curvature of a sample of FR IIs between 10 MHz−14.9 GHz, and they report that at the in-

termediate frequencies they considered, between 750 MHz and 5 GHz, a simple power-law

relation holds, while the curvature of the spectra occurs atfrequenciesν < 200 MHz and

ν > 5 GHz. As pointed out by Blundellet al.(1998) the spectral curvature is a common but

not universal characteristics; in the two examples shown bythese authors 6C 0032+ 412

radio source can easily be fitted with a power-law between 100MHz and 10 GHz, while

6C 0032+412 requires curved model to be fitted over the same frequencyrange. One of

the issues one needs to consider at this point is what fraction of the BRL sources can be

affected by such flux density extrapolation. Gopal-Krishna(1988), for instance, consid-

ers a sample of 102 extragalactic sources with flux densitiesmeasured at frequency range of

150 MHz−5 GHz, from which 32 (∼ 30 per cent) required fitting a second order polynomial

to their spectra. Given the above estimation, and the fact that (a) the spectral indices of the

BRL radio sources are measured below 5 GHz, and (b) the frequency to which the flux den-

sities of the BRL sources are extrapolated is not at the extreme low radio frequencies where

sources may be self-absorbed to a significant degree, I assume that the curvature problem

of the spectra is rather minor, but it is not non-existent andmay influence the extrapolated

flux densities to some degree.

The redshift distribution of all sources included in the analysis is presented in Figure 3.1.

Further, the population is divided into size and luminositydensity bins in given redshift

ranges. Due to the number of available sources from the catalogues only three redshift

ranges are considered,

z1 ≤ 0.3, 0.3< z2 ≤ 0.8 and 0.8< z3 ≤ 2.0, (3.2)

the borders of which are chosen to ensure similar source numbers per redshift bin. Inciden-

tally, these redshift ranges span over similar relative light travel time intervals, i.e.

t∆z1 = 3.370Gyr, t∆z2 = 3.361Gyr and t∆z3 = 3.364Gyr. (3.3)

These subgroups of different redshifts are considered separately unless otherwise stated.

Sources are grouped in size bins in the following manner:

in z1 the size ranges are 10−245 kpc, 245 kpc−1 Mpc and> 1 Mpc,

in z2 the size ranges are 10−208 kpc, 208 kpc−1 Mpc and> 1 Mpc, and

in z3 they are 10−100 kpc, 100 kpc−1 Mpc and> 1 Mpc.

The size ranges were chosen to contain similar number of sources in the case of the smallest

and medium sized sources, while the last bin tracks giant radio galaxies more accurately

(giant radio galaxies are defined as sources of total linear sizes of more than 1 Mpc). For

each of these size bins a radio lobe luminosity density distribution is constructed. The

distribution is constructed at an observing frequency of 178 MHz from log10(L178MHz) =
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22.0 to log10(L178MHz) = 35.0 in steps of∆log10(L178MHz) = 0.5. Such a division of the

population allows one to track the relative number of the sources with a given size, and later

to construct radio luminosity functions of the sources at the given redshift ranges and of the

given sizes. The counts of sources used are summarised in Table 3.1, and their observed

radio luminosity functions are presented in Figure 3.2.

As pointed out by BRW99 the use of only one radio sample in any population study may

result in inevitable biases while interpreting results. This is due to the strong luminosity

density – redshift (L−z) dependence (Fig. 3.1). It is important, therefore, to either include a

few radio samples that will supplement each other in the luminosity density – redshift plane,

or to be very cautious with interpreting results. For the extensive discussion on this and also

frequency related issues the reader is referred to the original BRW99 paper. Commonly used

catalogues include 6CE (Eales, 1985) and 7CRS (based on the Seventh Cambridge Redshift

Survey Catalogue, McGilchristet al., 1990; Grimeset al., 2004; Wang and Kaiser, 2008)

besides 3CRR (e.g. BRW99, Willottet al., 2001). The BRL sample has also been used

along with the other three by Wang and Kaiser (2008). However, here, no attempt is made

to reconstruct the previous population studies of the [P−D−z] plane, but rather to analyse

binned distributions of the sources, hence the presented work is based on only two samples.

Because of considerably different flux limits of various samples other ones such as 7CRS

will be analysed separately to 3CRR and BRL.

3.3 Radio Luminosity functions and fitted data counts

To obtain the confidence intervals of the fundamental parameters which are the main focus

of this study, that is the maximum radio source lifetimetmaxm, the central density in which

the radio source expandsρm, and the kinetic luminosity breakQB and the slopeαs which

define the initial distribution of the kinetic luminosities, a grid minimisation was performed.

The ranges of the parameters searched are given in Table 3.2.The semi-analytical models

of the radio source growth, the Monte Carlo simulations, andthe statistical methods used,

are described in Chapter 2 of this thesis.

The best-fitting model histograms are presented in Figure 3.3 – Figure 3.5. The cor-

responding RLFs are shown in Figure 3.6 – Figure 3.8. The quoted uncertainties on the

RLFs are the Poissonian errors only. The simulated RLFs appear to be consistent with the

observed data. Moreover, it was possible to reconstruct theluminosity density distributions

of the observed samples for their given linear size sub-samples as well as for the redshift

ranges. The match in the linear size distribution is of particular interest, as it has been noted

previously that not all previous work succeeded in reconstructing the linear size distribu-

tions and often too many large sources have been created (cf.Barai and Wiita, 2006, 2007).

It may be possible that such an effect might not be due to the specific models used, but

rather is due to restricting the model parameters, which in my case were kept free. I have

not tested analytical models other than KA97/KDA97 in this work.
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Figure 3.2: The observed radio luminosity functions of the analysed data (3CRR and BRL
catalogues) for each of the considered redshift ranges, where z1 is drawn in black,z2 in
blue, andz3 in green. Each of the redshift bins is further divided in sizebins, where solid
lines correspond to smallest sources, dashed to medium sizesources, and dotted to giant
sources (see§3.2 for the exact values).

3.4 Evidence for the cosmological evolution of the intrinsic and

extrinsic source parameters

In the simplest case that has been tested, it was assumed thatthe parameters which are the

main focus (that istmaxm,ρm,QB andαs, see§2.3) do not evolve with redshift within each

redshift bin. The redshift ranges are analysed independently, hence separate sets of best-

fitting parameters for each redshift bin are found; if there is no redshift evolution of the

intrinsic and extrinsic parameters, the results for each redshift range should not be signif-

icantly different. These are referred to as the independent-redshift fits and are presented

in §3.4.1. Subsequently, the strength of the cosmological evolution of the source physical

parameters has been investigated by allowing for continuous redshift evolution oftmaxm,ρm

andQB within each redshift bin, and fitting all the redshift bins simultaneously using the

same parameters to describe the evolution. This latter caseis referred to as the combined-

redshift fits, and the results are presented in§3.4.2.
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Table 3.2: Searched ranges and steps of the distribution parameters inthe grid minimisa-
tion.

Parameter Model Searched range Step Unit

INDEPENDENT-z

QB S [ 36.90, 44.10] 0.15 log10(W)
αs S [−13.00, 1.70] 0.1
QB W [ 35.60, 42.00] 0.15 log10(W)
αs W [ −0.45, 9.50] 0.15
ρo S, W (−26.00,−16.80] 0.2 log10(kgm−3)
tmax S, W [ 5.18, 10.00] 0.15 log10(yr)

COMBINED-z

QB(z= 0) S [ 35.00, 40.70] 0.3 log10(W)
αs S [ −1.20, 1.60] 0.2
QB(z= 0) W [ 34.70, 39.50] 0.3 log10(W)
αs W [ 0.00, 4.00] 0.2
nq S, W [ 0.00, 12.00] 0.5
ρo(z= 0) S, W (−26.00,−19.40] 0.3 log10(kgm−3)
nr S, W [ 0.00, 12.00] 0.5
tmax(z= 0) S, W [ 6.58, 9.58] 0.3 log10(yr)
nt S, W [ 0.50, −5.00] 0.5

3.4.1 Independent-z fits

The confidence intervals of the best-fitting parameters for the simple Model S in the respec-

tive redshift bins are shown in Figure 3.9 – Figure 3.12, and similarly for the Model W in

Figure 3.13 – Figure 3.16. The best fits and the GoF test results are listed in Table 3.3,

although it is once again stressed that the best-fitting parameters maximise the likelihood

but are not the standard means of their respective distributions and the inspection of the

associated confidence intervals is very important.

The following can be deduced from the results regarding bothmodel S and model W

(consult Figures 3.9 – 3.12):

(i) A very strong degeneracy occurs fortmaxm andρm, where for short lifetimes (107 yr)

low gas density environments (∼ 10−25 kg m−3) are estimated, while for longest radio
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sources’ lifetimes (109 yr) very dense environments (∼ 10−20 kg m−3) are preferred.

(ii) Degeneracy occurs also betweenQB andρm, and betweenQB andtmaxm. For higher

kinetic luminosity breaks lower gas densities of sources’ environments are preferred

and the estimated sources’ lifetimes are relatively short.For lowestQB dense sources’

environments and long lifetimes are favoured.

(iii) The αs parameter is well defined at redshiftsz< 0.3, but becomes highly uncertain at

redshiftsz> 0.3.

(iv) The confidence intervals span approximately 2−3 orders of magnitude in kinetic lu-

minosity break, 2− 2.5 orders of magnitude in the estimated maximum lifetimes of

sources, and 5−6 orders of magnitude in the possible gas density of the environments.

This issue is further discussed below.

(v) The confidence intervals of joint probability betweenQB−ρm, QB−tmaxm andQB−αs

shift towards higherQB, denserρm, and shorter lifetimes with increasing redshift.

However, one must be careful while considering this shift asan evidence for cos-

mological evolution of the investigated parameters as those intervals overlap. Inter-

estingly, joint confidence intervals oftmaxm − ρm for different redshift ranges do not

overlap. This issue is discussed in detail below.

The confidence intervals span a wide range of the possible values for each of the pa-

rameters resulting in relatively large uncertainty in the best fit. One must bear in mind that

these confidence intervals are based on the underlying five degrees of freedom allowed in

the simulation, and any visible degeneracy or shift may be influenced by a change of other

parameters. Indeed, some degeneracies are seen, especially strong in the case of the maxi-

mum source age and the corresponding central density, although the degeneracies seem to

be also present for theQB − tmaxm andQB −ρm results. The degeneracy issue is discussed

separately in§3.5.

The confidence intervals do not converge for the high kineticluminosity break values

(> 1042 W) in the case of Model S, and for the low kinetic luminosity breaks (< 1037 W)

in the case of Model W. It is accompanied by negative slopes ofapproximately 0.5−1.5 in

both cases. At this stage the function becomes a power-law. Despite the fact that the kinetic

luminosity break indicates values of> 1042 W, the number density of jets with kinetic

luminosities close to this break is so low that the actualQmax contributing to the simulated

population is∼ 1041 W. Similarly, in the Model W the kinetic luminosity break shifts to

very low values and only the high kinetic luminosity end of the distribution, which at this

point is approximated by a power-law, contributes to the observed data counts. In previous

studies, authors have assumed such power-law distributions. Assuming that

ψ(Q)dQ= Q−xdQ, (3.4)
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slopes ofx = 2.6 (BRW99),x= 3.3 andx= 3.6 (Barai and Wiita, 2006),x= 1.6 (Kaiser

and Best, 2007), andx∼ 0.9−1.3 (Wang and Kaiser, 2008) have been found. Here, slopes

of x∼ 0.5−1.5 (Model S and W) in the power-law extremum can be observed. Itcan be

concluded here, therefore, that the hypothesis that kinetic luminosities follow an unbroken

power-law distribution cannot be ruled out at a confidence level of more than 95.4 per cent.

To ease the investigation of the possible cosmological evolution of all the searched pa-

rameters Figure 3.12 and Figure 3.16 show super-imposed 90 per cent intervals of all red-

shifts. It is found that the kinetic luminosity break shiftsto higher values for higher redshift

ranges in the case of both Model S and Model W. Furthermore, both Figure 3.12 and Fig-

ure 3.16 clearly show that there is no common solution found for the maximum source age

and the central density for all three redshift ranges. Consequently, the hypothesis that there

is no evolution oftmaxm andρm is ruled out with probability of> 99 per cent. One may

notice, however, that it is possible to findQB to be constant for all redshifts (Model S only),

but this would imply unrealistically strong evolution ofρm. To avoid such a strong evo-

lution more than one parameter would have to undergo an evolution with redshift. As an

additional test, I have attempted to fit the three redshift bins simultaneously with one set of

parameters that would be valid for all redshift sub-samples. No satisfying results have been

found for the latter test case, the consistency of the hypothesis with the data was ruled out

at the nominal 5σ level.

3.4.2 Combined-z fits

It has been attempted to investigate the strength of the cosmological evolution of the intrin-

sic and extrinsic source parameters. The results of the independent-z fit suggest evolution of

more than one parameter, and bearing in mind the possible degeneracies (see discussion in

§3.5), it was attempted to restrict as few parameters as possible. A simultaneous evolution

of the following parameters has been allowed: (i) the kinetic luminosity break was allowed

to evolve with redshift asQB(z) =QB(z= 0)(1+z)nq, (ii) the central density of the environ-

ment asρm(z) = ρm(z= 0)(1+z)nr , and (iii) the maximum age of the sources was assumed

to undergo evolution according totmaxm(z) = tmaxm(z= 0)(1+z)nt . However, due to limited

computing time and power, I was forced to compromise on the resolution of the grid of the

parameters searched over. For instance, thenq,nr andnt exponents were searched in steps

of 0.5 only, andQB,ρm andtmaxm in steps of 0.3 in a logarithmic scale.

The results are displayed in Figure 3.17 (Model S) and Figure3.18 (Model W). The

best agreement between the simulated populations and the observed samples is listed in

Table 3.3.

[Continued on page 90.]



3.4
E

vidence
for

the
cosm

ologicalevolution
ofthe

source
pa

ram
eters

57

Table 3.3: The best-fitting parameters for the all tested cases of ModelS and W for each redshift range. Due to occurring degeneracies (§5.3)
one should always consult the corresponding confidence intervals (see Figure 6 – Figure 13). The following standard deviations of log10(ρm)
and log10(tmaxm) log-normal distributions are used: log10(σρo) = 0.15 and log10(σtmax) = 0.05. 90 per cent uncertainties are quoted.

Model z log10(QB/W) nq αs log10(ρm/kgm−3) nr log10(tmaxm/yr) nt p−value

Model S z1 39.15+0.30
−0.30 – 0.6+0.3

−0.6 −23.4+0.6
−0.4 – 7.23+0.30

−0.15 – 0.234
independent-z fits z2 39.00+0.60

−0.45 – −0.9+1.3
−7.7 −20.4+1.8

−2.0 – 7.83+0.60
−0.75 – 0.639

z3 39.90+0.60
−0.45 – −1.7+1.7

−8.3 −20.0+2.0
−2.8 – 7.13+0.60

−1.05 – 0.925

Model S all 38.0+(<0.3)‡
−0.3 10.5+(<0.5)‡

−0.5 0.6+(<0.2)‡
−0.6 −23.0+(<0.3)‡

−(<0.3)‡ 0.0+(<0.5)‡
−(<0.5)‡ 7.8+(<0.3)‡

−(<0.3)‡ −4.0+(<0.5)‡
−(<0.5)‡ 0.380

combined-z fits

Model W z1 38.25+0.45
−0.45 – 1.80+0.75

−0.60 −23.4+0.8
−1.0 – 7.23+0.45

−0.45 – 0.251

independent-z fits z2 40.60+0.30
−0.75 – 7.30+5.60†

−5.35 −22.6+0.8
−0.8 – 7.08+0.30

−0.30 – 0.674

z3 41.35+0.45
−0.9 – 3.50+7.40†

−3.95† −23.0+2.2
−0.4 – 6.08+0.75

−0.15 – 0.885

Model W all 38.0+(<0.3)‡
+(<0.3)‡ 5.5+(<0.5)‡

−0.5 2.4+(<0.2)‡
−0.6 −24.2+(<0.3)‡

−0.3 10.5+(<0.5)‡
−2.5 7.5+(<0.3)‡

−0.3 −0.5+(<0.5)‡
−0.5 0.557

combined-z fits

Notes.The resolution of the results is∆log10(ρm) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) = 0.15, and∆αs = 0.1 for the independent-z fits, and∆αs = 0.2,
∆log10(ρm) = ∆log10(QB) = log10(tmax) = 0.3, and∆nt = ∆nr = ∆nq = 0.5 for the combined-z fits.
† For errors which may be extending beyond the searched ranges (see Table 3) value up to the range border is quoted.
‡ If errors are smaller than their respective resolution, the value of< ∆ is quoted.



58 Chapter 3. Redshift Evolution of Powerful FR II Radio Galaxies

22 24 26 28 30 32

0
5

10
15

22 24 26 28 30 32

0
5

10
15

22 24 26 28 30 32

0
5

10
15

N

Log10(L178MHz /W Hz−1)
22 24 26 28 30 32

0
5

10
15

22 24 26 28 30 32

0
5

10
15

0 < z < 0.3

10 kpc < D < 245 kpc

22 24 26 28 30 32

0
5

10
15

22 24 26 28 30 32

0
5

10
15

22 24 26 28 30 32

0
5

10
15

N

22 24 26 28 30 32

0
5

10
15

22 24 26 28 30 32

0
5

10
15

Log10(L178MHz /W Hz−1)

0 < z < 0.3

245 kpc < D < 1Mpc

22 24 26 28 30 32

0
1

2
3

22 24 26 28 30 32

0
1

2
3

22 24 26 28 30 32

0
1

2
3

N

Log10(L178MHz /W Hz−1)
22 24 26 28 30 32

0
1

2
3

22 24 26 28 30 32

0
1

2
3

0 < z < 0.3

D > 1Mpc

Figure 3.3: Histograms of the observed radio sample (black solid line) and simulated ones
created with the best-fitting parameters of the independent-zfits of model S (black dashed
line) and model W (black dotted line), and the combined-z fits of model S (blue dashed
line) and model W (orange dotted line), inz1 < 0.3. In each redshift range there are three
separate size bins as described within the subplots (see also Figure 3.4 and Figure 3.5).
Each redshift bin is simulated independently, while the FR IIs linear sizes within each
redshift range are simulated simultaneously, that is a goodfit to all linear sizes simulta-
neously at the same redshift is required. The simulated source populations created with
the best-fitting parameters are consistent with the data at the 90 per cent confidence level
based on the∆C statistics (for exactp−values see Table 3.3).
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Figure 3.4: Same as Figure 3.3 but for the intermediate redshift range, 0.3< z2 < 0.8.
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Figure 3.5: Same as Figure 3.3 but for the highest redshift range, 0.8< z3 < 2.0.
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Figure 3.6: Radio luminosity functions of FR II type sources from 3CRR and BRL cat-
alogues (solid) and the simulated populations generated with the best-fitting parameters
for smallest redshift range (z1 < 0.3) and for each model tested (independent-z fits of
Model S drawn as black dashed line, independent-zfits of Model W as black dotted line,
combined-zfits of model S as blue dashed line, and combined-zfits of model W as orange
dotted line). Each redshift bin is simulated independently, while the FR IIs linear sizes
within each redshift range are simulated simultaneously, that is a good fit to all linear sizes
simultaneously at the same redshift is required. The simulated source populations created
with the best-fitting parameters are consistent with the data at the 90 per cent confidence
level based on∆C statistics (for exactp−values see Table 3.3).
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Figure 3.7: Same as Figure 3.6 but for the intermediate redshift range, 0.3< z2 < 0.8.
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Figure 3.8: Same as Figure 3.6 but for the highest redshift range, 0.8< z3 < 2.0.
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Figure 3.9: Joint confidence intervals for the independent-zfits of Model S inz1 redshift
range are shown (z1 ≤ 0.3). 68.3 per cent (solid, black), 95.4 per cent (dotted, red)and
99.7 per cent (dashed green) contours, based on∆C statistics (see§2.4), are shown. The
best-fitting parameters are consistent with the data at the 90 per cent confidence level
(p− value= 0.234).
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Figure 3.9: Continued.
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Figure 3.10:Joint confidence intervals for the independent-zfits of Model S inz2 redshift
range are shown (0.3< z2 ≤ 0.8). 68.3 per cent (solid, black), 95.4 per cent (dotted, red)
and 99.7 per cent (dashed green) contours, based on∆C statistics (see§2.4), are shown.
The best-fitting parameters are consistent with the data at the 90 per cent confidence level
(p− value= 0.639).
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Figure 3.10:Continued.
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Figure 3.11:Joint confidence intervals for the independent-zfits of Model S inz3 redshift
range are shown (0.8< z3 ≤ 2.0). 68.3 per cent (solid, black), 95.4 per cent (dotted, red)
and 99.7 per cent (dashed green) contours, based on∆C statistics (see§2.4), are shown.
The best-fitting parameters are consistent with the data at the 90 per cent confidence level
(p− value= 0.925).
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Figure 3.11:Continued.
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Figure 3.12: Overlaid 90 per cent confidence intervals based on∆C statistics (§2.4)
for the three redshift ranges considered (z1 drawn in black,z2 in blue, z3 in red) of the
independent-zfits of Model S.
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Figure 3.12:Continued.
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Figure 3.13:Joint confidence intervals for the independent-zfits of Model W inz1 redshift
range are shown (z3 ≤ 0.3). 68.3 per cent (solid, black), 95.4 per cent (dotted, red)and 99.7
per cent (dashed green) contours, based on∆C statistics (see§2.4), are shown. The best-
fitting parameters are consistent with the data at the 90 per cent level (p−value= 0.251).
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Figure 3.13:Continued.
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Figure 3.14:Joint confidence intervals for the independent-zfits of Model W inz2 redshift
range are shown (0.3 < z3 ≤ 0.8). 68.3 per cent (solid, black), 95.4 per cent (dotted,
red) and 99.7 per cent (dashed green) contours, based on∆C statistics (see§2.4), are
shown. The best-fitting parameters are consistent with the data at the 90 per cent level
(p− value= 0.674).
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Figure 3.14:Continued.
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Figure 3.15:Joint confidence intervals for the independent-zfits of Model W inz3 redshift
range are shown (0.8 < z3 ≤ 2.0). 68.3 per cent (solid, black), 95.4 per cent (dotted,
red) and 99.7 per cent (dashed green) contours, based on∆C statistics (see§2.4), are
shown. The best-fitting parameters are consistent with the data at the 90 per cent level
(p− value= 0.885).
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Figure 3.15:Continued.
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Figure 3.16: Overlaid 90 per cent confidence intervals based on∆C statistics (§2.4)
for the three redshift ranges considered (z1 drawn in black,z2 in blue, z3 in red) of the
independent-zfits of Model W.
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Figure 3.16:Continued.
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Figure 3.17: 68.3 per cent (solid, black), 95.4 per cent (dotted, red) and99.7 per cent
(dash-dotted, green) joint confidence intervals (based on∆C statistics) of all the searched
parameters of the combined-z fits of the Model S. Parametersnt,nq andnr quantify the
strength of the redshift evolution oftmaxm(z= 0),QB(z= 0) andρm(z= 0) respectively.
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Figure 3.18: 68.3 per cent (solid, black), 95.4 per cent (dotted, red) and99.7 per cent
(dash-dotted, green) joint confidence intervals (based on∆C statistics) of all the searched
parameters of the combined-z fits of the Model W. Parametersnt,nq andnr quantify the
strength of the redshift evolution oftmaxm(z= 0),QB(z= 0) andρm(z= 0) respectively.
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The following can be deduced from the results regarding bothmodel S and model W

(consult Figures 3.17 – 3.18):

(i) As in the case of the independent-z fits, a degeneracy occurs betweenQB(z= 0)−
ρm(z= 0), betweenQB(z= 0)− tmaxm(z= 0), and betweentmaxm(z= 0)− ρm(z=

0); however, here, in the combined-z fits these parameters are evaluated at redshift

z= 0. Similarly, for higher kinetic luminosity breaks lower gas densities of sources’

environments are preferred and the estimated sources’ lifetimes are relatively short.

For lowestQB(z= 0) dense environments and long lifetimes of the radio sources are

favoured.

(ii) The αs parameter is well constrained, although the parameter is assumed to not evolve

with redshift.

(iii) As in the case of the independent-z fits, the joint confidence intervals span approxi-

mately 3 orders of magnitude in kinetic luminosity break, 2−3 orders of magnitude in

the estimated maximum lifetimes of sources, and 5 orders of magnitude in the possible

gas density of the environments.

(iv) If lower values (from within the confidence intervals) are assigned to the main param-

eters(QB(z= 0),ρm(z= 0), tmaxm(z= 0)) then their stronger cosmological evolution

is required, whether positive(for QB(z= 0) andρm(z= 0)) or negative(for tmaxm(z=

0)). For instance, if kinetic luminosity break is taken to beQB(z= 0) = 1039 W its

corresponding evolution with redshift is(1+z)4, while if lower luminosity break value

is considered,QB(z= 0) = 1036 W, then its redshift evolution is estimated to be much

stronger,(1+z)10.

(v) A strong degeneracy occurs betweennq,nr andnt, and the parameters seem to com-

pensate for each other; for highnt values (strong lifetime evolution) high values of

nq and low values ofnr are favoured (that is strong kinetic luminosity break evolu-

tion, and weak gas density of the environments evolution arepreferred). Such a strong

degeneracy causes that thenq,nr andnt parameters cannot be easily constrained, and

additional constraints on the parameters are necessary. This is also discussed in§3.5.

(vi) An interesting result emerges for the kinetic luminosity break cosmological evolution,

for which the trend with redshift seems to be unavoidable (nq > 3). These results are

discussed in detail in§3.8.

3.5 Central density – maximum age degeneracy

The degeneracy between central density and maximum age needs some extra attention as it

seems to be often overlooked. The calculated radio lobe luminosity density of a radio source
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Figure 3.19: From top right: (a) the joint confidence intervals of the best-fitting QB andρm

for population of sources with fixed maximum lifetime oftmaxm = 8.5×106 yr is presented,
(b) with tmaxm = 1.2×107 yr, (c) with tmaxm = 6.8×107 yr, (d) with tmaxm = 1.3×108 yr, (e)
with tmaxm = 5.4×108 yr, and (f) with the maximum source age oftmaxm = 1.1×109 yr. In
each casetmaxm is drawn from log-normal distribution withσtmaxm

= 0.05 (see§2.3.3). The
independent-zfits of the Model S in the lowest redshift range (z1 ≤ 0.3) is presented. For each
sub-plot the solid (black) line corresponds to 68.3 per centof the best-fitting parameters for
the particular choice of fixedtmaxm, the dotted (red) line corresponds to 95.4 per cent, and the
dashed (green) contours contain 99.7 per cent of the best fitsbased on the∆C statistics. It is
clearly visible that the assumption on the maximum allowed age of the sources will strongly
determine the density of the environment in which sources evolve (predominantly), as well as
their jet powers (less strongly).
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depends on its kinetic luminosity, central density and the age of the source. However, one

must be aware that restricting one parameter will yield an adjustment in another. In partic-

ular, the maximum age of the sources and the central density in which sources evolve seem

to be the most strongly correlated. From Eqn. 2.7 – 2.14 (see also Kaiser and Best, 2007,

2008) one can deduce that

Lν ∝ Q
12+2m−β(3+m)

2(5−β) (ρoaβ
o )

3+2m
2(5−β) t

6−4m−β(3+m)
2(5−β)

∫ 1

xmin

C(x)dx. (3.5)

Assumingm= 2.5 andβ = 1.5 (most commonly assumed values) and ignoring for a mo-

ment the energy losses term, one will see that

Lν ∝ Q1.25ρ1.15
o t−1.75. (3.6)

Clearly, the radio lobe luminosity density, kinetic luminosity and all the other values are

kept the same for a radio source, and a change is made only to its central density and the

age, the two latter parameters will compensate for each other. For example, a change in the

central density by a factor of 10 (reaching less dense environments) will yield a change in

source age by a factor of 7 (implying younger ages) to maintain the same radio lobe and

kinetic luminosities. Of course this is an approximation only as such a change will also yield

changes in the source linear size and in the loss processes term C(x) of Eqn. 2.14 (where

x= ti/t) since both depend on the stage of the source life. Note that Eqn. 3.6 cannot be used

as an approximation for simpleLν finding because the energy losses cannot be neglected.

Eqn. 3.6 is used here solely for pictorial purposes.

One may also argue that the kinetic luminosity may compensate for the change of the

source age instead of the ambient density (Eqn. 3.5). The presented results suggest that the

ρm− tmaxm degeneracy is dominant. The effect of this degeneracy is seen in Figure 3.9 –

Figure 3.16, and additionally in Figure 3.19 where results in theQB −ρm plane for source

populations of different assumed maximum ages are displayed.

3.6 The lifetimes of radio galaxies

The estimated maximum lifetimes of radio galaxies may seem to be rather low, espe-

cially given that sources of the observed ages of order of few×108 yr are known (e.g.

∼ 1.8× 108 yr of B0319-454 reported by Saripalliet al. 1994,∼ 1.4× 108 yr in the case

of B0313-683 reported by Schoenmakerset al.1998). However, the presented here results

are in agreement with other estimates of observed ages and total lifetimes of, specifically,

3CRR radio galaxies evaluated by either numerical simulations or multi-frequency radio

observations (e.g. Alexander and Leahy, 1987; Machalskiet al., 2007; Wang and Kaiser,

2008; O’Deaet al., 2009). Our results are also consistent with work of Birdet al. (2008)
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based on an independent low redshift sample, who determinedthe maximum lifetime of the

galaxies to be 1.5×107 yr. Further, the ages estimated by Machalskiet al. (2004a) reach

1− 2× 108 yr, but only for giant radio sources, and for most normal radio galaxies they

analysed, i.e. the ones with linear sizes smaller than 1 Mpc,ages few−10 times smaller

were estimated. As a sanity check one can find that for the hardwired (in the simulations)

maximum head advance speed of 0.4c a source of 1 Mpc in size may live for a maximum

of 4×106 yr, while to increase the total lifetime to 1.6×108 yr, the source head advance

speed would have to be of order of 0.01c. Such a low head advance speed may be treated as

a lower limit because the jet must be supersonic during the radio source lifetime to maintain

the FR II morphology1, and also classical double sources older than the inferred age are not

observed. The model of Falle (1991) predicts that the sourceadvance speed changes, i.e.

decreases, with the age of the source. This would suggest that sources that initially have

high maximum head advance speed, slow down as they get older and hence they reach older

ages and smallervmax are measured (e.g. Machalskiet al., 2007).

The radio samples which are currently been used contain the most powerful FR II radio

galaxies and quasars, and the bias originating from the flux limit is particularly strong at

high redshifts. This causes that only the youngest and most powerful sources are observed.

Blundell and Rawlings (1999) suggested an explanation of the noticeable decrease with red-

shift in source lifetimes. The term ‘Youth-Redshift degeneracy’ has been coined to describe

the effect. Due to the luminosity density – redshift degeneracy originating from the radio

flux limits, at high redshifts one can observe only the most powerful objects. They seem to

be also of smaller linear sizes as compared to the radio galaxies in the local Universe (Ka-

pahiet al., 1987; Barthel and Miley, 1988). The leading theoretical models of radio galaxy

time evolution (e.g. KDA97, BRW99) predict a short initial phase of radio source growth

where the radio lobe luminosity density increases (up to∼few kpc), after which the radio

lobe luminosity density decreases as the radio source ages and grows bigger (this behaviour

is often depicted through the so-called evolutionary tracks, see e.g. KDA97). Therefore,

to be able to reproduce linear sizes and radio lobe luminosities as observed at high red-

shifts, the radio galaxies must be younger than their low redshift equivalents. Based on the

3CRR and BRL samples the results indeed suggest a trend of thetotal radio source lifetimes

decreasing with redshift. The best-fitting parameters found for the combined-z fits of the

Models S and W indicatent ∈ [−3.5,−4.5], slightly stronger as compared to the results

obtained by Wardleet al. (1998) who foundnt
∼= −2.5 and Wang and Kaiser (2008) who

reportnt =−2.4. However again, due to the degeneracy betweentmaxm andρm the strength

of the possible evolution is not strongly constrained as it may be easily compensated by the

redshift evolution of the central densities of the galaxy clusters or the kinetic luminosity

break. Interestingly, a constant maximum lifetime for all redshifts is allowed, i.e.nt ∼ 0,

but this would require the cosmological evolution ofρm to be unfeasibly strong (see§3.7).

1The typical sound speed in a cluster medium is of order of 0.001−0.004c since the sound speed in the
ICM must be similar to the velocity dispersion of the cluster(Fabian, 1994).
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Unfortunately, at the current stage one is unable to verify whether the decrease in the maxi-

mum lifetimes of these radio sources is genuine, or whether this is just an observational bias

due to the flux limit. Deeper high redshift radio samples are needed to resolve this issue.

3.7 Ambient gas densities

Some fraction (but note that not all) of the central gas densities estimated here are consistent

with recent X-ray studies (e.g. Belsoleet al., 2007; Crostonet al., 2008b; Sandersonet al.,

2009). It can also be observed clearly that higher densitiesare favoured for earlier epochs.

Redshift evolution of the source environments is expected,at least, due to the expansion of

the Universe. Invoking textbook physics (see also AppendixE) it is known that

H2(z) = H2
0(ΩM(1+z)3+Ωk(1+z)2+ΩΛ), (3.7)

whereH is the Hubble parameter,H0 is the Hubble constant, and the parametersΩM , ΩΛ

andΩk define the matter density, the vacuum density and the spatialcurvature respectively.

From the above equation one can deduce that the critical density evolves (ρc) with redshift

as

ρc(z) =
3H2

0

8πG
× [ΩM(1+z)3+ΩΛ] (3.8)

whereG is the gravitational constant and assuming a flat Universe (Ωk = 0). Since the

radio galaxies are often found in clusters and galaxy groups, one may expect that their

immediate environments will undergo similar evolution to the one predicted by models of

cluster formation (see e.g. Arnaud, 2005, for a review and a discussion on the accordance

between predictions from the theoretical models and the observational constraints on the

evolution of clusters properties). Structure formation models predict that the mean dark

matter density (the predominant constituent of galaxy clusters) scales as the critical density

of the Universe, that is againρo(z) ∝ ρc(z) ∝ H2(z). The critical density will, therefore,

change between redshiftszn2 andzn1 by a factor ofρc(zn2)/ρc(zn1). If zn1 = 0 andzn2 = 2

then the density would be expected to be higher atzn2 by a factor ofzn2/zn1
∼= 8.8, equivalent

to ∼ 0.94 in logarithmic scale, and to the redshift dependence of approximately(1+ z)2.

Similar trends have been recently found by Poggiantiet al. (2010), and, as they point out,

it can be also deduced from previous observational studies (e.g. Dressler, 1980; Dressler

et al., 1997). On the other hand, O’Deaet al. (2009) do not observe any density evolution

up to z∼= 0.5. The best-fits for the combined-z fits of the tested models (Figure 3.17 and

Figure 3.18) clearly show thatnr is degenerate and strongly dependent onnt andnq; the

value expected by the galaxy cluster cosmological evolution models and the effect of the
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expanding Universe is possible for certain values ofnt andnq, but is not unique. Some

may argue that environments of FR II sources may depend on thecosmological epoch.

That is, beside the argument of the evolution following the expansion of the Universe, at

low redshifts weak clusters and galaxy groups are favoured by FR II sources, while rich

galaxy clusters are preferred at high redshifts (e.g. Deltorn et al., 1997; Zirbel, 1997; Wold

et al., 2000). If this is the case the effect will be convolved in thenr parameter resulting

in evolution stronger than the expectednr ∼ 2.0−2.5. The possible values ofnr and their

consequences are discussed further in§3.8.

As it is shown in§3.10 the spread of the log-normal distribution of the density has a

rather small effect on the results. This is highlighted by the fact that when a delta function

is employed the final results are still in good agreement withthe observed samples. It may

be concluded therefore that at the current stage it is not possible to constrain the shape of

the population ambient density distribution. Further, themean central density value will

depend on the assumedao andβ , and hence if this study assumptions for these values are

incorrect one may simply scale the fitted densities with the(ρoaβ
o ) relation. It is currently

assumed that there is no redshift evolution of the core radius or the density profile slope.

If there is any intrinsic change this will be subsumed by the mean density value, possibly

resulting in a stronger trend with redshift.

3.8 Kinetic luminosities of powerful FR II sources

The kinetic luminosity functions (KLFs) of the radio sourcepopulations generated with

the best-fitting parameters for all redshift ranges and models are presented in Figure 3.20,

while in Figure 3.21 the kinetic luminosity distributions and their corresponding underlying

parent populations from which the observed samples originate are plotted for each redshift

range, size bin and model. There are two main conclusions. Firstly, the higher the redshift

the more powerful the jets are that are included; atz< 0.3 the highestQ are of order 1040 W

(Model S), while in the highest redshift range,z3, the most powerful sources seem to have

jet luminosities reaching 1042 W (Figure 3.20). Secondly, the larger the radio sources are

the more powerful AGN on average they host (Figure 3.21). Thesecond effect seems to be

much milder than the dependence on redshift, but it is present; a similar pattern has been

already observed by Gopal-Krishnaet al. (1989).

3.8.1 Differences between results of Model S and W

As can be seen from Figure 3.20 and Figure 3.21, although the parent populations of Model

S and W are different, the predicted flux-limited samples of the two models are very similar.

More interestingly, one would expect kinetic luminositiesof sources of FR II type to be at

least 1037 W. Indeed, although radio sources of kinetic luminosities of 1036 W are generated

in the Monte Carlo simulation, these do not contribute to theobserved populations. Some
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Figure 3.20: Kinetic luminosity functions generated with the best-fitting parameter sets
of the independent-z fits of Model S (solid line, green) and Model W (solid line, black)
for all redshift ranges, and combined-zfits of Model S (blue) and Model W (orange). The
combined-z fits of Model S and Model W show their best fits (solid blue, solid orange
respectively), and two restricted cases wherenr parameter is set tonr = 2.5 (dashed) and
nr = 4.0 (dash-dot-dot-dotted).
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Figure 3.21:Functions showing kinetic luminosity distributions (normalised for each red-
shift range separately) of the observed, that is flux limited, sources (solid lines) and the
corresponding underlying parent populations from which the observed samples originate
(dotted lines). In each plot, for each redshift range and model considered, kinetic lumi-
nosity distributions for separate linear size bins (as usedin fitting) are plotted. The exact
radio galaxy linear sizes (D) falling into each size bin are detailed in corresponding panels.
[..continued on next page]
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Figure 3.21: [Continued..] Colours denoting linear sizes of the radio galaxies are labelled.
The distributions change for different redshifts as well asfor different radio galaxy linear
sizes, where larger radio sources on average seem to be also more powerful. Note that
these distributions of parent populations depend stronglyon the slopeαs which forz> 0.3
is associated large uncertainties. Here, for pictorial purposes, only the best-fits for each
redshift range are presented.



3.8 Kinetic luminosities of powerful FR II sources 99

36 38 40 42

−
6

−
4

−
2

0

COMBINED z FITS

z < 0.3

10 kpc < D < 245 kpc

Lo
g 10

(N
 / 

N
to

t,z
1 )

Log10(Q / W)
36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

245 kpc < D < 1 Mpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0
1 Mpc < D 

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

COMBINED z FITS

0.3 < z < 0.8

10 kpc < D < 208 kpc

Lo
g 10

(N
 / 

N
to

t,z
2 )

Log10(Q / W)
36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

208 kpc < D < 1 Mpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

1 Mpc < D 

36 38 40 42

−
6

−
4

−
2

0

Log10(Q / W)

COMBINED z FITS

0.8 < z < 2.0

10 kpc < D < 100 kpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

100 kpc < D < 1 Mpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

1 Mpc < D 

Figure 3.21:Continued.



100 Chapter 3. Redshift Evolution of Powerful FR II Radio Galaxies

36 38 40 42

−
6

−
4

−
2

0

Lo
g 10

(N
 / 

N
to

t,z
1 )

Log10(Q / W)

COMBINED z FITS

z < 0.3

10 kpc < D < 245 kpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0
245 kpc < D < 1 Mpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

1 Mpc < D 

36 38 40 42

−
6

−
4

−
2

0

Lo
g 10

(N
 / 

N
to

t,z
2 )

Log10(Q / W)

COMBINED z FITS

0.3 < z < 0.8

10 kpc < D < 208 kpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

208 kpc < D < 1 Mpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

1 Mpc < D 

36 38 40 42

−
6

−
4

−
2

0

Lo
g 10

(N
 / 

N
to

t,z
3 )

Log10(Q / W)
36 38 40 42

−
6

−
4

−
2

0

COMBINED z FITS

0.8 < z < 2.0

10 kpc < D < 100 kpc

36 38 40 42

−
6

−
4

−
2

0

36 38 40 42

−
6

−
4

−
2

0

100 kpc < D < 1 Mpc

Figure 3.21:Continued.
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Table 3.4: The best-fitting parameters for the independent-zfits of the model which uses
bending power-law as the initial distribution of kinetic luminosities (§3.8.2) for each red-
shift range. Due to occurring degeneracies (§3.5) one should always consult the corre-
sponding confidence intervals (see Figure 3.22). 90 per centerrors are quoted.

z log10(QB/W) αS log10(ρm/kgm−3) log10(tmaxm/yr) p−value

z1 38.70+0.45
−0.15 0.2+0.6

−1.1 −23.4+1.0
−0.4 7.23+0.45

−0.15 0.223
z2 39.15+0.30

−0.15 −0.4+0.9
−5.2† −20.4+1.8

−1.2 7.83+0.60
−0.45 0.787

z3 41.10+3.0†
−0.15 −2.5+2.0

−1.8 −23.6+0.6
−(<0.2)‡ 5.93+0.15

−(<0.15)‡ 0.784

Notes.The resolution of the results is∆ = 0.2 for log10(ρm), ∆ = 0.15 for log10(QB) and
log10(tmax), and∆ = 0.1 for αs for the simple cases, and∆ = 0.2 for αs, ∆ = 0.3 for log10(ρm),
log10(QB) and log10(tmax), ∆ = 0.5 for nt, nr andnq for the continuous evolution cases.
† For errors which may be extending beyond the searched ranges (see Table 3) value up to the range
border is quoted.
‡ If errors are smaller than their respective resolution, the value of< ∆ is quoted.

consideration is also needed of the lowest redshift bin bestfits for Model W, where the

kinetic luminosity break reaches somewhat low values and the slope is flatter compared to

the other redshift ranges. The kinetic luminosity distribution function of Model W has been

used by Willottet al. (2001) as their initial kinetic luminosity distribution function but for

the most powerful sources only. In their work the populationof radio galaxies and radio-

loud quasars was divided based on the emission line characteristics rather, that is high- and

low-excitation radio galaxies (HEG and LEG respectively asintroduced in§1.2.3), than the

historical FR I and FR II classes. HEG include powerful FR II and the most powerful FR I

sources, while LEG include most FR Is and low-luminosity FR II objects. As mentioned

before Model W may not be able to reproduce the faint end of thedistribution. Contrary to

Willott et al. (2001) low luminosity FR IIs are included in this study and perhaps this is the

cause of the observed shift ofQB andαs.

3.8.2 Bending power-law as the initial distribution of kinetic luminosities

The thin, dotted lines in Figure 3.21 represent the possibleparent populations generated

according to the assumed distribution functions. The flux limit of the radio catalogues

used is very high, and hence only the most powerful sources are observed; as estimated

in performed here simulations their kinetic luminosities do not drop below 1037−1038 W.

In such a strong flux limit regime either of the kinetic luminosity distribution functions
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Figure 3.22:Joint 90 per cent confidence intervals for the independent-zfits of the bending
power-law model (§3.8.2, orange forz1, pink for z2, red forz3) and Model S (black forz1,
dark grey forz2, light grey forz3) for all redshift ranges are shown. Contours are based
on ∆C statistics (see§2.4). The best-fitting parameters of the bending power-law model
(Table 3.4) are consistent with the data at the 90 per cent level.
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(Models S and W) will shape the faint power end of the luminosity functions on the basis

of a good fit to the high power end. However, with the lack of observed sources withQ<

1038 W the faint end of the function is highly unconstrained especially at higher redshifts

where, given currently used radio samples, only the most powerful sources are considered.

To investigate this issue pre- and post- kinetic luminositybreak slopes were attempted to be

fitted separately. To do this the so-called curved power-lawdistribution has been tested

ψ(Q) dQ= ψ∗
[

(

Q
QB

)−αs1

+

(

Q
QB

)−αs2
]

dQ. (3.9)

whereαs1 describes the pre-break slope of the function, andαs2 the post-break slope. To

avoid introducing more free parameters it has been decided to set the high power end of the

kinetic luminosity distribution function toαs2= 2.2 (after the radiative luminosity functions

of Hopkinset al., 2007b), and allowed the pre-break slope to vary.

The results, while assuming the curved power-law as the initial distribution function of

source kinetic luminosities, are in good agreement with those found with the Model S. The

faint end of the kinetic luminosity function is well constrained in the lowest redshift range,

but since now it is not dependent on the high power end of the function it becomes highly

unconstrained at higher redshifts. It is necessary, therefore, to include lower luminosity

radio samples in such an analysis to investigate the faint end of the kinetic luminosity func-

tions. The best-fitting parameters found are listed in Table3.4, and the confidence intervals

are displayed in Figure 3.22.

3.8.3 Cosmic downsizing

The concept of cosmic downsizing, as an anti-correlation between the stellar mass of galax-

ies and the epoch of their formation, was introduced by Cowieet al. (1996). Since then,

the term has been broadened to include the AGN evolution thathas manifested similar

anitihierarchical trends. The suggestion that the low-luminosity AGN X-ray luminosity

functions seem to peak at lower redshifts than those of the luminous quasars (Uedaet al.,

2003; Hasingeret al., 2005) has been interpreted as implying black hole anitihierarchi-

cal growth, and hence seems to be analogous to the star-forming galaxy downsizing (e.g.

Merloni and Heinz, 2008). Furthermore, since the growth of the black hole and its ki-

netic luminosity may be linked, Merloni and Heinz (2008) andCattaneo and Best (2009)

suggested that the kinetic energy density of these active galaxies undergoes a similar cos-

mological evolution such that the most powerful jets are found at earlier epochs. Merloni

and Heinz (2008) based their findings on the analysis of radiocore kinetic luminosity func-

tions, while Cattaneo and Best (2009) analysed imprints of the extended radio emission

on the X-ray emitting plasma. It should not be surprising, therefore, if such an effect is

seen in the presented here results. The results of the independent-z fits already suggest a
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redshift evolution of the kinetic luminosity break. Moreover, the results of the combined-

z fits of the fitted models confirm that this trend with redshift may be rather strong. Of

course, the strength of this cosmological evolution depends on the assumed evolution of

the sources’ maximum lifetime and/or environment in which sources grow due to previ-

ously discussed degeneracies. One of the most plausible cases, where the galaxy cluster

central environments evolve with the expanding Universe and according to the galaxy clus-

ter evolutionary models, would requirenr
∼= 2.0− 2.5, and this will lead tonq = 9.5 and

nt =−3.0. Given thatQB(z= 0)∼= 2×1038 W, such a strong redshift evolution would im-

ply QB(z= 2.0) ∼= 6.8×1042 W. This value is rather high, the highest kinetic luminosities

of FR II radio sources estimated in other works are of order of1041 W. Moreover, if one

assumes that all these radio sources power their jets via accretion at their Eddington limits

then the most powerful objects inferred here, atz∼ 2.0, would host black holes of masses of

∼ 5×1011 M⊙, while the most massive AGNs’ black holes do not exceed∼ 1010 M⊙ (e.g.

McLure and Dunlop, 2004; Natarajan and Treister, 2009; Steinhardt and Elvis, 2010, 2011).

Yet, equivalently to the independent-z fits, at these high redshifts theQB values are of such

small number density that the highest kinetic luminositiesthat contribute to the population

do not reach 1042 W (Figure 3.20).

Energy extraction from black hole spin is an attractive way to explain high jet luminosi-

ties and efficiencies (e.g. Penrose and Floyd, 1971; Blandford and Znajek, 1977; Reeset al.,

1982; Meieret al., 1997; Meier, 1999). After Meier (2002) I denote

Q ∝ j2B2
pol(MBH/M⊙)

2, (3.10)

where j is the black hole spin andBpol is the poloidal magnetic field. In such a case, for

a given kinetic luminosity the higher the spin is, the less massive the black hole must be.

However, one must bear in mind that the strength of the poloidal magnetic field will have a

direct effect on the efficiency of the BH rotational energy extraction (for discussion on this

issue see Meier, 2002). A combination of accretion and spin may play a significant role

in producing the kinetic luminosities estimated here. However, the presented here results

suggest that also environments and lifetimes of radio galaxies have a direct influence on the

radio luminosity density of large scale structures of radiogalaxies. It is worth considering,

therefore, whether it is possible to reduce the redshift evolution in QB based on the interplay

between the environments and radio galaxy lifetimes in the results. For instance, theQB

cosmological evolution ofnq = 7.0 will yield milder evolution of the radio source maximum

lifetimes,nt = −1.0, and the trend with redshift of the galaxy cluster central densities can

be as strong asnr = 10.5 (Model S) or evennr = 11.5 (Model W). With this pattern of

cosmological evolution the kinetic luminosity break wouldreach∼ 1×1041 W at z= 2.0,

which further implies maximum black hole masses of 1010 M⊙ if the sources accrete close

to their Eddington luminosity, and jets are predominantly accretion powered. However,

this causesnr to be unfeasibly strong. One may get more realistic results while assuming
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nr = 4.0, as then the results show thatnq = 8.0 andnt =−2.5, which leads toQB(z= 2.0)∼=
6.6×1041 W, tmaxm(z= 2.0) ∼= 3.9×106 yr, andρm(z= 2.0)∼= 4×1022kgm−3 (Model S).

The redshift evolution of the central densities may seem to be rather high, since atnr = 4.0

it would exceed the effect from the Universe’s expansion; however, as discussed in§3.7

such a strong evolution may be realistic if some intrinsic change in the environments, or

other effect such as evolution of core radius, takes place. Alternatively, radio sources may

be allowed to reach older ages than the ones found with the best-fitting parameters (but kept

within the confidence intervals as found in this work). To lower the kinetic luminosities the

sources would have to be younger or reside in higher density environments than the best-

fitting parameters suggest, or undergo a combination of the two effects. For instance, if one

attempts to match the kinetic luminosities and ages estimated by Rawlings and Saunders

(1991) for 3CRR sources, the lifetimes would have to be allowed to reach 108 yr, and

hence sources would have to reside in very high density environments. Finally, there is a

possibility that, contrary to what has been assumed so far, the intrinsic source parameters

are not independent. Scenarios whereQ andt, and/ort andRT are correlated are sometimes

considered, but are beyond the scope of the current work.

It is necessary to point out that as the cosmological evolution of the source parameters

is certainly real and is not an effect of an observational bias due to high flux limit of the

observed samples, the location of the kinetic luminosity break can be only constrained in

the highest redshift bin. From the results it seems that in the lower redshift bins theQB must

be at the lower end of the luminosities that still contributeto reconstruction of the observed

samples, but its exact location is uncertain (Figure 3.21).In addition, one may notice in

Figure 3.21, that the independent-z fits predict lower number density of sources than the

combined-z fits at intermediate and high redshifts. The reason for this behaviour lies in

tying theαs exponent of Eqn. 2.19 and Eqn. 2.20 in the case of the combined-z fits, where

αs is required to stay the same for all redshifts (unlike for theindependent-z fits where the

exponent may vary freely between redshift ranges). The bestfits of both model S and W of

the combined-z fits predict much flatter slopes of the kinetic luminosity distributions than

the independent-z fits. This will cause the existence of low radio luminosity density sources

that are not observed due to the high flux limit of the samples,but are unveiled in the KLFs.

Both of these issues this may be verified with larger samples with lower flux limits than are

currently being used in this study.

3.9 Constraints on AGN duty cycles

The black hole masses of massive elliptical galaxies, whichare typical hosts of powerful

radio galaxies, are known (e.g. Wolfe and Burbidge, 1970; Wuet al., 2002; Dunlopet al.,

2003; Gadotti and Kauffmann, 2009). Hence, once number densities and kinetic luminosi-

ties of the sources have been estimated, one can set constraints on the AGN duty cycle

which defines the fraction of black holes being active at a particular cosmological epoch.
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The duty cycle,δ (MBH,z), is defined as

δ (MBH,z) =
φ(MactiveBH,z)

φ(MBH,z)
, (3.11)

whereφ(MactiveBH,z) is the space density of active AGN with massM and at the redshift

z, while φ(MBH,z) analogously defines the space density of all AGN (see also Kelly et al.,

2010). Since in this work other types of radio-loud AGN are excluded, e.g. FR Is and

blazars, I shall refer to the duty cycle of FR II radio galaxies only in this discussion; this

will be denoted byδFRII(MBH,z).

A typical FR II source can be assumed to have a black hole mass of ∼ 109 M⊙, and ini-

tially it is assumed that there is no evolution in the BH masses with the cosmological epoch.

If one assumes that these are the most typical sources duringeach epoch, then the typical

kinetic luminosity of these black holes is around the value of QB of the considered cosmo-

logical epoch. For the lowest redshifts, withQB ≃ 1039 W, the space number density is ap-

proximatelyφ(MactiveBH,z1) ∼ 10−7 dN Mpc−3∆ log10(Q)−1 (Figure 3.20);φ(MactiveBH,z)

is found analogously for the other two redshift bins. These values are compared with the

local black hole mass functions compiled by Shankaret al. (2009), which give approxi-

matelyφ(MBH = 109M⊙,z= 0) = 10−4 dN Mpc−3∆ log10(MBH)
−1. Assuming that, around

109 M⊙, the average fractional accretion rate and efficiency of conversion to kinetic power

are independent of black hole mass, we can infer that∆ log10(Q) =∆ log10(MBH). Then, ne-

glecting redshift-evolution of the black hole mass function, duty cycles ofδFRII(MBH,z1)∼
10−3, δFRII(MBH,z2) ∼ 10−4.5, and δFRII(MBH,z3) ∼ 10−5.5 are found. Although in the

analysis ranges of redshifts are used, the measurement is instantaneous, and hence can be

compared to other results for a single redshift; here the measurement will be an average for

the redshifts within each range which is considered.

The estimated duty cycles can be compared with the maximum lifetimes of radio galax-

ies obtained from the fits to determine whether all or just a fraction of 109 M⊙ black holes

are likely to spend some time as a powerful FR II radio galaxy,where ‘powerful’ is defined

to mean ‘at the break luminosity’, i.e. the most powerful ‘typical’ objects in the observed

epochs. From the fits, it is found that the sources live for a maximum of approximately

107.8 yr in the lowest redshift range, and since∆z1 = 109.5 yr, then each radio galaxy is on

for 1.6 per cent of this epoch, compared to a duty cycle of 0.1 per cent. If one assumes that

an AGN goes though the FR II stage only once, if at all, during its lifetime, then around 10

per cent of ‘typical’ radio galaxy hosts are likely to spend time as a powerful FR II in the

most recent epoch. Moreover, if it is assumed that these galaxies can go through their FR II

episodes multiple times throughout this epoch, then the fraction will be even smaller. For

the higher redshifts the inferred duty cycles are smaller ascompared to the local Universe.

From the fits, the radio sources at higher redshifts are foundto live for a shorter time; the

lifetimes of 107.2−107.5 yr for redshift rangez2 and 106.6−107.2 yr for z3 are found, while
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the time spanned by each epoch remains close to∆z1. However, the reduction in lifetimes

is not sufficient to explain the drop in duty cycle at high redshifts: the most powerful FR IIs

become rarer, and a smaller fraction of potential FR II hostsspend time as powerful FR IIs

(perhaps< 1 per cent forz2, and< 0.1 per cent forz3).

These apparent reductions in duty cycle may result from the assumption of no evolution

in the number density of 109 M⊙ black holes from the present epoch. In fact, based on

the evolution of X-ray luminosity functions, Merloni and Heinz (2008, see also Natarajan

and Treister 2009) estimate that the black hole number density of SMBHs declines from

φ(MBH = 109M⊙,z= 0.3) ∼ 10−4 to φ(MBH = 109M⊙,z= 2.0) ∼ 10−5.8. This reduction

in number density at higher redshifts could account for mostof the apparent drop in duty

cycle which can be inferred from the presented here fits. It isalso important to note that

since the break luminosity of the kinetic luminosity function increases by 2 decades fromz1

to z3, the active fractions quoted here are tracing significantlydifferent populations in terms

of kinetic power, and if lower-power radio galaxies are included (e.g. the FR I population)

the total duty cycle of radio-loud AGN may be much greater than the values given here.

It is interesting to compare these estimates of powerful radio galaxy duty cycles with es-

timates of AGN duty cycles based on radiative luminosity functions. In the higher redshift

ranges, the duty cycle estimates given here are at least a decade lower than those inferred

for 109 M⊙ black holes by Shankaret al. (2009) and the lower bounds estimated by Kelly

et al. (2010). This discrepancy may be understood in terms of the radio loud fraction of

AGN, since for the high kinetic powers observed at higher redshifts, the accretion rates are

expected to be large fractions of the Eddington rate and hence correspond to the underlying

quasar population, which is known to be predominantly radio-quiet. Hence at these red-

shifts, the lower duty cycle inferred from kinetic luminosities may reflect the small fraction

of high accretion-rate, radio-loud objects. However, at lower redshifts, the situation turns

around, and the inferred here duty cycle for 109 M⊙ may be up to a decadelarger than that

estimated from radiative luminosities by Shankaret al. (2009). This difference may reflect

the evolution of the FR II kinetic break luminosity to lower values, which may correspond

to a lower typical black hole mass at low redshifts than the 109 M⊙ assumed here, for which

the duty cycles predicted by Shankaret al. (2009) are higher. An alternative possibility

is that the reduction in break luminosity corresponds to a change to a lower accretion rate

(as a fraction of the Eddington rate), where a kinetically-dominated accretion mode domi-

nates over radiatively efficient accretion (e.g. see Merloni and Heinz, 2008, and references

therein).

3.10 Influence of the assumptions on the results

Although, one can easily estimate how strongly a given physical model assumption influ-

ences a single source, such predictions may not be trivial when considering the whole pop-

ulation of radio sources. Here, I discuss the possible influence of the model assumptions
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introduced in§2.3 on the simulated source populations and the results. Thecorresponding

confidence intervals for each case are plotted in the Appendix A.

3.10.1 Core radius and the shape of the central density distribution

The central density is tightly linked to the core radiusao, and, it is stressed again, the

parameter (ρoaβ
o ) should not be considered separately in terms ofρo andao. In the current

simulation the core radius is kept fixed at a value of 2 kpc, andthe corresponding values

of the mean central density are searched through. Any changeto the value ofao will affect

the result ofρo only, where for lower values of the core radius the mean central density will

compensate shifting towards higher values, and for largerao less dense environments will

be preferred (assuming no change is made toβ ).

The initial log-normal distribution of central densities is assumed to be quite narrow,

with σlog10(ρo) = 0.15. It was tested how much the results will be affected if one allows a

broader central density spread. As discussed in§3.5, the change in density will have very

strong effect predominantly on the maximum allowed age of the sources. Moreover, since

both radio luminosities and linear sizes depend on the density of the medium, allowing for

larger standard deviation of theρm distribution will affect the distributions of kinetic lumi-

nosities of the sources and their ages as these will have to compensate for the environment

change to reproduce the observables (as compared to the initial narrowσlog10(ρo)). Indeed,

the results show that the kinetic luminosity break shifts toslightly lower values as the cen-

tral density standard deviation gets broader. The mean central density and the maximum

age of the source of the best fits seem to oscillate around similar values for the tested cases

(see Figure A.3 and Figure A.4), whereσlog10(ρo) = 0 (delta function),σlog10(ρo) = 0.15,

σlog10(ρo) = 0.50 andσlog10(ρo) = 0.75 [in units of log10(ρo)]. However, a significant change

for σlog10(ρo) = 1.00 can be observed, when the confidence intervals of all parameters be-

come more defined, in particularQB drops to values of 1038 W and the maximum age of

the sources oscillates around∼ 1× 108 yr in the case ofz1, while for z3 there are only

very specific regions of the parameter space allowed. For best-fitting parameters consult

Table A.2.

3.10.2 Distribution of the maximum source lifetimes

The initial log-normal distribution of the maximum source lifetimes is assumed to be very

narrow, withσlog10(tmax) = 0.05. It was tested, however, how much the results will be af-

fected if one allows for greater variety in the maximum lifetimes within one population

of the sources. The simulation has been re-run twice, withσlog10(tmax) = 0.3, and with

σlog10(tmax) = 0.6. Similarly to the case of the standard deviation of the central density distri-

bution, no significant changes in the confidence intervals ofany of the searched parameters

has been observed; however, in the case whenσlog10(tmax) = 0.3 for the lowest redshift range
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the intervals seem to be slightly broader. The confidence intervals are presented in Fig-

ure A.11 and FigureA.12, and the best fitting parameters are listed in Table A.6.

3.10.3 Head advance speeds

Since there is much discussion on the value of maximum head advance speed of the FR II

jets (see§2.3.7) the simulation was re-run withvmax = 0.05c, vmax = 0.15c, and further

with vmax = 0.8c, to investigate how strong an effect such an assumption may induce on

the whole population. As seen in Figure A.1 and Figure A.2 thelower vmax allowed the

more constrained confidence intervals become. Although there is no significant difference

between the confidence intervals, stronger constraints, resulting from lower allowedvmax

assumed, indicate that higher central densities, older source ages, and slightly less powerful

sources (the latter seems to be the case only in the smallest redshift range) from the initial

broad contours are indeed preferred.

Such results come from the fact that the energy density in thejet head (hot spot) is

uHS = ρxν2
adv, (3.12)

whereρx is the external medium,νadv is the head advance speed, and

νadv= νj/[1+(ρx/ρj)
1/2] (3.13)

with the jet speedνj and jet densityρj (see Martı́et al., 1997, for a relativistic extension

of this calculation which leads to very similar results). Inthe case of this speed being

constant throughout a source life, this would imply thatνadv ∝ ρ−1/2
x (see Scheuer, 1996).

Thus, the smaller the head advance speed is, the higher the ambient density of the sources

must become to reproduce their observed linear sizes and radio luminosities. If the external

density changes then adjustment in thetmax andQB must develop to again ensure that the

observedLν andD are reproduced. This is indeed what is observed.

Note, however, that since from the KA97 model it is known thatthe expansion speed

decelerates with the source age, the maximum head advance speed that we refer here to is

in fact the maximum expansion speed a source may have at the time of observation. Since

there is a higher probability of observing an old source thana young one, thesevmax may

not be the highest possible expansion speeds during a sourcelifetime as at the earlier stages

of the source life its early-νadv (non observed) may be higher than the decelerated late-νadv

(observed, at the later stages of the source life). The latter, only, is compared tovmax.

For the best-fitting parameters see Table A.1.
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3.10.4 Energy distribution of the relativistic particles: the injection index and
the Lorentz factors

Initially, a uniform distribution ofm∈ [2,3] is assumed. However, the possible influence of

the assumedmdistribution on the results has been investigated, and the simulation has been

re-run twice assuming thatm is set to a single, universal value (m= 2.3), and further thatm

follows a Gaussian distribution withmmean= 2.4 andσm = 0.3 (refer to§2.3.4 for details).

Note that this normal distribution is asymmetric here sinceit is not allowed to extend beyond

the minimum and maximummvalues. Curranet al.(2010) findsmmean= 2.4 andσm= 0.6;

however, sincem is restricted by its minimum and maximum allowed value in this study,

such a distribution would be nearly uniform formmin = 2 andmmax= 3. For this reason a

smaller standard deviation of the distribution has been chosen in the tests. The confidence

intervals are presented in Figure A.9 and Figure A.10, and the best-fitting parameters are

listed in Table A.5. No difference between results found with either of the Gaussian, the

uniform distributions or a single value of the injection index has been found. I conclude

here, that most plausibly the currently used data and/or theoretical model are not sensitive

enough to distinguish between the underlying distributions of mat this point.

Furthermore, since there has been discussion on the low-energy cut-off of the energy

distribution of relativistic electrons present in the radio jet we tested the following cases to

investigate the possible changes to the results:

(i) γmin = 1 andγmax= 105,

(ii) γmin = 102 andγmax= 1010,

(iii) γmin = 104 andγmax= 1010.

All of these were compared to our initially assumed case where γmin = 1 andγmax= 1010.

The confidence intervals are presented in Figure A.7 and Figure A.8, and the best-fitting

parameters are listed in Table A.4. As expected, there is no difference between the initial

assumptions and case (i), indicating that indeed the exact value of the maximum Lorentz

factor is not crucial as long asγmin ≪ γmax. In case (iii) a significant change of the kinetic lu-

minosity break confidence intervals is observed, where forγmin = 104 the kinetic luminosity

break is smaller by∼ 1.5 decades, as compared to the other cases. Such a drastic change in

confidence intervals in case (ii) is not observed, despiteγmin being significantly larger than

the initial case. Therefore it can be concluded that change in the minimum Lorentz factor

for the whole source population will significantly affect their kinetic luminosities only.

γmin, γmax andmdirectly influence the initial energy density distributionof the relativistic

particles. The minimum Lorentz factor indicates how relativistic are the least energetic

particles. The lowerγmin the more cold material is included. For cold plasma higherQ

is required in order to obtain the observed radio luminositydensity because a fraction of

the kinetic luminosity will be lost for particle acceleration. However, if this material is not

included, less power is required to reproduce the observedL, and hence significantly lower

QB are observed in the results ifγmin is allowed to be as high as 104. The maximum Lorentz
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factor characterises the cut-off at the high energy end of the particle distribution; particles

can only be accelerated up to a certain frequency above whichloss rates take over (see also

Markoff et al., 2001). The indexm defines the slope of the energy density distribution, and

hence determines the relative fraction of low and high energetic particles, where the flatter

the distribution is the more energetic particles are included. Although the change ofmmay

be significant for a single radio source, it does not seem to have a dramatic effect on the

whole population of sources, and it is the low energy cut-offthat influences the average

properties of the population.

3.10.5 Jet particle content

As discussed in§2.3.6 there is much debate on the particle content of the radio jets. Ini-

tially, in the simulation the conservative KDA97 assumption (k′ = 0) is followed, but to

test the influence of this assumption on the whole populationof sources three additional

assumptions have been tested, that is it was assumed that theparticle content of radio jet

is drawn from a uniform distribution in a rangek′ ∈ [0,10], and further alsok′ ∈ [0,100].

As an additional test the case whenk′ = 100 was also investigated. The confidence inter-

vals are presented in Figure A.5 and Figure A.6, and for the best-fitting parameters consult

Table A.3. A significant change in the fitted source parameters was observed only in the

two latter cases. While assumingk′ ∈ [0,100] (higher redshifts) ork′ = 100 the best-fitting

kinetic luminosity breaks shift significantly to higher values by∼ 1.5 decades. The other

parameters do not seem to undergo any significant change.

Indeed, the addition of protons in the relativistic jets would require these particles, simi-

larly to electrons, to be accelerated to the relativistic speeds. As already shown by e.g. Bell

(1978), relativistic protons store much more energy than electrons typically do, and this

in turn will give rise to the radio source kinetic luminosity. The argument may be turned

around: to maintain the expected kinetic luminosity, the observed radio lobe luminosity den-

sity is much lower for proton dominated jets than for lightweight, electron-positron jets (see

also KDA97). However, many authors favour proton-electronjets. Istomin and Sol (2011),

for instance, draw a hypothesis that some low-luminosity AGN have proton dominated jets,

which are supported by extracting energy from black hole spin. Sikoraet al. (2005) report

that jets of radio-loud quasars are also most likely heavy due to the positron-electron kinetic

energy being too small to support energetics of radio lobes.However, Bicknellet al.(2001),

extending the work of Celotti and Fabian (1993), show that inthe case when jets are proton

dominated the following criterion occurs:γmin
∼= 102. This is not required by positron-

electron jets, but the results are still consistent when such a value forγmin is adopted (see

§3.10.4). Indeed, if one considers the net effect of the two assumptions tested, that is the

jet particle content and the minimum Lorentz factor, one will notice that their effects may

cancel out. Settingγmin
∼= 102 or more one ensures that only initially highly relativisticpar-

ticles are included in the jet material and these are later being re-accelerated in the jet front;
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Figure 3.23: The predicted radio lobe pressures of the underlying parentpopulations,
unaffected by the flux limit, of FR II radio sources generatedwith the best-fitting param-
eters (Table 3.3) of the independent-z fits of Model S (green) and Model W (black) for
three redshift ranges, wherez1 (solid line),z2 (dash-dotted line) andz3 (dotted line). The
minimum allowed kinetic luminosity set for each presented distribution is set to 1036 W.

it requires stronger momentum flux to affect the non-relativistic protons than relativistic

ones, hence the change in kinetic luminosity in these two cases.

Based on the results I present here it is currently impossible to distinguish between

purely electron-positron jets (k′ = 0) and those that contain modest numbers of protons

(k′ ∈ [0,10]). Very heavy FR II jets (k′ ∼ 100) consisting of an electron-proton plasma seem

to be unlikely, unless the minimum Lorentz factor is set to large values (γmin
∼= 102−104).

3.11 Distributions of parent population’s measured properties

The content of this section is purely hypothetical due to both the unknown minimum kinetic

luminosity of the FR II sources and the slopeαs of the Schechter function (Eqn. 2.19) –

quantities one is unable to set limits on with the radio catalogues used currently in this

study. Nevertheless, the method presented in this work allows one to reproduce the possible

parent populations of the analysed radio sources. The accuracy of these predictions depends

on the number of radio samples of different flux limits and howwell the faint end of the

kinetic luminosity function is constrained.
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As it is known, the distributions of the observed parameters(such asLν andD) vary

with redshift; the radio lobe luminosity density and lobe pressure distributions shift towards

higher values for higher redshifts, while distributions ofthe linear size tend to slightly shift

towards smaller sizes at higher redshifts. This has been observed already by e.g. Kapahi

(1989); Singal (1993), BRW99. Here, the predicted distributions of these parameters of the

underlying parent populations (i.e. unaffected by the flux limit) are found to undergo a simi-

lar change with the cosmic epoch. Of course, one must expect that these parent distributions

do depend on the allowedQmin and the slopeαs, and since these have large uncertainties

(especiallyαs) the estimated parent populations must be taken with care. Radio luminos-

ity density in particular will be dramatically affected by these two parameters, while linear

sizes seem to undergo a smaller degree of change. Interestingly, the lobe pressure distri-

butions do not seem to change with the different choices of the minimum allowed kinetic

luminosity andαs. Unfortunately, I am unable to estimate, with small uncertainties, the

two parameters at this point of the study due to the choice of radio samples which are cur-

rently being used, and hence I will not discuss the highly uncertain radio lobe luminosities

of parent populations.

In the case of the linear size of extended radio sources, one may not expect such a

drastic change between observed and underlying distributions of the population because of

the much smaller effect that the flux limit has on these. Thereare two linear size ranges of

a particular interest. Since radio sources of linear sizes smaller than 10 kpc are not included

in the fitting, it is worth checking how many of these are predicted in the parent populations.

I find that for the best fitting parameters they make up not morethan 5 per cent (Model S) or

2 per cent (Model W) of the whole parent population. Furthermore, one may consider the

existence of old large sources which fall below the survey sensitivity. Given that the kinetic

luminosity stays constant during a source lifetime, the source grows in size as it gets older,

while its radio lobe luminosity density decreases. Eventually, the source drops beyond the

flux limit of the survey, and hence is not detected by the radiosurvey. This would imply

the existence of a sub-population of old low luminosity density objects which are present in

the parent populations. Such populations are, however, notseen with either of the models

considered in this study.

The KDA97 model employs the minimum energy relation of the relativistic particles

and magnetic fields which are responsible for the synchrotron radiation. As provided in

Eqn. 2.9 the radio lobe pressure can be inferred from the sizeand age of the source. The

method presented here, given the semi-analytical model, can therefore constrain the most

likely distributions of the radio lobe pressures of FR II sources (Figure 3.23). A strong

trend with redshift is present, where the average lobe pressure p̂l in the local Universe of

∼ 3.4×10−14 Pa drifts to ˆpl ∼ 5.1×10−11 Pa for the redshifts 0.8< z< 2.0 of Model S,

and similarly from ˆpl ∼ 2.1×10−14 Pa in the local Universe to ˆpl ∼ 2.7×10−12 Pa for the

highest considered redshifts in the case of Model W. Both models predict similar results.

Interestingly, even at this hypothetical stage these lobe pressure distributions agree with
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previous numerical estimates (e.g. Wang and Kaiser, 2008) as well as values deduced from

observations (e.g. O’Deaet al., 2009).

As a final note, it is important to stress that beside the true,underlying parent popu-

lations, other predictions can be also made. By setting a desired flux limit to the parent

population, one can produce catalogue predictions, which further can be tested against ap-

propriate observed radio samples. The state-of-the-art LOw-Frequency ARray radio facility

(LOFAR) is of a particular interest. Its large-scale deep extragalactic surveys will provide

radio samples, with flux limits significantly lower than currently available catalogues, that

predictions can be verified with. I will focus on this aspect in a future work.

3.12 Summary

Multidimensional Monte Carlo simulations are performed toinvestigate fundamental source

parameters (such as kinetic luminosity, age and ambient density), and their possible trends

with redshift of powerful radio galaxies and radio-loud quasars of FR II morphology based

on the method presented in Chapter 2.

It has been found that:

(i) The total lifetimes of the radio galaxies are found to be few ×107 yr at low redshift

and decrease for earlier epochs. This is in agreement with independent studies on

the 3CRR radio sources, but may be specific to these most powerful radio galaxies

and quasars. With the current sample and its strong flux limitI and my collaborators

are unable to draw final statements about the evolution of thelifetimes of the sources

which is suggested by these current results.

(ii) The results suggest cosmological evolution of one or more source parameters. In par-

ticular the mean density of the immediate source environments (or theρoaβ
o parameter

if one allows core radius orβ to change with redshift) is found to undergo evolution

with redshift; the hypothesis that there is no evolution is ruled out with probability of

> 99 per cent.

(iii) The central density of the FR II environments is found to undergo redshift evolution

of approximately(1+z)4; evolution stronger than the one expected from the Universe

expansion is possible if one considers additional effects from change of environment

or core radius evolution.

(iv) The function describing the initial distribution of kinetic luminosities modelled by the

Schechter function (or its modification) or smoothly brokenpower-law is favoured

to simple power-law; however, the hypothesis of an unbrokenpower-law distribution

cannot be ruled out at a confidence level of more than 95 per cent.
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(v) The estimated kinetic luminosities are within 1038− 1041 W for FR II type sources,

which is consistent with previous studies. It is observed that the kinetic luminosities

depend on the cosmological epoch and the linear size of the source, where larger in

linear size as well as higher redshift sources are more powerful.

(vi) The FR IIs’ kinetic luminosity function undergoes cosmological evolution of the break

luminosities of at least(1+ z)3 and may be as strong as(1+ z)10. The uncertainty

originates from the strong degeneracy betweenQB, tmax andρo. Evolution stronger

than(1+z)9 is rather unlikely since as the consequence the black hole masses of the

most luminous FR II sources would have to be of> 1011 M⊙ assuming that there is

no strong spin powering of the jets.

(vii) The results suggest that, at least at high redshifts, FR II sources most probably accrete

at moderate/high Eddington ratios and the black hole spin may play a significant role

in the jet production, as both effects seem to be necessary toexplain the high estimated

kinetic luminosities of FR II sources at higherz.

(viii) An attempt has been made to estimate the duty cycles ofFR II radio galaxies at the

break in the kinetic luminosity function, finding them to decrease with redshift from

∼ 10−3 for z1 ≤ 0.3, to∼ 10−4.5 at 0.3< z3 ≤ 0.8, to∼ 10−5.5 at 0.8< z3 ≤ 2.0. The

decrease in duty cycle at higher redshifts may be explained by a combination of the

reduction in the lifetime of FR II radio galaxies together with evolution in the number

density of massive black holes. The shift in kinetic luminosity break to higher values

also indicates an intrinsic change in the population of kinetic powers. Interestingly,

at low redshifts the duty cycle of powerful FR IIs exceeds that estimated for 109 M⊙
AGN based on radiative luminosities. This difference can beexplained if the typical

black hole mass of FR IIs shifts to lower masses at lowz. Alternatively, the low-zFR II

population may become dominated by a kinetically dominated, radiatively inefficient

mode of accretion.

It is noted, however, that other theoretical models of radiogalaxy time evolution, such

as those of BRW99, MK02 (see§2.1.3 for a short discussion on main differences between

the models), or the modified models of Barai and Wiita (2006, 2007), might yield somewhat

different results.
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4
Low Radio Luminosity Density, Local Universe

Sample of Radio Galaxies

——————————–

It has been postulated that the low luminosity density FR II radio galaxies are distinct

from their powerful equivalents, and thus the historical Fanaroff-Riley classification may

be somewhat misleading. 3C extragalactic radio sources, which the study in Chapter 3

of this thesis was focused on, are some of the most powerful radio galaxies known and

extend to high redshifts. But, the downside of catalogues such as 3C is their high flux

limit which causes exclusion of any moderate and low power radio sources. The following

chapter contains analysis of fundamental properties of a sample of low redshift and low

radio luminosity density radio galaxies. The study is done via the method presented in

Chapter 2 of this thesis, and a comparison with the results ofthe most powerful and high

redshift radio galaxies, which were analysed in Chapter 3, is presented. In addition, the

construction of the radio sample used in the Monte Carlo simulation is described. The

content of this chapter is to be submitted to the Monthly Notices of the Royal Astronomical

Society (A.D. Kapínska, P. Uttley, P.N. Best & T.J. Maccarone, ‘Local low luminosity FR II

radio galaxies: do they differ from their powerful cousins?’, MNRAS, in prep.).

——————————–
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4.1 Objectives

It has been suggested that the low luminosity FR II radio galaxies may be distinct from

their powerful cousins. 3CRR extragalactic radio sources,which the study in Chapter 3

of this thesis was focused on, are some of the most powerful radio galaxies known and

extend to high redshifts. But, the downside of catalogues such as 3CRR is their high flux

limit which causes exclusion of any moderate and low power radio sources. I have stressed

before (cf. Chapter 3) the importance of including deeper data than catalogues such as

3CRR can provide for the investigations of the fundamental parameters of FR II sources.

Here, I attempt to extend my work to include radio samples at vastly improved sensitivity

as compared to the 3CRR/BRL sample. Two of such deep all sky radio surveys are the

NRAO VLA1 Sky Survey (NVSS; Condonet al., 1998) and the VLA Faint Images of the

Radio Sky at Twenty centimetres survey (FIRST; Beckeret al., 1995; Whiteet al., 1997),

both of which are discussed in detail in§4.2. These are often matched to the Sloan Digital

Sky Survey (SDSS; Yorket al., 2000; Stoughtonet al., 2002) which provides the optical

counterparts of the radio sources. Cross matching of the three surveys provides a unique

opportunity for population studies; I will refer to the cross-matched sample based on the

three surveys as the SDSS-FIRST-NVSS sample.

However, throughout this thesis I highlight the importanceof using low radio frequen-

cies while dealing with extended radio emission from radio lobes (see also BRW99). The

theoretical models I consider assume that compact radio emission from hot spots and radio

cores is negligible; this is often the case at∼ few×100 MHz, but is not necessarily true at

GHz frequencies. Since both NVSS and FIRST were observed at 1.4 GHz, I do construct

a new radio sample by cross matching the SDSS-FIRST-NVSS sample (compiled by Best

et al., 2005; Best and Heckman, 2012, see§4.2 for all details) with publicly available low

frequency radio surveys (§4.2.3). This new sample of radio galaxies is further used in the

Monte Carlo simulations to investigate their fundamental parameters, and comparison with

the results of powerful radio galaxies and radio-loud quasars from Chapter 3 is performed.

4.2 Observational data sets

I use optically selected, flux-limited radio sample of extended radio sources created as de-

scribed below. Currently, I concentrate only on sources of FR II morphology due to the

availability of semi-analytical models of their time evolution.

1Very Large Array (VLA) radio interferometer is operated by the National Radio Astronomy Observatory
(NRAO), seehttp://www.vla.nrao.edu/.
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4.2.1 Radio galaxy sample from the Sloan Digital Sky Survey

4.2.1.1 Sample definition

Best et al. (2005) created a large sample of optically selected galaxies and their radio coun-

terparts by cross-matching the SDSS survey with NVSS and FIRST. The current version of

this catalogue uses the SDSS Data Release 7 (Best and Heckman, 2012). A sub-sample of

the full Best et al. radio sample is used, which consists of 290 FR II type sources with de-

clinations ofδ >−10◦ and with redshifts 0.03< z≤ 0.2. Although the full sample extends

up toz= 0.6, I use the lower bound on the redshift due to possible bias that may be relevant

in this study; at redshifts 0.3 < z< 0.6 only red luminous galaxies are included, while at

the lower redshifts the main galaxy survey spectroscopic sample (Strausset al., 2002) is

used. If the type of the host galaxy determines the type of theradio source which resides

in it, this would cause a significant bias in the analysis. There are no selection criteria on

the host types of the SDSS sources up to approximatelyz< 0.2 apart from the radio cut-off

of 40 mJy and optical cut-offs of 14.5< r∗ < 17.77, wherer∗ is the opticalr-band magni-

tude measured at the effective wavelength of 6165Å (see Fukugitaet al., 1996; Ivezićet al.,

2002; Grahamet al., 2005, for the definition of the system and discussion on the SDSS

absolute calibration). In addition, although it is assumed, following the unification models,

that the only difference between radio galaxies and radio-loud quasars is just their viewing

angle (e.g. Barthel, 1989), objects classified as ‘quasars’are excluded from the main SDSS

galaxy catalogue, and so they are excluded from the Best et al. sample. Since there are very

few such objects at these low redshifts (< 3 per cent atz< 0.1, see Bestet al., 2005), this

should not introduce any significant bias in the analysis.

4.2.1.2 NVSS and FIRST radio surveys

The NVSS survey covers the entire sky north ofδ = −40◦ at 1.4 GHz. Resolution of the

NVSS radio maps is approximately 45 arcsec, and the detection limit (the flux limit) is

2.5 mJy. The observations were performed with the VLA telescope in its D configuration,

and thus the largest angular scale measured is of order of 15 arcmin2.

The FIRST survey, at the current stage, covers declinationsof δ > −10◦ at 1.4 GHz

and is still not yet a complete project. Resolution of the FIRST radio maps is∼ 5 arcsec,

and the detection limit is 0.75 mJy. The observations were carried out with VLA in B

configuration, and thus the largest angular scale that can bemeasured in the FIRST survey

is approximately 2 arcmin.

An angular size of 2 arcmin corresponds to a linear size of approximately 390 kpc at

redshift z= 0.2. Radio galaxies are often larger than this, and hence the FIRST survey

should not be used for flux density measurements of the extended radio sources as simply

2Consult J.S. Ulvestad, R.A. Perley, & C.J. Chandler (eds), ‘The Very Large Array Observational Sum-
mary’, Jan 2009,http://www.vla.nrao.edu/astro/guides/vlas/current/vlas.html.
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they will be resolved out (see Chapter 1:§1.4). The largest angular scale measured by

the NVSS survey corresponds to a linear size of 2.93 Mpc; very few radio galaxies reach

such enormous linear sizes, but some of such radio galaxies do exist (e.g. the well known

3C 236 with linear size∼ 4.5 Mpc: see§4.3.4 for references, and the recently discovered

largest radio galaxy J1420-0545 which has a linear size of∼ 4.7 Mpc: Machalskiet al.

2008, 2011). Although 3C 236 is in the Best et al. sample, its measurements are treated

separately. Apart from 3C 236, the second largest FR II radiogalaxy in the Best et al. FR II

sub-sample at declinationsδ &+28.5◦ and up to redshiftz= 0.2 (see§4.3 for explanation)

has an angular size of 5.5 arcmin. Therefore, the NVSS survey is considered perfect for

the total flux density measurements as none of the radio sources are expected to be resolved

out.

4.2.1.3 Radio morphological classification

The radio morphological classification has been performed by Prof. Philip N. Best (IfA,

Royal Observatory, Edinburgh) through his automatic routine, and has been visually in-

spected by him, and also partly by myself (see also§4.3.2). The proper morphological

classification of the radio sources has a profound influence on the accuracy of the radio

sample and any further analysis. Due to the good angular resolution of the FIRST survey

(∼ 5 arcsec) a detailed investigation of the morphology of the extended radio sources can

be done. The most important distinctions between FR I and FR II classes that are adopted

in such sample classification are: (a) the vast majority of the radio emission from FR II

sources comes from the outer regions of the radio structure,while for FR Is this emission

is assumed to come from regions close to the radio core, (b) the extent of the FR II sources

can be defined by measurements of their hot spots – these do notexist in FR I radio sources.

The demography of the full radio galaxy sample, with classification based on the FR I /

FR II morphology is given in Table 4.1.

4.2.2 Radio sample completeness

A complete flux-limited radio sample is usually defined as onewhich contains all extra-

galactic radio sources in a given sky area and above a sensitivity limit specified for a survey.

The radio sample constructed by Bestet al. (2005) and Best and Heckman (2012) isnot

a complete sample of all radio sources within the specified redshift range and the NVSS

and FIRST sky area. This is due to three main reasons. Firstly, the sources are optically

selected down to the magnitude ofr∗ = 17.77 and sources fainter than this are not included

in the main galaxy sample3. Secondly, even within the accepted optical magnitude range, a

galaxy may be missed by SDSS due to fibre-collision effects. This affects∼ 6 per cent of

all galaxies, but is expected to be a random effect. Finally,a galaxy may be too bright for

the SDSS spectroscopy and so, again, is likely to be missed. To minimise this last effect

3Fainter than this limit only luminous red galaxies are targeted as mentioned in§4.2.1.1.
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Table 4.1: Demography of the radio galaxies in the Best et al. sample.

Redshift(z) No. of sources (per cent)
FR I FR II hybrid unclassifable

WENSS area
z≤ 0.2 164 (55.6%) 118 (40.0%) 3 (1.0%) 10 (3.4%)
z≤ 0.6 259 (50.1%) 229 (44.3%) 10 (1.9%) 19 (3.7%)

Full sample
z≤ 0.2 386 (54.1%) 290 (40.6%) 16 (2.2%) 22 (3.1%)
z≤ 0.6 620 (44.7%) 687 (49.6%) 37 (2.7%) 42 (3.0%)

the lower bounds on the redshift (z≥ 0.03) and the apparent optical magnitude (r∗ ≥ 14.5)

are adopted by Bestet al. (2005). The distributions of the radio lobe luminosity densities

at 325 MHz of the sources, their apparent optical magnitudesand absolute magnitudes (for

the Best et al. FR II sample matched with WENSS) are presentedin Figure 4.11 – Fig-

ure 4.15. No apparent bias is visible. The absolute magnitudes of the FR IIs’ host galaxies

seem to be randomly distributed in the radio lobe luminositydensity plane (Figure 4.13).

One may notice that in the absolute – apparent optical magnitude plane (Figure 4.15) there

is a suspiciously empty region for faint apparent and strongabsolute magnitudes; clearly

it is redshift dependent effect. This further corresponds to the bottom right corner of the

radio lobe luminosity density – apparent optical magnitudeplane (Figure 4.14, note that

both quantities are redshift dependent).

4.2.3 Low radio frequency surveys

Due to the nature of the theoretical models of radio source growth which are used here and

which assume that most of the radio luminosity density comesfrom the radio lobes of the

sources, one should use samples observed at low radio frequencies (∼ few×100 MHz) to

avoid compact radio emission that dominates at GHz frequencies. This flat spectrum com-

pact radio emission has its origins in the synchrotron self-absorbed emission at the base

of relativistic outflows, where Doppler boosting and/or deboosting effects may addition-

ally become significant (but cf. Merloni and Heinz, 2007), and in the regions of hot spots

where the jet terminates and particles are re-accelerated.Since the sample of Best et al.

is constructed at 1.4 GHz (both NVSS and FIRST were observed at this frequency), it is

attempted here to match it with publicly available low radiofrequency catalogues, the VLA
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Low-frequency Sky Survey4 (VLSS; Cohenet al., 2007) and the Westerbork Northern Sky

Survey5 (WENSS; Rengelinket al., 1997).

VLSS (formerly 4MASS) is a relatively shallow (detection limit of 0.5 Jy) radio survey

measured at 74 MHz. It covers the entire sky north of−30◦ in declination observed with

an angular resolution of approximately 80 arcsec. The survey was performed with VLA

in B configuration, and so the largest angular scale that can be detected is∼ 37 arcmin6.

WENSS is a radio survey covering northern sky of declinations δ & +28.5◦. The survey

is measured at 325 MHz with a detection limit of approximately 18 mJy and a resolution

of ∼ 54× 54 cosec(δ ) arcsec. The survey was performed with the standard set-up ofthe

Westerbork Synthesis Radio Telescope, which has the shortest baselines of 36 m− 96 m.

Therefore, the largest angular scales detected by WENSS are∼ 1.5◦ for the baselines of

36 m, and 33 arcmin for the baselines of 96 m. For the description of the mosaicing tech-

nique used for the WENSS survey, and the details on the choiceof the shortest baselines,

see Bremer (1994), and for discussion of the issue of the largest scale structures that can be

measured by WENSS see e.g. Schnitzeleret al.(2007). Following the discussion in§4.2.1.2

on the largest angular sizes of the radio galaxies considered in this study, both VLSS and

WENSS are considered to be adequate for the total flux densitymeasurements of the ex-

tended structures of the radio sources, and none of the sources are expected to be resolved

out.

4.3 Cross-matching of the samples

4.3.1 Matching procedure

The cross-matching procedure of the Best et al. FR II sub-sample with WENSS and (sepa-

rately) with VLSS was performed as follows:

1. Best et al. FR II sources that lie outside the sky coverage of WENSS (δ .+28.5◦) were

excluded, which caused the sample size to decrease to 118 radio sources in this case. In

the case of the cross-match with the VLSS survey no sources ofthe Best et al. FR II

sub-sample were excluded.

2. An angular distance between two sources (d), from the Best et al. FR II sub-sample and

either WENSS or VLSS, was found according to

4http://lwa.nrl.navy.mil/VLSS/

5http://www.astron.nl/wow/

6Consult J.S. Ulvestad, R.A. Perley, & C.J. Chandler (eds), ‘The Very Large Array Observational Sum-
mary’, Jan 2009,http://www.vla.nrao.edu/astro/guides/vlas/current/vlas.html.
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Figure 4.1: The image cutouts from the WENSS (327 MHz,le f t) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1713.0+6407.In both pan-
els the grey scale flux density is given in units of mJy/beam.Le f t: the contour levels
are at 30 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map
is 599 mJy/beam, and the map resolution is 54× 60 arcsec. The SDSS position of the
source matched to the FIRST source is marked with a cross.Right: the contour levels
are at 1.7 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map is
57 mJy/beam, and the map resolution is 5.4×5.4 arcsec.

d = arccos(sin(δ1)sin(δ2)+cos(δ1)cos(δ2)cos(α1−α2)) , (4.1)

whereδ1,α1 are the spherical coordinates of a source from one catalogue, andδ2,α2 of

a source from the second catalogue.

3. A match was accepted only if the angular separation of the two sources was not more

than the radio galaxy angular size as measured by Best et al. (2005) and Best and Heck-

man (2012), or the WENSS (or VLSS) beam size whichever was greater (a fixed value of

54 arcsec for the WENSS survey, and 80 arcsec for the VLSS survey was adopted). For

radio sources of angular sizes smaller than the WENSS (or VLSS) beam size, I used the

former in the counterpart search. Although WENSS is expected to have 1.5 arcsec posi-

tional accuracy (for strong sources only, and typically 5 arcsec for each field as declared

by Rengelink et al. 1997), extra uncertainty comes from the case that one deals with

extended emission here as opposed to point sources; therefore the regions’ estimated

maximum brightness at 325 MHz may not correspond to the same regions at 1.4 GHz at

which the radio galaxy sizes are estimated. The same appliesto the VLSS survey. In a

procedure such as this one, typically a criterion of maximumangular separation of 3σ ,
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Figure 4.2: The image cutouts from the WENSS (609 MHz,le f t) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1512.0+3021.In both pan-
els the grey scale flux density is given in units of mJy/beam.Le f t: the contour levels
are at 10 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map
is 194 mJy/beam, and the map resolution is 28× 55 arcsec. The SDSS position of the
source matched to the FIRST source is marked with a cross.Right: the contour levels
are at 0.5 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map is
31 mJy/beam, and the map resolution is 5.4×5.4 arcsec.

whereσ is defined by the positional errors of two sources tested for amatch, is used.

This is indeed what had been initially performed. However, the radio source positions

I am using to match with the low frequency radio catalogues originate from the SDSS

survey, that is from the optical counterpart of the radio galaxy. Although this may be

well matched to the FIRST observations if a source’s core emission is present, at MHz

frequencies these regions will coincide with the centres ofthe radio structures since the

core compact emission is not expected to occur. For this reason, the offset may be of

scales of arcmin (corresponding to radio galaxy linear sizes of kpc in scale) and multiple

components are expected to be detected (see next step).

4. The WENSS survey has defined multicomponent sources, which is particularly relevant

to my current study due to the type of the sources which are considered. I noticed,

however, that in our procedure some of the radio sources werematched only to a subset

of declared components in the WENSS catalogue. This issue required additional visual

inspection, and is discussed in§4.3.2.

The matching procedure and its criteria for accepting a match were tested, and validated,

with Monte-Carlo simulations. I constructed 1000 random catalogues of each the WENSS
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Figure 4.3: The image cutouts from the WENSS (609 MHz,le f t) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1428.0+3059.In both pan-
els the grey scale flux density is given in units of mJy/beam.Le f t: the contour levels
are at 7.5 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map
is 251 mJy/beam, and the map resolution is 28× 55 arcsec. The SDSS position of the
source matched to the FIRST source is marked with a cross.Right: the contour levels
are at 0.4 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map is
13 mJy/beam, and the map resolution is 5.4×5.4 arcsec.

and VLSS catalogues over the same sky area as the respective catalogues, and attempted

to match it to the Best et al. FR II sub-sample. For the VLSS mock survey on average

only 2.6 sources were matched for a possible total of 290 sources (0.9 per cent) while using

a criterion of the angular separation equal to the VLSS beam size only, and 3.3 sources

(1.1 per cent) while using the actual radio galaxy angular size as described in step 3 above.

For the WENSS mock survey on average 1.5 sources of a total of 118 sources (1.3 per cent)

were matched if using the WENSS beam size only, and 3 sources (2.5 per cent) if again the

actual angular size of the radio galaxy was used. These results confirm the reliability of our

real catalogues’ cross-match.

4.3.2 Additional visual inspection

The final cross-matched sample is presented in§4.3.3 and in Figure 4.6 – Figure 4.10.

Investigation of the observables’ distributions allow oneto inspect the credibility of the final

sample, and what follows, the credibility of the matching procedure. However, I noticed that

in some cases not all components of the declared multicomponent sources from the WENSS

catalogue were matched to the Best et al. FR II sub-sample. I investigated this issue in more
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Figure 4.4: The image cutouts from the WENSS (327 MHz,le f t) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB0912.6+4140.In both pan-
els the grey scale flux density is given in units of mJy/beam.Le f t: the contour levels
are at 10 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map
is 778 mJy/beam, and the map resolution is 54× 81 arcsec. The SDSS position of the
source matched to the FIRST source is marked with a cross.Right: the contour levels
are at 1.5 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map is
64.7 mJy/beam, and the map resolution is 5.4×5.4 arcsec.

detail, and based on a sample of radio map comparison of the WENSS and FIRST surveys

I discovered that many of the WENSS multicomponent sources are erroneously marked.

A sample of radio maps comparing the WENSS and FIRST observations is presented

in Figure 4.1 – Figure 4.5. Due to the resolution of the FIRST radio maps being at least

10× better than the WENSS observations at 325 MHz, the radio sources’ morphology can

be investigated in much more detail as compared to WENSS and NVSS. As can be seen in

the provided here radio maps, some of the sources identified in WENSS to have multiple

components (which may appear to be radio lobes) are further resolved into unconnected, of-

ten double radio sources by FIRST. Obviously, this is one of the shortcomings of automatic

routines applied to large astronomical data, such as catalogues. The list of erroneously la-

belled sources in the WENSS catalogue is presented in Table B.1 (Appendix B). It is likely

that additional such misidentifications are present in the WENSS catalogue among sources

not matched to the SDSS-FIRST-NVSS sample considered here.
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Figure 4.5: The image cutouts from the WENSS (327 MHz,le f t) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1218.4+6356.In both pan-
els the grey scale flux density is given in units of mJy/beam.Le f t: the contour levels
are at 15 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map
is 461 mJy/beam, and the map resolution is 54× 60 arcsec. The SDSS position of the
source matched to the FIRST source is marked with a cross.Right: the contour levels
are at 0.65 mJy/beam×(−10,−9, ...,9,10), the peak flux density measured in the map is
124 mJy/beam, and the map resolution is 5.4×5.4 arcsec.

4.3.3 The final cross-matched sample

Although the Best et al. sample reaches the NVSS detection limit of 2.5 mJy, in the sub-

sample of the extended radio sources which I focus on, the lowest integrated flux density of

a source is 40 mJy. In the original sample of Best et al. (2005)the integrated flux limit of

NVSS sources was set to 5 mJy, which is above the survey’s completeness limit of 3.4 mJy

of the survey7. However, at the faint flux densities the extended radio source morpholog-

ical classification becomes ambiguous (P.N. Best, 2008, private communication). For the

brighter flux densities the morphological classification ofradio galaxies is considered se-

cure, hence the NVSS flux limit of 40 mJy is introduced. Given that the WENSS survey

contains sources detected down to∼ 18 mJy I expect to find matches for all sources, espe-

cially given that FR II sources are steep spectrum sources with a typical radio spectral index

of α ≈ 0.7−0.8. For 118 sources from the Best et al. FR II sub-sample which are found at

declinations ofδ & +28.5◦ at 1.4 GHz all the sources with their WENSS counterparts are

matched.

7The completeness limit of a survey is the flux density above which all radio sources are expected to be
detected, and so it differs from the detection limit which issimply taken as 5σ the rms noise of the radio image.
The completeness limit is often determined via simulationsand statistical considerations.
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A much worse situation arises in the case of the sample cross-match with the VLSS

survey. The lowest integrated flux density of a source in the VLSS catalogue is 0.4 Jy, which

indicates that sources withα74
1400< 0.78 will be missed due to the survey sensitivity. Such

a difference in sensitivity of the two catalogues may lead toa significant bias in the cross-

matched sample since even the steep spectrum sources, whichare neither self-absorbed at

low frequencies nor Doppler boosted at GHz frequencies, mayundergo a selection. Indeed,

although the Best et al. sample and the VLSS survey span similar areas of the sky, for 290

sources from the Best et al. FR II sub-sample only 134 VLSS sources were matched (46 per

cent). For that reason I do not consider this survey further in this work.

The final observational data set is presented in Figure 4.17,and the demography of the

sample is presented in Table 4.1. A total of 118 sources with linear sizes of more than

10 kpc are selected (none of the sources was excluded based onthis criterion, but see also

§4.3.4 for discussion on exclusion of an additional two sources). Since the flux limit is

defined at 1.4 GHz, I decided to scale it to 325 MHz of the WENSS survey. Applying

the simple power-law relation (Eqn. 3.1) and employing the typical radio spectral index of

α = 0.7, at 325 MHz I find flux limit ofSlim,325MHz= 110 mJy. Once applied to the matched

WENSS sample six further sources are excluded due to their radio flux densities at 325 MHz

being less than adopted hereSlim,325MHz. All of these sources have small physical sizes

(. 80kpc), and their 1.4 GHz radio flux densities are low, close to the introduced fluxlimit

of 40 mJy (∼ 45 mJy). It is possible that these sources were included in the 1.4 GHz sample

due to some additional compact emission from the hot spots or/and compact radio cores.

These excluded sources do not display any obvious difference in their redshift distribution

as compared to the rest of the sample.

The sample is further divided into four linear size bins (Table 4.2). The size ranges

were chosen to contain similar number of sources in the case of sources with linear sizes

of < 1 Mpc, while the last size bin tracks giant radio galaxies more accurately (giant ra-

dio galaxies are defined as sources of total linear sizes of more than 1 Mpc). For each of

these size bins a radio lobe luminosity density distribution is constructed. The distribu-

tion is constructed at an observing frequency of 325 MHz fromlog10(L325MHz) = 20.0 to

log10(L325MHz) = 27.0 in steps of∆log10(L325MHz) = 0.5. Such a division of the population

allows one to track the relative number of the sources with a given size more accurately.

In Figure 4.6 the radio lobe luminosity density – redshift plane of the sources matched

with the WENSS catalogue is displayed. 36 per cent of the matched sources (42 sources)

have multicomponent matches which are considered as true multicomponent radio struc-

tures (see also§4.3.2). The radio lobe luminosity density – radio spectral index plane of

the final sample is presented in Figure 4.7. To find radio spectral index a simple power-

law scaling between 325 MHz and 1.4 GHz was used. The errors on the calculated ra-

dio spectral indices are propagated in quadrature, and a standard deviation is quoted for

the average values ofα . The average radio spectral index of all the matched sourcesis

α325
1400= 0.71±0.09, where for the (true) multicomponent sources it isα325

1400= 0.73±0.08,
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and for single matched sources isα325
1400= 0.70± 0.09 (for all of these cases the average

error onα of each radio source is∼ 0.003). Such values are expected for a population of

steep spectrum sources such as FR II radio galaxies. It can benoticed from Figure 4.7, how-

ever, that lower luminosity density sources tend to have flatter radio spectral indices than the

higher luminosity density ones. To investigate whether this is an observational bias (coming

from the limited sensitivity for instance), the radio sources were grouped in redshift, flux

density and linear size ranges (marked as different coloursin Figure 4.7). The redshift and

linear size do not seem to explain the visible tendency in thedistribution. This indicates

that the radio luminosity density dependence on the spectral index may be intrinsic. Indeed,

while grouping the sources in flux density intervals it can beseen that the sources of higher

flux density seem to have steeper radio spectra. Specifically, the average radio spectral in-

dex for the radio sources with flux densities of< 150 mJy isα325
1400= 0.59, while for those

with flux densities of> 1.5 Jy the average radio spectral index isα325
1400= 0.79. Such a

correlation between radio lobe luminosity density densityand radio spectral index has been

previously noted by e.g. BRW99. In particular, BRW99 postulate that the initial energy

distribution of relativistic particles may steepen if the magnetic field in radio source’s hot

spots is particularly strong. The authors suggest that if the magnetic field in hot spots is

stronger for powerful radio sources than it is for less powerful ones, then radio spectra will

be steeper for the former ones. Nonetheless, even if the dependence is intrinsic it does not

alter the completeness of the radio sample.

Finally, the radio lobe luminosity density – linear size plane, and also linear size and

redshift and radio spectral index planes are plotted in Figure 4.8 – Figure 4.10. No obvious

unexpected correlations, which would be a sign of a bias, seem to be present in the final

cross-matched sample.

4.3.4 Excluded sources

Two radio galaxies were excluded from the final cross-matched sample based on other than

a minimum linear size or flux limit criteria, namely 3C 236 and4C 29.30.

3C 236 is one of the largest radio galaxies known in the Universe. Its linear size extends

to∼ 4.5 Mpc. Although the source has been extensively studied (Willis et al., 1974; Foma-

lont and Miley, 1975; Fomalontet al., 1979; Schilizziet al., 1979; Barthelet al., 1985; Mack

et al., 1997; Schilizziet al., 2001, among others) it is not as yet clear whether it has been

undergoing interrupted (restarted) activity (e.g. O’Deaet al., 2001; Tremblayet al., 2010)

which would classify it as a so-called double-double radio galaxy (DDRG; Schoenmakers

et al., 2000a, see also below), or whether its activity is continuous (Strom and Willis 1980,

cf. Schilizzi et al.2001). Nevertheless, even if the latter is the case, this radio source with

its enormous physical size seems to act as an outlier (see e.g. Figure 4.8). The probability

of detecting such a radio source will be further discussed inthe light of the results in§4.4.

4C 29.30 (the FIRST source J0840+2949) at redshiftz= 0.0647 and of the maximum
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Figure 4.6: Radio lobe luminosity density – redshift plane of the matched Best et al. FR II
sources with the WENSS survey.

linear size 640 kpc is a known DDRG (Jamrozyet al., 2007).

Although their existence has been noted before (e.g. Bridleet al., 1989; Clarkeet al.,

1992), the double-double radio galaxies have been defined bySchoenmakerset al. (2000a).

These peculiar radio sources are generally defined as extragalactic radio sources which con-

sist of two (or more) radio sources with a common centre. The inner pair of radio structures

are always classical, edge brightened radio lobes. Brocksopp et al. (2007) discovered the

first known triple-double radio galaxy – a radio source that most probably carries evidence

of three cycles of activity. Schoenmakerset al.(2000a) discuss three possible scenarios that

may lead to such an observed radio morphology. These includethe direction change in the

jet outflow, the backflow instabilities, and the interruptedjet activity; the latter is argued to

be the most likely scenario. As showed by Kaiseret al. (2000) and Brocksoppet al. (2011)

the standard models of FR II growth can be applied to the outer‘old’ lobes of DDRGs,

although some modifications are required. The ‘new’ pair of radio lobes, however, are not

well described by these theoretical models. Both of these authors used the KA97/KDA97

model in their analyses, which assumes that the relativistic outflow propagates through the

under-pressured IGM/ICM. Obviously, such an assumption isnot valid in the case of the

inner, newly restarted jets which propagate through the oldcocoon, that is through a much

denser environment than the model predicts. Clarke and Burns (1991) present numerical

simulations of restarting jets reporting that the restarted outflows are overdense as com-

pared to the old material, and their advance speeds are also much higher than those of the
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Figure 4.7: Radio lobe luminosity density – radio spectral index plane of the matched
Best et al. FR II sources with the WENSS survey. In each plotted version of the figure the
sample is divided into redshift (z), flux density at 325 MHz (S325MHz) or linear size (D)
ranges as marked in the plots. [...continued on next page]
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Figure 4.7: Continued.
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Figure 4.8: Radio lobe luminosity density – linear size of the matched Best et al. FR II
sources with the WENSS survey. The sample is divided into redshift (z) ranges as marked
in the plot.
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Figure 4.9: Linear size – redshift plane of the matched Best et al. FR II sources with the
WENSS survey.

original jets.

DDRGs are rare radio sources; currently only 12−17 sources are known (see Brocksopp

et al., 2011, and references therein). It has been suggested that DDRGs are a brief (∼
104 yr), but expected evolutionary phase of the largest radio sources (Brocksoppet al.,

2011). Nevertheless, unless the original semi-analyticalmodel of FR IIs’ growth which are

used here is appropriately modified, I am unable to model these sources, so I decided to

exclude them from our radio samples.

4.3.5 Sources of particular interest

Apart from the two DDRGs discussed in§4.3.4 six so-called X-shaped (winged) radio

sources (e.g. Ekerset al., 1978; Leahy and Parma, 1992) are found in the sample. Up to

10 per cent of FR II radio galaxies are the X-shaped sources (e.g. Leahy and Parma, 1992).

The following X-shaped RGs are found in our radio sample: thewell known 3C 233.1,

4C+32.25 and 4C+48.29, and three confirmed candidates J1207+3352, J1444+4147 and

J1455+3237 (Cheung, 2007; Cheunget al., 2009). The origin of these sources has been dis-

cussed by, among others, Gopal-Krishnaet al. (2003), Saripalli and Subrahmanyan (2009)

and Gopal-Krishnaet al.(2010), and it has been suggested that their morphology may origi-

nate due to the backflow (plasma flowing back from the source hot spots, see Gopal-Krishna

et al.2010 and references therein, and Hodges-Kluck and Reynolds2011), or even may be

the effect of the existence of twin SMBH in the AGN, and the effect of rapid jet reorien-

tation (Gopal-Krishnaet al. 2003; Mezcuaet al. 2011; see also Gopal-Krishnaet al. 2010
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Figure 4.10: Linear size – radio spectral index plane of the matched Best et al. FR II
sources with the WENSS survey.
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Figure 4.11: Redshift distribution of the absolute magnitudes of the matched Best et al.
FR II sources (theMr∗ magnitudes obtained from P.N. Best, see also Bestet al.2005 and
Best and Heckman 2012). The introduced apparent magnitude limits, where the lower
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Figure 4.12: Redshift distribution of the apparent magnitudes of the matched Best et al.
FR II sources (ther∗ magnitudes obtained from P.N. Best, see also Bestet al. 2005 and
Best and Heckman 2012).
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Figure 4.13: Radio lobe luminosity density of the Best et al. FR II sourcesmatched with
the WENSS survey and the absolute magnitudes of their host galaxies (theMr∗ magnitudes
obtained from P.N. Best, see also Bestet al.2005 and Best and Heckman 2012).
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Figure 4.14: Radio lobe luminosity density of the Best et al. FR II sourcesmatched with
the WENSS survey and the apparent magnitudes of their host galaxies (ther∗ magnitudes
obtained from P.N. Best, see also Bestet al.2005 and Best and Heckman 2012).
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solid line (black) represents the relation for redshiftz= 0.03 and dashed (blue) represents
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for review). The former is currently the class of most popular models explaining X-shaped

RGs. Nevertheless, none of these sources show signatures ofrestarted activity (i.e. none of

them is a DDRG), so they are not excluded from the analysis.

4.4 Confidence intervals of the low luminosity radio galaxies’

fundamental properties

To obtain the confidence intervals of the fundamental parameters which are the main focus

of this study8 a grid minimisation was performed. The ranges of the parameters searched are

given in Table 4.3. The semi-analytical models of the radio source growth, the Monte Carlo

simulations, and the statistical methods used, are described in Chapter 2 of this thesis. The

influence of some of the radio source growth model assumptions are discussed in Chapter 3

(§3.10); in the study of the current low redshift, low radio luminosity sample of FR II

sources the initial assumptions as described in Chapter 2 only are used (a summary is given

in Table 4.4).

The best-fitting model histograms are presented in Figure 4.17 (for simulation run 1

only, consult Table 4.5). The best fitting parameters of the initial run 1 of the simulation

are listed in Table 4.5. In the initial run of the simulation the same assumptions and their

values have been adopted as in the case of the initial simulation runs of 3CRR/BRL samples

of Chapter 3. As can be clearly seen, the GoF test results indicate that the probability

that the investigated radio lobe luminosity density distribution originated from the parent

population parametrised by the best fit parameters lies within 99.52 per cent of all possible

realisations (see Chapter 2:§2.4.2 for detailed explanation of the GoF test). This means

that the hypothesis that the observational radio sample originated from the found parent

population should be rejected on the grounds of the adopted (rather conservative) level of

significance (αsig = 0.1, Chapter 2:§2.4.2). There are two possible reasons for such a result.

Figure 4.17 shows the radio lobe luminosity density distributions of the observed and

simulated data (simulation run 1). As can be clearly seen thesimulated data fail in the

reconstruction of the radio lobe luminosity densities of the radio sources with the smallest

linear sizes. The simulation was run with the initial assumptions which were defined in

Chapter 2 (see also Table 4.4). The influence of these assumptions on the results has been

discussed in§3.10. Although only a few of these assumptions seemed to havea profound

influence on the confidence intervals of the powerful FR IIs analysed in Chapter 3 (e.g. the

jet particle content, and the minimum Lorentz factor of the initial distribution of relativistic

particles), it is possible that some of them may be more important for the population of low

luminosity radio sources. In particular, the choice of maximum head advance speed may

influence the sizes of radio galaxies. As discussed in§3.6 and§3.10.3 the lowervmax is

8The fundamental parameters are: the maximum radio source lifetime tmaxm , the central density in which
the radio source expandsρm, and the kinetic luminosity breakQB and the slopeαs which define the initial
distribution of the kinetic luminosities.
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Table 4.2: Demography of the sample based on Best et al. FR II sub-samplematched
with the WENSS survey. Redshifts covered:z≤ 0.2. In our analysis sources of linear
sizes larger than 10 kpc only are considered.

Size range(D) No. of FR II sources

excluded,D < 10 kpc 0

D1 ∈ [10,62] kpc 36
D2 ∈ (62,194] kpc 36
D3 ∈ (194,1000] kpc 37
D4 > 1 Mpc 0†

Notes. † A giant radio galaxy, 3C 236, has been additionally
excluded from the sample, see text for details.

Table 4.3: Searched ranges and steps of the distribution parameters inthe grid minimisa-
tion.

Parameter Searched range Step Unit

QB [35.0,41.0] 0.15 log10(W)
αs [−4.0,2.5] 0.1
ρm (−26.0,−18.0] 0.2 log10(kgm−3)
tmaxm [4.4,10.2] 0.15 log10(yr)

allowed, the older the radio sources may become. On the otherhand, for a given lifetime

the lower the head advance speed is set, the larger the radio source may grow. Moreover,

other assumptions may also have stronger influence on the population of low luminosity

sample than what was possible to verify with the powerful radio sources investigated in

Chapter 3; the effect of adopting higher values of the minimum Lorentz factors for the

initial relativistic particles and composition of the outflows are of particular interest here

since these two quantities are not well constrained yet. Results of these tests are listed in

Table 4.5. Based on the goodness-of-fit test no acceptable results are found for either the

initial assumptions or their modifications.
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Figure 4.16: Distribution of flux densities and angular sizes of the problematic sources
(that is whenD < 60 kpc).

Therefore, the second possibility is that the radio sourcesare simply misclassified. To

test this hypothesis I re-ran the Monte Carlo simulations onrestricted versions of the initial

radio sample. The following cases are investigated: (i) sources of linear sizes smaller than

60 kpc are excluded (33 sources), (ii) sources of small angular sizes are excluded (21 sources

if the smallest angular size allowed isθsize= 20 arcsec, 35 sources ifθsize= 30 arcsec,

45 sources ifθsize= 35 arcsec), and (iii) sources of flux densities fainter than 60 mJy at

1.4 GHz (which corresponds to 167 mJy at 325 MHz assuming typical spectral index of

α = 0.7) are excluded (20 sources). Results of these tests are listed in Table 4.5. Based

on the goodness-of-fit test acceptable results are found only if sources of the smallest linear

sizes (D < 60 kpc) are excluded from the sample. The fitted radio lobe luminosity densities

of the observed and simulated distributions for this case are presented in Figure 4.17. This

result suggests strongly that a significant fraction of the smallest radio sources in this sample

may be misclassified FR Is; the lobed FR Is are most likely suspected which may resemble

FR II especially at faint flux densities and/or small angularsizes (cf. e.g. Lainget al.,

2011). Distribution of flux densities and angular sizes of the problematic sources (that is

whenD < 60 kpc) are plotted in Figure 4.16. It is worrying, however, that restricting the

sample in minimum allowed flux or radio source angular size does not lead to acceptable

results as this suggests that the problem occurs at various fluxes and various angular sizes

of the radio sources. The only solution to this problem at thecurrent stage is to verify the

original morphological classification of the initial SDSS-FIRST-NVSS radio sample.
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Figure 4.17: Histograms of the observed (black, solid) and simulated (orange, dashed)
data, wheretopcontains the smallest sources (10 kpc< D≤ 62 kpc), andbottomcontains
sources of linear sizes within 62 kpc< D ≤ 194 kpc. [...continued on next page]
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ear extent, andbottomcontains giant radio sources. Shown confidence intervals are for
simulation run 1. These results are rejected based on the GoFresults (p−value= 0.0048).
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Figure 4.17: Histograms of the observed (black, solid) and simulated (blue, dash-dotted)
data, wheretopcontains the smallest sources (60 kpc<D≤ 144 kpc), andbottomcontains
sources of linear sizes within 144 kpc< D ≤ 272 kpc. [...continued on next page]
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Figure 4.17: Continued. Topcontains sources with 272 kpc< D ≤ 1.0 Mpc in linear
extent, andbottomcontains giant radio sources. Shown confidence intervals are for sim-
ulation run 12. The results are consistent with the data at the 90 per cent confidence level
(p− value= 0.310).
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Figure 4.18: Joint confidence intervals for the simulation run 12 results(z≤ 0.2), where
68.3 per cent (solid, black), 95.4 per cent (dotted, red) and99.7 per cent (dashed green)
contours, based on∆C statistics (see§2.4), are shown. The best-fitting parameters are
consistent with the data at the 90 per cent confidence level (p− value= 0.310).
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Figure 4.18:Continued.
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Figure 4.19: 90 per cent joint confidence intervals of the results found for simulation run
12 of the low luminosity sample considered in this chapter (black) and the results of the
powerful FR IIs from Chapter 3 for redshiftsz< 0.3 (blue). Confidence intervals are based
on on∆C statistics (see§2.4).
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Figure 4.19:Continued.
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Table 4.4: Summary of the initial assumptions for radio source physical parameters. For
details on the parameters see Chapter 2.

Parameter Assumed Units
value distribution

PHYSICAL PARAMETERS

Q Schechter function (Eqn. 2.19) log(W)
ρo log-normal:

meanρm, standard deviationσρo = 0.15 log(kg m−3)
t uniform: 10t ∈ [0,10tmax] log(yr)
tmax log-normal:

meantmaxm, standard deviationσtmax = 0.05 log(yr)

ao 2.0 kpc
β uniform: β ∈ [1.2,2.0] dimensionless
RT uniform: RT ∈ [1.3,8.0] dimensionless
k′ 0 dimensionless
vmax 0.4c light speedc
ϑ uniform: ϑ ∈ (0,{1−cos(ϑ)}] dimensionless
m uniform: m∈ [2,3] dimensionless
γmin 1 dimensionless
γmax 1010 dimensionless
ΓB 4/3 dimensionless
Γl 4/3 dimensionless
Γx 5/3 dimensionless
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Table 4.5: The best-fitting parameters found for different model assumptions. See Table 4.4 for a list of initial assumptions. If any assumption differs
from the initial ones, it is highlighted in Column 1. 90 per cent errors are quoted.

Simulation run log10(QB/W) αS log10(ρm/kgm−3) log10(tmaxm/yr) p−value

complete matched radio sample
1) initial 36.45+0.15

−0.15 0.7+0.2
−0.2 −18.6+0.2

−1.4 9.33+0.15
−0.45 0.0048

2) vmax= 0.15c 37.40+0.15
−0.15 0.4+0.3

−0.4 −23.0+0.4
−0.4 7.53+0.15

−0.15 0.0043
3) vmax= 0.15c, γmin = 102 38.30+0.45

−0.30 0.3+0.3
−0.4 −25.0+0.2

−(<0.2)† 6.63+0.15
−(<0.15)† 0.0019

4) vmax= 0.15c, k′ ∈ [0,100] 37.10+0.30
−0.30 0.4+0.3

−0.8 −20.0+1.2
−1.0 8.58+0.45

−0.30 0.0164

5) vmax= 0.15c, γmin = 102, k′ ∈ [0,100] 36.65+0.30
−0.30 0.5+0.3

−0.7 −18.6+(<0.2)†
−1.6 9.18+(<0.15)†

−0.45 0.0133
6) vmax= 0.15c, k′ = 1000 39.95+0.30

−0.15 0.4+0.3
−0.3 −22.8+0.4

−0.2 6.78+0.15
−(<0.15)† 0.0030

7) vmax= 0.15c, γmin = 2×103, k′ = 1000 39.35+0.45
−0.15 0.4+0.3

−0.3 −23.8+(<0.2)†
−(<0.4)† 6.78+(<0.15)†

−(<0.15)† 0.0057

8) vmax= 0.01c, k′ ∈ [0,100] 36.95+0.30
−0.30 0.4+0.3

−0.9 −19.0+0.2
−2.0 8.88+0.15

−0.60 0.0129
minimum angular size (θsize,min) limits
9) vmax= 0.15c, θsize,min = 20 arcsec 38.45+0.60

−0.30 0.3+0.4
−0.4 −24.8+0.4

−(<0.2)† 6.78+0.15
−(<0.15)† 0.1120

10) vmax= 0.15c, θsize,min = 30 arcsec 38.60+1.20
−0.15 0.0+0.6

−0.2 −25.0+0.4
−(<0.2)† 6.78+0.15

−(<0.15)† 0.0919

11) vmax= 0.15c, θsize,min = 35 arcsec 38.90+2.10‡
−0.45 −0.2+0.1

−0.3 −25.2+(<0.2)†
−(<0.4)† 6.78+(<0.15)†

−(<0.15)† 0.0583

minimum linear size limits
12) vmax= 0.15c, D > 60 kpc 38.15+0.30

−0.30 0.6+0.4
−0.7 −24.4+0.4

−0.4 7.08+0.15
−0.15 0.3082

minimum flux limits

13) vmax= 0.15c, S1.4GHz,lim = 60 mJy 38.15+0.15
−0.15 0.2+0.3

−0.4 −24.6+(<0.2)†
−(<0.2)† 6.78+(<0.15)†

−(<0.15)† 0.0586

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15, and∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the range border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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4.5 Are low luminosity density FR IIs different from their

powerful cousins?

Furthermore, it is interesting to compare results of the tworadio samples considered in this

dissertation, that is the powerful FR II sources and lower luminosity FR II radio galaxies.

In Figure 4.19 the confidence intervals of the lowest redshift range of the powerful FR IIs

investigated in Chapter 3 are superimposed on the 90 per centconfidence intervals of the

low luminosity sample. Interestingly, the only differencethat can be deduced from these

confidence intervals is the significant drop in the kinetic luminosity break, which indicates

that the low radio lobe luminosity density sources are simply less powerful. The suggestion

that low and high excitation sources are intrinsically different have been discussed in the

light of FR I and FR II morphology distinction in§1.2.3 (Chapter 1). However, the LEG

class includes both FR I radio galaxies and low luminosity density FR IIs (e.g. Lainget al.,

1994). Differences in accretion rates and BH spins between LEG and HEG classes have

been suggested (e.g. Baumet al., 1992, 1995; Ghisellini and Celotti, 2001; Linet al., 2010;

Best and Heckman, 2012). Specifically, the LEG sources are believed to have lower accre-

tion rates and perhaps also lower BH spins as compared to the HEG class sources. If the

two radio samples of this study belong to different line excitation classes, then this would be

reflected in the lower kinetic luminosity breaks allowed forthe low luminosity sample. Also

interestingly, the radio lobe luminosity densities of radio galaxies investigated in this chap-

ter are typical of FR I sources. Figure 4.20 displays the radio lobe luminosity densities at

1.4 GHz of the sample versus the absolute optical magnitude of the radio galaxy hosts. The

diagonal line marks the separation between FR I and FR II sources as proposed by Owen

and Ledlow (1994) and Ledlow and Owen (1996), where FR II sources lie predominantly

above the line and FR Is below. The fact that all of the sourcesfrom the low luminosity

sample lie in the FR I region suggest that they may indeed be LEGs. This result has to be

taken with caution.One cannot exclude the possibility that a fraction of these sources are

in fact lobed FR Is which are misclassified as FR II radio galaxies. To resolve this issue the

original morphological classification of the initial SDSS-FIRST-NVSS radio sample must

be verified.

4.6 Summary

A new low frequency (325 MHz) sample of FR II radio galaxies isconstructed based on

the the cross match of the WENSS survey and the available 1.4 GHz optically selected

SDSS-FIRST-NVSS sample of radio-loud AGN (Best and Heckman, 2012). The matching

procedure is detailed and any possible observational biases are investigated. The resulting

low frequency sample of radio galaxies is optically selected, hence it is not radio complete,

but as it is argued the sample is free from any significant biases and can be used in popula-
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Figure 4.20: Radio lobe luminosity density at 1.4 GHz of the Best et al. FR II sources
matched with the WENSS survey and the absolute magnitudes oftheir host galaxies (the
Mr magnitudes obtained from P.N. Best, see also Bestet al.2005 and Best and Heckman
2012). The diagonal line was postulated by Owen and Ledlow (1994) to divide FR I and
FR II populations.

tions study.

Multidimensional Monte Carlo simulations are further performed to investigate the in-

trinsic and extrinsic fundamental parameters of this low redshift low luminosity sample of

radio galaxies. At first the initial assumptions for the Monte Carlo simulations and theoreti-

cal model parameters (as described in Chapter 2) only are adopted. Based on the goodness-

of-fit test no acceptable results are found for either those initial assumptions or their mod-

ifications; the influence of the maximum allowed head advancespeed, jet content and the

minimum Lorentz factor of the initial distribution of the jet’s relativistic particles has been

tested. Acceptable results are found only if sources of the smallest linear sizes (D < 60 kpc)

are excluded from the sample. This result suggests that the radio sample may be contami-

nated, and some FR I sources are misclassified as FR IIs. This may happen for lobed FR Is

in particular. Although the sample is discussed in terms of its resemblance of radio sources

of the LEG class, the morphological classification of the original SDSS-FIRST-NVSS radio

sample needs to be verified before any conclusions can be drawn from this study.
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5
Kinetic Power – Radio Lobe Luminosity

Density Scaling Relation

——————————–

Kinetic – radio lobe luminosity scaling relation is of a particular interest to those who need

a simple approximate method for estimating kinetic luminosities of radio galaxies. The

method presented in Chapter 2 is difficult and numerically expensive, especially if to be

used often for sources of various radio lobe luminosity densities. In this chapter I discuss

the theoretical predictions for the scaling relation between the radio lobe luminosity density

and kinetic luminosity. I compare these with estimates fromX-ray cavities, and attempt to

verify the reason for the observed scatter in the empirically obtained versions of the relation.

——————————–
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5.1 The Search for Scaling Relations

A few approaches have been developed for determining the kinetic luminosities of active

galaxies. Such methods include the estimation of the mechanical work done on hot gas in

clusters (e.g. Bestet al., 2006; Bı̂rzanet al., 2008), and the analysis of the debeamed radio

core emission in terms of the fundamental black hole plane (e.g. Heinzet al., 2007; Merloni

and Heinz, 2008; Kördinget al., 2008, see also Merloniet al.2003 and Hopkinset al.2007a

on the fundamental BH plane). The first method is based on the fact that the expanding jet,

and cocoon, of a radio source sweeps away the IGM/ICM gas encountered on its way. The

effect of this expansion can be observed in X-rays where cavities and bubbles emptied from

the hot gas are often present, and both strong and weak shocksaround the cocoons emerge.

The mechanical work done on the unshocked ICM can therefore be estimated, and under

the assumption that only some fraction of the total kinetic luminosity of the radio source

is spent on the ‘pdV ’ work (that is work done against external pressure), the kinetic lumi-

nosity can be estimated. However, it needs to be stressed that the efficiency with which the

outflows deposit the energy in the cocoons has to be assumed. Also recently, Binneyet al.

(2007) show, through their simulations, that the kinetic luminosities estimations based on

the typically assumed values of the ‘pdV ’ work efficiency may be strongly underestimated.

The second method attempts to link the core radio emission which originates from the base

of the jet with the kinetic luminosity, and thus investigates the jet radiative efficiency. The

core radio luminosity is considered to be a good proxy for thekinetic luminosity of a radio

source, but careful handling of possible (de)beaming effects must be considered. In addi-

tion, as discussed by e.g. Ghiselliniet al. (1992), the assumption on the jet content will

have a significant influence on these estimations. See Cattaneo and Best (2009) for a good

review on this topic.

Here, I use the theoretical models based on radio emitting plasma stored in radio lobes

of the radio source to find its kinetic luminosity; hence, this method is very similar to the

one investigated by Willottet al. (1999). Contrary to previous methods I examine here the

scaling relation between radio lobe and kinetic luminosities by looking into the theoretical

model itself, and not the observed parameters of the populations. As I will show and discuss,

any variation in the radio source’s physical parameters, such as jet particle content or the

relativistic particles minimum energy cut-off, will causea spread in theQ−Lν relation; this

is indeed observed (e.g. Bı̂rzanet al., 2008). Also, the uncertainty in the slope predictions

of the relation will be influenced by the uncertainty in some of the assumptions, such as

the age of radio sources or the gas density and its profile of the environments in which the

sources reside for instance. Both of these issues are discussed in detail in§5.3. Also I

discuss in detail the theoretical and observational investigations of Willott et al. (1999) in

§5.3
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Table 5.1: Overview of the fixed and investigated physical parameters.The quoted values
of the investigated parameters refer to the ’standard’ source (§5.2.1), and sections in which
these parameters are explored are given (Column 4).

Parameter Value Unit Reference

FIXED PARAMETERS

γmax 1010 dimensionless
Γx 5/3 dimensionless
Γl 4/3 dimensionless
ΓB 4/3 dimensionless

INVESTIGATED PARAMETERS

t 107 yr §5.2.2
ρo 10−22 kg m−3 §5.2.3
ao 2 kpc §5.2.3
β 1.5 dimensionless §5.2.3
k′ 0 dimensionless §5.2.4
γmin 1 dimensionless §5.2.5
m 2.2 dimensionless §5.2.6
RT 2.0 dimensionless §5.2.7

5.2 Predictions from the semi-analytical models

The original model of KA97/KDA97 of radio source time evolution is used. I assume that

some of the radio source’s physical parameters are fixed for all the cases considered in this

section. The list of the fixed parameters and the values adopted are given in Table 5.1. In

total eight physical parameters are investigated here for the strength of the effect they may

have on theQ− Lν scaling relation; these are: the radio source age (§5.2.2), the central

density, the density profile slope and the radio core radius (§5.2.3), the jet particle con-

tent (§5.2.4), the relativistic particles’ minimum energy cut-off (§5.2.5), the injection index

(§5.2.6), and the radio source aspect ratio (§5.2.7). All of these parameters are listed in

Table 5.1, and values adopted for these investigated parameters of a ‘standard’ source are

given. The ‘standard’ source is assumed to be a typical radiogalaxy to which all the inves-

tigations will be compared; the assumptions for the source and the resulting scaling relation

are given in§5.2.2.
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Throughout this chapter I will express the scaling relationin the following form

log10(Q) =A log10

(

L178MHz

1028

)

+N, (5.1)

whereA will be referred to as a slope andN as a normalisation. The kinetic luminosity is

expressed in units of W, and the radio lobe luminosity density in W Hz−1 (note also that

Lν = 4πPν ). The units of radio lobe luminosity density as chosen so that it matches the

form of scaling relation as reported by Willottet al. (1999). In the following investigations

(§5.2.2 –§5.2.7) only one parameter is varied at a time. The cumulativeeffect of all factors

is discussed in§5.2.8, and later in§5.3. The scaling relation is calculated numerically with

Eqn. 2.14 (Chapter 2; see also Kaiser and Best, 2007, 2008, for the full set of equations).

5.2.1 A ‘standard’ source

I define the ‘standard’ source to take the following parameters: the age of the radio source

is assumed to be 107 yr, and the source expands in an environment described by thecentral

density of 10−22 kg m−3, core radius of 2 kpc and the density profile slope ofβ = 1.5. The

injection index of the initial population of relativistic electrons is assumed to bem= 2.2,

the low energy cut off of the distribution isγmin = 1, and jet is assumed to be lightweight

(k′ = 0). Finally, the aspect ratio of the radio source is set toRT = 2.0. Given this the

following scaling relation is found

log10(Q) = 0.909 log10

(

L178MHz

1028

)

+38.84. (5.2)

5.2.2 Effect of the source’s age

The age of the source will have a significant effect on both, the slope and the normalisation

of the relation, where the slope will become steeper and the normalisation lower for younger

sources. In particular the following changes are observed

age of radio source (t) A N

105 yr 0.921 38.42

106 yr 0.915 38.64

107 yr 0.909 38.84

108 yr 0.906 39.06

109 yr 0.875 39.72

1010 yr 0.870 41.13

2.5×1010 yr 0.870 41.70

The radio lobe luminosity density of a radio source changes during its lifetime, where,

for a given kinetic luminosity, there is a rapid but short increase in the radio lobe luminosity



5.2 Predictions from the semi-analytical models 157

density during the radio source’s early life stages, after which the luminosity density consis-

tently decreases. Hence the change in the relation for different assumed age of the source.

Interestingly however, for the higher allowed ages (also unrealistic) the slope of the relation

asymptotically reaches valueA∼ 0.870 which is very close to the relation slope derived by

Willott et al. (1999).

5.2.3 Radio source’s environment

All three parameters describing the density profile of the environments of the radio source

will have an influence on both the slope and the normalisationof the scaling relation. The

slope become steeper for higher central densities, steeperslopes of the density profile and

larger radio cores, while the normalisation become lower for higher central densities,flatter

slopes of the density profile and larger radio cores. The following changes are observed

central density (ρo) A N

10−21 kg m−3 0.942 38.36

10−22 kg m−3 0.909 38.84

10−23 kg m−3 0.899 39.41

10−24 kg m−3 0.898 41.03

density profile slope (β ) A N

1.0 0.889 38.48

1.5 0.909 38.84

1.9 0.975 39.26

2.0 1.000 39.43

core radius (ao) A N

2 kpc 0.909 38.84

10 kpc 0.943 38.32

The radio lobe luminosity density will depend strongly on the density of the environment

in which the radio source expands. For a given kinetic luminosity denser environments will

cause higher radio lobe luminosity densities. All three parameters, i.e. the central density,

the gas density profile slope and the core radius, will have aneffect on the relation. Note,

however, that forβ = 2.0 the model equations take a special form and the solution is self-

similar on all length scales (consult Falle, 1991, and KA97).

5.2.4 Jet particle content

The choice of the particle content of the outflow seems to havea strong influence on the

relation normalisation. In particular the following changes are observed
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ratio (k′) A N

0.0 0.909 38.84

1.0 0.909 39.11

10.0 0.909 39.77

100.0 0.910 40.67.

The addition of the thermal plasma to the jet would require these particles (protons) to

be accelerated to the relativistic speeds the same way as therelativistic electrons are. As

discussed in Chapter 3 (§ 3.10.5) protons store much more energy than electrons do, and

because of this the kinetic luminosity would rise. Hence, the different assumed values ofk′

will only affect the normalisation of the relation.

5.2.5 Relativistic particles’ minimum energy cut-off

The adopted minimum energy cut-off of the initial distribution of the relativistic particles

in the outflow will induce an influence on the relation’s normalisation only. The following

changes are observed

minimum energy

cut-off (γmin) A N

1.0 0.909 38.84

102 0.910 38.54

104 0.909 38.16.

The minimum Lorentz factor of this initial distribution indicates how relativistic are the

least energetic particles that are forming the outflow. As discussed in Chapter 3 (§ 3.10.5),

the lower the Lorentz factor is the more cold material is forming the jet. For a given radio

lobe luminosity density the kinetic luminosity of a radio source must be higher if more

cold plasma is present than in the case when this cold material is absent. For this reason

the difference in scaling relation for different assumed values of γmin will only be to the

normalisation.

5.2.6 Injection index

The choice of slope of the initial distribution of the relativistic particles in the outflow seems

to influences both the slope and the normalisation of the scaling relation. The following

changes are observed

injection index (m) A N

2.0 0.916 38.94

2.5 0.899 39.22

3.0 0.885 40.20
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The slope of the initial distribution of the relativistic particles is tightly linked to the

minimum energy cut-off of this distribution. In particular, the steeper the slope is the more

low energy particles are included in the outflow (unlessγmin is altered alongside). As pointed

out in previous section, if more low energetic material composes the outflow the kinetic

luminosity will rise. This is indeed what is observed here inthe scaling relation.

5.2.7 Aspect ratio

The aspect ratio of a radio source seems to influence both the slope and the normalisation

of the scaling relation. The following changes are observed

aspect ratio (RT) A N

1.3 0.916 38.57

2.0 0.909 38.84

4.0 0.901 39.29

8.0 0.898 39.78

It has been argued that higher aspect ratio are measured predominantly for older radio

sources (see§2.3.5) and some correlation between age of radio source and itsRT value may

hold. However, Gaibleret al.(2009) discuss that due to spherical expansion (whereRT ∼ 1)

young, and so small, radio sources may have lower aspect ratios. The authors argue that

there is a strong dependence ofRT on the cocoon and its balance with the external medium;

if radio source reaches pressure equilibrium with the ambient medium the sideways expan-

sion of the cocoon stops. This would cause the scaling relation for higher aspect ratios to

change similarly as in the case of changing the age of the source. One must also remember

that these parameters change throughout the radio source’slife, and there will be a varia-

tion of these parameters (both aspect ratio and age) within one population of observed radio

sources.

5.2.8 Combined effect of the significant factors

Although each of the predicted versions of the scaling relation depends only on the change

of one parameter at the time, two conclusions can be drawn immediately. Firstly, the slope

A of the scaling relation vary only slightly between each investigated case and is relatively

steep. Secondly, the normalisationN vary significantly implying change of a few orders of

magnitude between different cases. Furthermore, some of the parameters, such as the jet

particle content and the minimum energy cut-off of the jet relativistic particles are expected

to be similar for all radio sources of the same kind (here, forinstance, for FR II radio

galaxies, but these parameters may be different for FR Is). While other parameters, such as

age of the radio source, ambient medium or aspect ratio do change from source to source.

Note also, that these some of these parameters may be also dependent on the cosmological

epoch (cf. Chapter 3). For this reason if the relation is attempted to be measured for a
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sample of sources then the resulting steepness of the slope will be different; the slope may

become flatter. The variation in the parameters will also introduce scatter to such a simple

relation.

5.3 Comparison with existing empirical estimates

Below I outline three commonly used scaling relations, one based on a theoretical model

by Willott et al. (1999), and two based on estimations of work done on the environment by

radio lobes of sources by Bestet al. (2006, 2007) and Bı̂rzanet al. (2008).

Willott et al. (1999) determined the scaling relation via theoretical consideration of the

minimum energy density requirements for the radio lobe material. The authors find the

following relation

Q= 3×1038 f 3/2
(

L151MHz

1028

)6/7

, (5.3)

where f represents non-negligible but unconstrained factors. Willott et al. (1999) stress

the importance of jet particle content as one of the ‘most uncertain values’, but volume

filling factor, the minimum Lorentz factor of the relativistic jet particles and deviations

from minimum energy conditions are of an importance. The authors estimate that these

factors range between 1< f ≤ 20. This scaling relation represented in the form of Eqn. 5.1

and scaled to the radio frequency of 178 MHz (via a simple power-law and assuming radio

spectral index ofα = 0.7) takes the following form

log10(Q) = 0.86 log10

(

L178MHz

1028

)

+38.80+1.5 log10( f ). (5.4)

The factorf term will vary from 0 to 1.95 for the suggestedf ranges. The slope of Eqn. 5.4

is barely flatter than the estimates I presented in§5.2. Although both theoretical models, that

is KA97/KDA97 which I use here and BRW99 used by Willottet al.(1999), assume energy

equipartition of the emitting plasma of the radio lobes, these models do differ in some on the

assumptions the relativistic particles are injected into radio lobes which will alter the radio

luminosity density predictions between the models (see also Chapter 2:§2.1.3). Therefore,

the similarity in the scaling relation estimated of these two separate theoretical models is

of some importance and suggests that these predictions are most probably not too model

dependent. To allow easy comparison between theoretical predictions as investigated by me

in this thesis and by Willottet al. (1999), I set assumptions adopted by the latter authors

and I attempt to reproduce their predictions with the KA97/KDA97 model. In particular the

following values for the source parameters have been adopted: β = 1.5, RT = 5.0, m= 2.0,

tmax= 107 yr, ρo = 2.8×10−22 kg m−3, and finally for f = 0: k′ = 0 andγmin = 2 and for

f = 20: k′ = 20 andγmin = 2. The results of this test are displayed in Figure 5.1. Note,that

the scaling relation is calculated numerically here, and sodeviations from the simple power-
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law relation betweenQ andLν may occur (this can be observed in Figure 5.1). Forf = 20

the agreements between models is striking. However, there is a systematic offset between

the two models’ predictions forf = 0. The difference originates in the definition of thek′

ratio. In the KA97/KDA97 the ratio is defined as ratio of the energy density of electrons to

the energy density of thermal particles, while typically (and also adopted by Willottet al.

1999) the ratio is defined as ratiok of the energy densities of relativistic to non-relativistic

particles. Since in the KA97/KDA97 definition the non-relativistic electrons are included

even ifk′ = 0, then it follows thatk′ 6= k, and ifk′ = 0 thenk 6= 0.

The kinetic – radio lobe luminosity scaling relation has been also investigated by many

authors who attempted to determine the relationship through the observations of X-ray cav-

ities. Since those cavities are the result from the AGN jets drilling through the ICM and

the expanding radio cocoons formed by the jets, they are considered to provide information

on the AGN’s engine that powers the jets. The method requiresmeasurements of the work

done on the environment to displace the ambient IGM and ICM gas by expanding jets via

‘ pdV ’ estimates, wherep is the pressure of the ambient gas andV is volume of the cav-

ity. Under the assumption that the cavity enthalpy (free energy) is given by
(

Γcav
Γcav−1

)

pdV

(e.g. Gittiet al., 2012, and references therein), then the internal energy ofthe radio lobes is

∼ 4pdV (since for non-relativistic plasmaΓcav= 4/3). Assuming that 50−70 per cent of

the total kinetic luminosity is spent on the ‘pdV ’ work (see also Gaibleret al., 2009),Q can

be estimated. Incorporating this method Bestet al. (2006) finds

Q= 3.0(±0.2)×1037
(

L1.4GHz

1025

)0.40±0.13

, (5.5)

which, if again represented in the form of Eqn.5.1, will takethe following form

log10(Q) = 0.40(±0.13) log10

(

L178MHz

1028

)

+37.43(±0.03). (5.6)

While Bı̂rzanet al. (2008) estimates

log10(Q) = 0.62(±0.08) log10

(

L327MHz

1024

)

+8.11(±0.17), (5.7)

which is

log10(Q) = 0.62(±0.08) log10

(

L178MHz

1028

)

+38.48(±0.17). (5.8)

when transformed to the form of Eqn.5.1.

It can immediately be seen that the estimates from the X-ray cavities have much flatter

slopes than the theoretical predictions from the minimum energy requirements. Predictions

from both methods are plotted in Figure 5.1 so that they can beconfronted with the theoret-

ical investigations of mine and with those of Willottet al. (1999).

Neither of these methods is free from criticism. The methodsinvolving measurements

of cavities ‘pdV ’ work are known for being greatly dependent on the cavity X-ray obser-
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Figure 5.1: Kinetic power – radio luminosity density scaling relation as predicted by
Willott et al. (1999), where cases forf = 0 (red, solid) andf = 20 (red, dash-dotted) are
plotted, and two relations based on the observations of X-ray cavities, by Bestet al.(2006)
(cyan, solid) and by Bı̂rzanet al. (2008) (blue, solid). To allow easy comparison between
theoretical predictions as investigated by me in this thesis and by Willottet al.(1999), I set
assumptions adopted by the latter authors to my predictionson the scaling relation, where
assumptions equivalent to settingf = 0 (black, solid) andf = 20 (black, dash-dotted) are
adopted (see text for more details).

vations which may lead to discrepant results, as well as it has been suggested that due to

its variability the ‘pdV ’ estimator may not be robust enough for the energy measurements

(see Gittiet al., 2012, and references therein). For a list of potential problems with the

cavity estimations of kinetic luminosity see O’Sullivanet al.(2011). Furthermore, although

a vast majority of authors assume that the cavity enthalpy isof order of∼ 4pdV , it has been

suggested that this value is highly underestimated (see Binneyet al., 2007). Here, I also see

that the KA97/KDA97 model predicts the efficiency with whichthe jets deposit material in

radio cocoon to be of order of few−20 per cent1. It is also very important to bear in mind

that the radio emission of these radio sources at 1.4 GHz may be contaminated by compact

core, jet and sometimes hot spot emission which will enhanceradio luminosity density and

may introduce deviations on theQ estimations. This effect may significantly influence the

scaling relation by Bestet al. (2006). It worth noting that the slope of the relation reported

by Bı̂rzanet al. (2008) flattens toA= 0.35±0.07 if measured at 1.4 GHz.

1Although not presented in this thesis, this work is planned to be expanded in my future work (see also
Chapter 7).
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Furthermore, an important difference between the X-ray cavity and the theoretical pre-

dictions from the minimum energy requirements is the fact that in those two methods dif-

ferent sources have been considered. In particular, I as well as Willott et al. (1999) consider

FR II radio sources which can be modelled assuming near equipartition energy conditions in

their radio cocoons. On the contrary, the X-ray cavity methods consider mainly FR I radio

sources. This has also been noted recently by O’Sullivanet al. (2011). Results of Chap-

ter 4 of this thesis strongly suggest that FR I radio sources cannot be, even approximately,

modelled with the evolutionary models developed for FR IIs.FR Is are often referred to

as low luminosity radio sources. It is plausible that apart from lower kinetic luminosity as

compared with FR IIs, FR I may also show significantly different dependence betweenQ

and radio lobe luminosity density, which may be reflected in the steepness of the relation

slope. It will be of a great importance to attempt to carry similar theoretical investigations

for FR I radio sources to shed more light on this issue.

5.4 Summary

I revisit the KA97/KDA97 theoretical model to investigate the radio lobe – kinetic lumi-

nosity scaling relation. Through numerical exploration ofthe nonlinear model equations I

find that the scaling relation is influenced mainly by the radio source age, aspect ratio, the

injection index of the relativistic particles’ initial distribution, and the radio source envi-

ronment density and its profile. I contrast these results to the observationally found radio

lobe – kinetic luminosity scaling relations reported in theliterature. I discuss the possible

origin of the differences between the scaling relations estimated through observations of

X-ray cavities associated with radio galaxies and those estimated via theoretical models. A

detailed comparison between my theoretical predictions based on the KA97/KDA97 model

and the theoretical predictions of Willottet al. (1999) is presented.





The aim of science is not the things themselves, as the dogmatists

in their simplicity imagine, but the relation between things.

HENRI POINCARÉ (1854 – 1912)

6
Implications of Radio Galaxy Impact for the

Evolving Universe

——————————–

Radio galaxies and quasars are among the largest and most powerful single objects known

and are believed to have had significant impact on the evolving Universe and its large scale

structure. Their jets inject a significant amount of energy into the surrounding medium,

hence they can provide useful information in the study of thedensity and evolution of the in-

tergalactic and intracluster medium. The jet activity is also believed to regulate the growth

of massive galaxies via the AGN feedback. In this chapter I present analysis of the ener-

getics of radio sources following the results obtained in Chapter 3. I investigate the total

injected power by populations of radio galaxies and radio-loud quasars at various cos-

mological epochs. The results are discussed in the scope of the significance of the AGN

kinetic feedback. The content of this chapter is to be submitted to the Monthly Notices of

the Royal Astronomical Society (A.D. Kapińska & P. Uttley, ‘On the implications of radio

galaxy impact for the evolving Universe’, MNRAS, in prep.).

——————————–
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6.1 Clusters of galaxies and cooling flows

The following section is based on the review on galaxy clusters by Sarazin (1988), the

review on cooling flows by Fabian (1994) and the review on evolution of galaxy clusters

by Voit (2005), to which the reader is referred for relevant references and derivations of the

quoted equations.

In a simple picture a cooling flow forms in massive systems (galaxies or galaxy clusters)

when after the initial gravitational collapse of the systemsome fraction of the gas cooled

slowly (slower than gas which formed stars) and created a hot‘quasi-hydrostatic’ atmo-

sphere. This gas can be directly observed in X-rays, and under the assumption that the

clusters are virialised systems and that the hydrostatic equilibrium holds, the temperature of

this hot gas is estimated to be 106−108 K. In particular, the following relation applies

kBTvir =
µmpGMRvir

2Rvir
, (6.1)

whereTvir is virial temperature of the hot gas of massMRvir encompassed in the sphere

of a virial radiusRvir , kB is the Boltzmann constant andµ is the molecular weight of the

gas particles. In the original models of the cooling flows (see Cowie and Binney, 1977;

Fabian and Nulsen, 1977; Mathews and Bregman, 1978) this hotgas has been assumed to be

homogeneous with well defined density and temperature at each radius. The density of the

gas is expected to decrease radially as defined by the generalised King’s profile (Chapter 2:

Eqn. 2.5, re-written below), which is often referred to as the β −model,

ρx = ρo

(

r
ao

)−β
for r > ao, (6.2)

where againr is the radial distance from the AGN core, andρo is a constant central density

within the core radiusao. Since the gas is densest in the central regions of the systemit cools

there fastest. The cooling region of the system is defined by the so-called cooling radius,

rcool, which is usually taken as a radius at which the cooling time is equal to look-back time

at redshiftz= 1.0 (i.e. ∼ 8×109 yr). Furthermore, clusters of galaxies are gravitationally

bound systems; hence, due to the gravitational potential the weight of the gas which lies in

the system’s outer regions will cause a slow inflow of this hotter gas towards the cluster’s

centre where the faster cooling gas resides. Given the quasi-hydrostatic equilibrium of the

clusters and assuming spherical symmetry the following applies

d ln(ρ)
d ln(r)

+
d ln(T)
d ln(r)

=−2
kBTvir

T
, (6.3)

wherer is the radius from the cluster’s core, which means that the densest central regions of

clusters have low X-ray temperature, while the significantly lower density clusters’ outskirts

are composed of much hotter plasma. Such well defined systemsare particularly attractive

for cosmological studies of structure formation.
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6.1.1 Non-gravitational heating

However, as discussed in§1.3.2 in Chapter 1, it was soon discovered that the theoretical

predictions for the cooling of galaxy clusters over-predict the cooling rates (the so-called

overcoolingor cooling flow problem); if only the gravitational heating is included in the

models, too many baryons cool to form stars and galaxies become too luminous, while the

intracluster gas is heated to the virial temperature (Eqn. 6.1). The gravitational heating is

caused by the gas that passes through the cluster’s accretion shocks while entering the sys-

tem. The absence of cold gas at temperatures of< 1 keV (as observed by e.g. Petersonet al.,

2001) points to the currently broadly accepted view that there must occur some additional

source of heating (see e.g. Petersonet al., 2001; Fabianet al., 2001; Kaastraet al., 2004, and

references therein). Mechanisms that have been proposed toexplain this cooling flow prob-

lem include supernovae and AGN feedback (e.g. Ponmanet al., 1999; Brüggen and Kaiser,

2001; Domainkoet al., 2004; Ommaet al., 2004; McNamaraet al., 2005; Nulsenet al.,

2005; McNamara and Nulsen, 2007), sub-cluster merging (e.g. Markevitch and Vikhlinin,

2001), thermal conduction (e.g. Rosner and Tucker, 1989; Fabianet al., 2002; Voigtet al.,

2002) and thermal cooling (e.g. Voit and Bryan, 2001) among others; these mechanisms

are often referred to as non-gravitational heating. It has been suggested that all of these

mechanisms contribute to the problem as none of them seem to be powerful enough to tune

the clusters cooling flows by themselves (see McNamara and Nulsen, 2007, for a review).

This is due to the fact that any effective heating mechanism,which would be able to stop

or delay the cluster cooling flows, requires energies of 0.5−3 keV; this issue has been dis-

cussed both analytically and numerically by many authors (e.g. Wuet al., 2001; Tozzi and

Norman, 2001; Bialeket al., 2001; Voitet al., 2002; Borganiet al., 2002; Magliocchetti and

Brüggen, 2007; Sijackiet al., 2007; McNamara and Nulsen, 2007).

Here, I will focus on the AGN feedback only, and on the impact of FR II radio galaxies

in particular. The main effects the AGN exert on its surrounding include removing cold

low entropy gas from the centres of clusters and groups to theoutskirts of these structures;

this process will also cause dimming of the cluster’s X-ray luminosity while its temperature

being kept roughly constant. Through the work done on the environment by the AGN jets,

excess energy is transferred to the ambient gas, this will cause increase in the ambient

temperature as well as in the cluster gas entropy.

6.1.2 Intracluster gas entropy

On the macroscopic level the gas entropy measures the enthalpy of a system (the free en-

ergy) and the system’s change in temperature, while on a microscopic level the gas entropy

is defined as a measure of the number of microstates of this system (both in units of J K−1).

This quantity has attracted considerable attention due to its essential importance; entropy

traces the thermodynamical history of the intracluster gas, and as phrased by Voit (2005)

‘the gas density profile and temperature profile of the intracluster medium (...) are just man-
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ifestations of its entropy distribution’. In classical thermodynamics entropy per particle (S)

is given by

S= NkB[ln(K
2/3)+const], (6.4)

whereN is the number of particles, andK is the entropy index defined as

K ≡ pρ−5/3 =
kBT
µmp

ρ−2/3. (6.5)

The termp denotes the gas pressure and is given byp = ρkBT/(µmp). See for instance

Kaiser and Binney (2004), Voit (2005) and Gittiet al. (2012) for derivation and discussion.

However, in the galaxy cluster community a variant of the entropy index is used and referred

to as ‘entropy’, namely

Kent= kBTn−2/3
p (6.6)

measured in units of keV cm2. I will follow the popular convention and discuss the ‘entropy’

as defined in Eqn. 6.6.

The measurements of entropy are particularly important in the discussions of the galaxy

clusters’ scaling relations; to be able to reproduce the structure formation of the expanding

Universe one needs to understand both the observable signatures of the ICM and the physics

governing the baryons during formation of galaxies. It soonbecame clear that idealised

models are not consistent with observations. In the presence of gravitational processes only

acting on the ICM (§6.1.1), the temperature and gas density structures of galaxy clusters

obey self-similar scaling predictions (e.g. Kaiser, 1986). Typically anoverdensity(∆ρ )

parameter is introduced, which is the ratio of the dark matter halo of the system (ρDM) to

the critical density at the cluster’s redshiftz, ρcrit(z), namely∆ρ = ρDM/ρcrit(z). The critical

density of the expanding Universe is defined asρcrit(z) = 3H(z)2/8πG (see also discussion

in Chapter 3:§3.7 and Appendix E). It is also assumed that the baryonic matter distribution

traces the distribution of dark matter1, that isρ ∝ ρDM ∝ ρcrit(z). All galaxy clusters are ex-

pected to hold the same properties when expressed (and scaled) via∆ρ , if of course clusters

do evolve in the self-similar fashion. Any significant observed deviations from the self-

similar predictions point towards the non negligible involvement of processes in addition

to gravity. Indeed, similarity-breaking has been observed(e.g. Markevitch, 1998; Arnaud

and Evrard, 1999; Ettoriet al., 2004; Maughanet al., 2006). To explain these observational

results, models that invoke a non-gravitationally preheated intergalactic medium have been

proposed (e.g. Kaiser, 1991). The similarity-breaking is also considered as strong evidence

for episodic non-gravitational heating by supernovae and AGN (e.g. Cavaliereet al., 1999;

Wu et al., 2001; Tozzi and Norman, 2001; Bialeket al., 2001; Voit et al., 2002; Borgani

1This assumption is valid only if gravitational (shock) heating is the sole process contributing to the entropy
of the system (see e.g. Arnaud and Evrard, 1999, and references therein).
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Table 6.1: List of defining parameters for the radio source populationsas discussed in
§6.2.2. The following parameter sets were used to represent atypical radio galaxy for
their respective data sets. For details see§6.2.2 and§6.3.

Data set QB(z= 0) nq αS ρm(z= 0) nr tmaxm(z= 0) nt

[log(W)] [log(kg m−3)] [log(yr)]

1a 38.0 8.0 0.6 −23.3 4.0 7.8 −2.5
1b 38.0 10.5 0.6 −23.0 0 7.8 −4.0
2 39.2 10.5 0.4 −25.1 4.0 6.9 0
3 37.4 8.0 0.6 −21.5 5.5 8.7 −3.0

et al., 2002) and radiative cooling (e.g. Voit and Bryan, 2001; Wu and Xue, 2002). The

relativistic outflows of AGNs can reach Mpc scales, and despite their radio activity being

significantly shorter than the lifetime of galaxy clusters they reside in, radio galaxies are

powerful enough to alter the overall ICM properties, including the gas entropy.

6.2 Methods

The method presented in Chapter 2 allows one to narrow down the possible ranges of the

fundamental parameters of radio sources, yet degeneracy persists. Based on the results

of Chapter 3, I investigate here other physical parameters,especially the ones which are

relevant in terms of the scale of the radio source impact on its immediate environments, and

which can be derived from the intrinsic and extrinsic fundamental parameters.

6.2.1 Source energetics

The total injected power by a radio galaxy over its lifetime equals
∫ tmax

0 Q dt. Since in

the KA97/KDA97 model, which is used throughout this thesis,the kinetic luminosity of a

radio source is assumed to be constant over the radio source’s life, the total power of the

radio source is simplyQ tmax. Neither of these quantities can be measured directly. In this

work bothQ andtmax have been estimated via Monte Carlo simulations which attempt to

fit radio luminosity functions of observed radio source populations to the simulated ones

(for the method and results see Chapters 2 and 3 respectively). This total power is used by

radio source, via its relativistic outflows, to (a) drill jets’ paths through the ambient medium

which will (b) displace the cold ambient medium gas and push it to the outer regions of

the clusters and (c) inflate these radio lobes with the transported relativistic jet material. It
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is known that the kinetic luminosities of radio galaxies, especially those of the FR II type,

may be enormous (∼ 1040 W) and that the radio structures of these sources may reach Mpc

scales (this has also been presented and discussed in Chapter 3 of this dissertation), it is

likely therefore that these radio sources induce significant effects on the environments in

which they reside. Here, I investigate the total injected power of FR II radio galaxies, and

attempt to examine the resulting heating rate and entropy change of the ambient gas. Most

importantly, however, one of the questions one may raise here is whether the effects of the

radio source populations on their immediate environments are robust despite the wide range

of allowed parameter sets (which are due to occurring degeneracies, see Chapter 3, and

particularly §3.5), or whether constraints from X-ray observations of galaxy clusters can

provide us with diagnostics that will break the degeneracy between the fundamental radio

source parameters.

6.2.2 Tested data sets

The data sets considered here are: the best fit reported in Chapter 3 (data set 1b), one of the

best fits discussed alongside it (data set 1a), and two randomly picked sets of best fitting

parameters which are at the extremities of the 90 per cent confidence intervals (Chapter 3:

Figure 3.17, data sets 2 and 3). Particularly, the two lattercases were specified to lie at each

end of the 90 per cent confidence intervals of the (QB −ρm), (QB − tmaxm) and (tmaxm −ρm)

plots of Figure 3.17, so that the cases where populations with (2) high kinetic luminosity

break, low central density, short maximum source lifetime,and (3) low kinetic luminosity

break, high central density, long maximum source lifetime can be tested and compared to

the best fits. The parameters of the tested data sets are listed in Table 6.1. The total injected

power of a typical source of the kinetic luminosity which equals QB is calculated for each

data set and for four redshift slices, i.e.z∈ (0.1,0.5,1.0,1.5). These break luminosities are

typical luminosities of radio sources in the respective populations, and hence only these are

discussed in the simplified picture presented here. It is also assumed that radio sources at the

break kinetic luminosity have maximum lifetimes and external gas densities typical for the

population; these are also listed in Table 6.1. For consistency with the previous calculations

of this thesis the core radius is assumed to beao = 2 kpc, while slope parameter of the

density profile is taken to beβ = 1.5 (it is assumed that the gas density profile follows the

relation given in Eqn. 6.2, see also Chapter 2: Eqn. 2.5).

6.3 Total injected power by Fanaroff-Riley II radio galaxies

The total injected power per baryon (Q tmax/baryon) has been calculated for a typical ra-

dio source of each data set, that is assuming the kinetic luminosity of the radio source is

represented byQB. Since the best fitting ambient density and volume of the radio source

are known, and the density profile is given by Eqn. 6.2, the baryon number density can
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Figure 6.1: The total power of FR II radio galaxies produced during theirlifetimes. Each
data point marker refers to different data set considered, where (i) data set 1a (filled circles)
represents the case when the gas density redshift evolutionis set tonr = 4.0 (Chapter 3:
§3.8), (ii) data set 1b (open circles) is the best fit, (iii) data set 2 (diamonds) represents the
case with high kinetic luminosity break, low central density and short maximum source
lifetime, and (iv) data set 3 (stars) represents the case with low kinetic luminosity break,
high central density, long maximum source lifetime. All data sets are within 90 per cent
confidence intervals of the results presented in Chapter 3.

be easily found. Radio galaxies may reach various sizes depending on their specific set of

kinetic luminosity, lifetime and the gas density in which they expand; however, here it is

assumed that the total injected power is evenly distributedover a sphere ofrICM = 1 Mpc.

Obviously this is a simplified assumption as radio sources larger than this (i.e. larger than

2 Mpc) are observed and so they act on the ICM beyond the radiusassumed here, but these

giant radio galaxies form a relatively small fraction of thewhole observed population (e.g.

Schoenmakerset al., 2000b). On the other hand, many radio galaxies will never reach total

linear sizes of 1− 2 Mpc; however, after central engine switches off, that is after the jets

stop supplying radio lobes with new material, the radio lobes will still expand buoyantly

and hence they will act on the ICM. Finally, it is assumed thatradio galaxies are centrally

located and there exists some efficient energy – heat transfer2. Under these assumptions the

total injected power,Q tmax, of radio galaxies for the four chosen data sets is calculated. The

2The heat transport mechanisms which are usually invoked in the study of galaxy clusters are thermal
conduction and weak shock enthalpy dissipation (see for instance Gittiet al., 2007; Bestet al., 2007; Sanderson
et al., 2009; De Young, 2010, for some discussion on this topic). Here I will not focus on the efficiency of
these mechanisms, and I will assume that whatever heat transfer mechanism takes place, it is very efficient and
distributes the excess heat evenly between the ambient gas particles.
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Figure 6.2: The total injected power per baryon over the lifetime of FR IIradio galaxy
estimated under the assumption that all of the radio galaxy power goes into heating the
environment. The estimations are based on the total power being efficiently and evenly
distributed over a sphere of a radiusr = 1 Mpc. Each data point marker refers to different
data set considered, where (i) data set 1a (filled circles) represents the case when the gas
density redshift evolution is set tonr = 4.0 (Chapter 3:§3.8), (ii) data set 1b (open circles)
is the best fit, (iii) data set 2 (diamonds) represents the case with high kinetic luminosity
break, low central density and short maximum source lifetime, and (iv) data set 3 (stars)
represents the case with low kinetic luminosity break, highcentral density, long maximum
source lifetime. All data sets are within 90 per cent confidence intervals of the results
presented in Chapter 3.

results are displayed in Figure 6.1.

Strikingly, the total injected power for each radio source over their respective lifetimes

seems to be nearly the same in each case. Only data set 2 (marked as diamonds in Fig-

ure 6.1) shows signs of the departure from this trend at higher redshifts. However, this

should not be considered as a contradiction of the postulated here robustness of theQ tmax

quantity. As investigated in Chapter 3 (see§3.4.1 and Figure 3.21 in particular) for the

highest kinetic luminosity breaks, the Schechter function(which is used to model the dis-

tribution of the kinetic luminosities) reaches an extremumand a power-law approximation

can be used instead. In more precise words, the break of the Schechter function reaches

very low probabilities and the vast majority of the radio source population is modelled by

the power-law end of the Schechter function (defined by slopeαS, see also Eqn. 2.19). This

is what happens here in the case of data set 2; already at redshift z= 1.0 its kinetic lumi-

nosity break reaches∼ 2.5× 1042 W, but as can be deduced from the examples shown in

Figure 3.21 despite the enormousQB the highest kinetic luminosities do not exceed 1042 W.
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Figure 6.3: Change in cluster gas ‘entropy’ within the central core radius due to the
impact of one episode of radio galaxy activity. The estimations of the change in ‘entropy’
are based on the injected power estimates presented in Figure 6.2. Each data point marker
refers to different data set considered, where (i) data set 1a (filled circles) represents the
case when the gas density redshift evolution is set tonr = 4.0 (Chapter 3:§3.8), (ii) data
set 1b (open circles) is the best fit, (iii) data set 2 (diamonds) represents the case with high
kinetic luminosity break, low central density and short maximum source lifetime, and (iv)
data set 3 (stars) represents the case with low kinetic luminosity break, high central density,
long maximum source lifetime. All data sets are within 90 percent confidence intervals of
the results presented in Chapter 3.

Because of this effect the total injected power is significantly overestimated in the case of

data set 2 asQB does not represent the typical kinetic luminosities of radio galaxies in this

case.

6.3.1 The entropy change and the gas heating rate

Since the total produced energy of different FR IIs is robust, I attempted to investigate the

heating rates and change in entropy caused by the activity ofthese powerful radio galaxies.

It has been assumed that all of the radio galaxy power goes into heating the environment

and the total power is efficiently and evenly distributed over a sphere of a radiusr = 1 Mpc.

Clearly, due to the large linear extent of FR II radio galaxies one must expect that most

of the energy will be deposited beyond the cooling radius (e.g. Gitti et al., 2007; Mathews

and Guo, 2011), where typicallyrcool ∼ 100 kpc (e.g. Bestet al., 2007; Gittiet al., 2007).

Hence the use of 1 Mpc radius is justified. The results presenting the total power injected

per baryon (Q tmax in units of keV/baryon) are displayed in Figure 6.2. Although spanning
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a rather narrow range of possible values, and similarly suggesting mild, if any, redshift

dependence, the results from separate data sets are somewhat different. One must remember

that to estimate the energy injected per particle the total number of baryons within the

considered volume must be known, and this is turn will dependon the cluster gas density.

Also, the reason that there is nearly no redshift evolution in the heat rate can be explained

by the fact that all three parameters used to determine the heat rates (Q, tmax andρ) evolve

with redshift and so may compensate for each other. That is, for higher redshifts the total

injected energy is consistently higher (Figure 6.1), but the gas density also increases, and

hence the total energy injected per particle stays roughly the same (with the exception of

data set 1b where the strength of the redshift evolution ofρo is nn = 0.0 and so the change in

Q(z) tmax(z) is not compensated by the change inρo(z), consult Table 6.1). One must keep

in mind, however, that the reason there may be seen slight departure from this reasoning

in the case of data set 2 may be the fact that the kinetic luminosities of this data sets are

overestimated as discussed in previous section, and the increase in total produced energy for

higher redshifts is stronger than the increase in the density of the ambient gas. To resolve

this issue and to shed more light on the behaviour of radio sources in population from data

set 2, the typical kinetic luminosity of these sources wouldneed to be sought after and tested

rather thanQB.

A much more discrepant picture comes from the estimations ofthe induced change in the

‘entropy’. Since a radio source will inject a certain amountof energy into its environment,

this excess energy (enthalpy) will increase the gas entropy. The entropy is dependent on

the radius from the cluster core. Hence, results for three different radii are presented, i.e.

change in the ‘entropy’ for gas density within core radius isdisplayed in Figure 6.3 and

for gas densities at 500 kpc and 1 Mpc in Figure 6.4. The dependence on the gas number

densities is much stronger than in the case of the estimated energy injected per baryon. Also,

a redshift trend can be observed, although this is simply a reflection of the strength of the

gas density evolution. At higher redshifts the gas density of the ICM is also higher (again

with the exception of data set 1b in which the gas density does not undergo any redshift

evolution), and so the same amount of energy injected per baryon must be allocated between

more particles (consult also Eqn. 6.6). For reference, the gas number densities for each data

set and plotted redshift are listed in Table 6.2. Since the ‘entropy’ is dependent on the gas

density, the differences between the ‘entropy’ change of the tested data sets are significant,

the scale of the impact of the AGN jets on this quantity can be only estimated once the gas

density and its profile is constrained. It will be very interesting to incorporate these low

redshift independent constraints on cluster gas density into the Monte Carlo simulations

developed in this thesis.

Finally, it is important to stress here that these estimatesare based on very strong as-

sumptions as many concerns are not fully resolved yet. One ofsuch issues is what fraction

of the actual energy delivered by jets would actually contribute to heating the ICM. Perucho

et al. (2011), for instance, suggest that the vast majority of the cocoon energy (> 95 per
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Table 6.2: Central gas number densities calculated according to the gas density profile
(Chapter 2: Eqn. 2.5) with the assumed core radiusao = 2 kpc and profile slopeβ = 1.5,
and the gas density redshift evolution as listed in Table 6.1.

Redshift Data set 1a Data set 1b Data set 2 Data set 3
[cm−3] [cm−3] [cm−3] [cm−3]

z= 0.1 0.003 0.006 5×10−5 0.19
z= 0.5 0.015 0.006 2×10−4 1.76
z= 1.0 0.048 0.006 8×10−4 8.60
z= 1.5 0.117 0.006 2×10−3 29.30

cent) is transferred to the intracluster medium and goes into heating (see also Magliocchetti

and Brüggen, 2007). While on the other hand Mathews and Guo (2011) point out that sizes

of typical radio galaxies significantly exceed the cooling radius and raise a suggestion that

only ∼ 1 per cent of the total AGN kinetic feedback will reach the cluster cooling radius.

Another issue that needs to be raised here is whether both morphological classes of radio

galaxies have the same impact on the cluster environments. Due to the different interaction

with the ambient medium of FR I and FR II radio galaxies, it hasbeen suggested that it is

FR I population that significantly contributes to the heating rates within the cooling radii

especially at low redshifts (De Young, 2010). It is possiblethat the FR II sub-population of

radio galaxies contributes much stronger to the overall AGNfeedback especially at higher

redshifts where these sources are expected to be much more numerous than to the cooling

and heating problem of the cluster cores. This possible distinction should also be kept in

mind while inspecting presented here results.

6.3.2 Deduced luminosities: cooling flow power and bremsstrahlung lumi-
nosity

It is also interesting to discuss the influence these resultswould exert on other cluster prop-

erties which can be measured. I will focus here on two such quantities, namely the cooling

flow power and the bremsstrahlung luminosity.

Cooling flow power. The cooling luminosity, i.e. the cooling flow power (Lcool), is

assumed to come from thermal energy of the medium and any ‘pdV ’ work done on the gas
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which enters the cooling radius. It can be estimated throughthe following relation

Lcool =

(

ΓICM

ΓICM −1

)

ṀcoolkBTi

µmp
, (6.7)

whereΓICM is the ICM adiabatic index, anḋMcool denotes the mass inflow rate, typical val-

ues of which are∼ 10− 300 M⊙ yr−1. The mass inflow rate of the cooling flow can be

calculated from the cluster X-ray luminosity so thatṀcool ≈ (2µmp/5kBTvir)Lx – this rate

gives an estimate of the cluster cooling rate in the absence of any feedback. But one may

also look at this quantity as the luminosity that must be compensated for by some means

of heating to stop the cluster cooling. Typically, the cooling luminosities lie in the range

of ∼ 1035−1038 W (Fabian 1994; Raffertyet al. 2006; see also Gittiet al. 2012 and ref-

erences therein). The kinetic luminosities of FR II radio galaxies are of order of, or may

even significantly exceed, these cooling luminosities, andit had been suggested that they

may balance out the cooling flows (e.g. Bı̂rzanet al., 2004; Dunnet al., 2005; Rafferty

et al., 2006; McNamara and Nulsen, 2007). As discussed by Churazovet al. (2002) the

AGN feedback must be finely tuned; neither too much heating nor too little cooling can

be accepted. However, as discussed by the same authors, the cooling flow may depend on

the variation of the AGN heating. That is, there may occur either rare but very powerful

outbursts, or less powerful but quasi-continuous supply ofenergy. Although the latter is

usually favoured, some evidence for powerful outbursts exists (e.g. Joneset al., 2002; Mc-

Namaraet al., 2005). The recently discovered one of the most powerful outbursts known

(∼ 6×1054 J), which is located in MS0735+7421 galaxy cluster, can stop a cooling flow

for few Gyr (McNamaraet al., 2005; Gittiet al., 2007).

The kinetic luminosities estimated here with the Monte Carlo simulations indicate that

radio galaxies are able to quench cooling flows at least for the time of their lifetimes. The

range of possible values of these kinetic luminosities may suggest that the estimations of

quenching the cooling flows with radio galaxies are less robust than those of total injected

power of our degenerate results. However, one must bear in mind that the more powerful

outbursts last for shorter time than the less powerful ones.Given that the activity in radio

galaxies is recurrent, the galaxy cluster would undergo alternate periods of cooling and

heating, but the recurrence timescales may be related to thepower of the radio source,

where the weaker outbursts are expected to occur more often (Sokeret al., 2001; David

et al., 2001). If this is the case, the estimates of the overall impact of radio sources on the

evolving galaxy clusters based on our degenerate results would again be robust.

On the additional note, as suggested by Gittiet al. (2007), powerful AGN outbursts

(such as the one of the MS0735+ 7421 galaxy cluster) would not cause any sudden and

significant departures from most of cluster scaling relations, but such outbursts may play an

important role in the global properties of clusters, and hence in similarity-breaking, if they

are recurrent.
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Figure 6.4: Change in cluster gas ‘entropy’ at the radius of 500 kpc (orange) and 1 Mpc
(blue) from the central radio source due to the impact of one episode of radio galaxy ac-
tivity. The estimated of the change in ‘entropy’ are based onthe injected power estimates
presented in Figure 6.2. Each data point marker refers to different data set considered,
where (i) data set 1a (filled circles) represents the case when the gas density redshift evo-
lution is set tonr = 4.0 (Chapter 3:§3.8), (ii) data set 1b (open circles) is the best fit,
(iii) data set 2 (diamonds) represents the case with high kinetic luminosity break, low cen-
tral density and short maximum source lifetime, and (iv) data set 3 (stars) represents the
case with low kinetic luminosity break, high central density, long maximum source life-
time. All data sets are within 90 per cent confidence intervals of the results presented in
Chapter 3.

Bremsstrahlung luminosity Another luminosity worth considering is the X-ray lumi-

nosity the injected energy would cause. Assuming that all ofthe injected power goes into

heating, it might be observable as a thermal bremsstrahlung. The bremsstrahlung radiation

is produced by free electrons which collide with ions in the surrounding plasma, and if it’s

strong enough the emission will be detectable in X-rays. In fact, thermal bremsstrahlung

is the main radiation mechanism at temperatureskBT > few keV. The X-ray luminosity is

given by

Lx =

{

(

2πkB

3me

)1/2 25πq6Z2

3hmec3

}

gf f nenIT
1/2V(t), (6.8)

whereme, q andne are electron mass, charge and number density respectively,nI is the

number density of ions,h is the Planck constant,Z is atomic number, andgf f is the so-called

Gaunt factor which is a slowly varying function ofZ,T and frequency (see e.g. Rybicki and

Lightman, 1979). The Gaunt factor is usually of order of unity, hence one can neglect it
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here in these approximate calculations, and Eqn. 6.8 becomes (in SI units of Watts)

Lx ∼ 2.5×1031neniT
1/2V(t), (6.9)

whereT is given in units of eV, the number densities of ions and electrons in m−3, and

volume in Mpc3. Assuming that the typical X-ray luminosities of galaxy clusters are of

order of 1036−1038 W and are integrated over central 100 kpc region then one can try to

estimate what fraction of this observed luminosity our results would constitute. And so,

for the local Universe (z= 0.1), the induced bremsstrahlung luminosity of both data set 1a

and 1b would be of order of few – 40 per cent of the assumed typical X-ray luminosities,

while data set 2 would contribute negligible amount of emission to the observed level and

data set 3 would be significantly excessive. In these simple estimates made for the purpose

of this discussion I again assumed that all the injected energy goes into heating the ICM

gas. Eqn. 6.8 clearly shows that this thermal emission is dependent on the gas density of

the medium and its temperature, and as shown already in§ 6.3.1 it should not be expected

to be robust for our degenerate results. On the contrary, it may be used, along with the gas

density and entropy estimates, as independent constraint that will allow one to break the

degeneracy of the fundamental parameters of FR II sources.

6.4 Summary

The impact of radio galaxies on their environments is investigated and discussed through

simple estimations based on the results of Chapter 3. Specifically, the FR IIs’ total injected

power, their typical heating rates and induced change in entropy are explored for a few radio

galaxy populations.

It is shown that the RG energetics compared to the available X-ray observations (and

cluster gas density in particular) can provide diagnosticswhich may break degeneracies in

the fundamental parameters of FR II radio sources, or at least narrow their uncertainties

down. It will be interesting to attempt to include these diagnostics in the Monte Carlo sim-

ulations developed in this project. Strikingly, sets of twoof the degenerate fundamental pa-

rameters, that is kinetic luminosity and the maximum lifetimes of the radio sources, provide

particularly robust estimates of the total power produced by FR IIs during their lifetimes.

This can be also used for robust estimations of the quenchingof the cooling flows.



The scientist is not a person who gives the right answers, he’s one

who asks the right questions.

CLAUDE L ÉVI-STRAUSS (1908 – 2009)

7
Conclusions

——————————–

In the final chapter of this thesis I give a summary of the project undertaken during my

doctorate candidature, the main findings are listed and any open issues are discussed. I

draw to a close with listing some suggestions for the continuation of this work.

——————————–
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7.1 Summary

In this thesis I investigate the evolution of radio galaxiesand radio-loud quasars, and the

influence these radio sources exert on their environments, across cosmological epochs. I

focus on sources with large scale radio structures of FR II morphology. I use the theoreti-

cal model of KA97/KDA97 for the intrinsic time evolution of an FR II morphology radio

source, and apply it to populations of FR II sources. For the purpose of this study I develop

the following:

• A new algorithm for multidimensional Monte Carlo simulations which explore the

fundamental parameter space of radio galaxy populations isdeveloped (Chapter 2).

The method links the observable radio lobe luminosities, linear sizes and redshifts

of FR II sources with their most plausible underlying kinetic luminosities, active

lifetimes and environments in which radio sources are born (the fundamental pa-

rameters). Unlike previous studies, the method developed in this project compares

radio luminosity functions found with the observed and simulated data to explore the

underlying parameters; this approach allows one to directly link the results of this

simulation to other radio source population studies which are most commonly ex-

pressed in terms of luminosity or mass functions. The simulation has been written

in theC programming language, and has been executed on high performance super-

computer, the Iridis Compute Cluster, maintained by the University of Southampton,

Southampton, U.K.

• A new low frequency (325 MHz) sample of FR II radio galaxies isconstructed based

on the the cross match of the WENSS survey and the available optically selected

SDSS-FIRST-NVSS sample of radio-loud AGN (Chapter 4). The matching procedure

is detailed and any possible observational biases are investigated. The resulting low

frequency sample of radio galaxies is optically selected, so it is not radio complete,

but it is argued that the sample is free from any significant biases and can be used in

population studies.

The multidimensional Monte Carlo simulations are applied to two separate samples of

FR II sources: a well known sample of the most powerful radio galaxies and radio-loud

quasars extending up to redshiftz≈ 2 (3CRR and BRL sample, Chapter 3), and the newly

constructed low redshift (z≤ 0.2) sample of low luminosity radio galaxies (Chapter 4). It

has been found that:

• For the powerful FR IIs the total lifetimes of the radio galaxies are found to be few

×107 yr at low redshift and decrease for earlier epochs (Chapter 3). This is in agree-

ment with independent studies on the 3CRR radio sources, butmay be specific to

these most powerful radio galaxies and quasars. With the current sample and its
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strong flux limit I am unable to make definite statements aboutthe evolution of the

lifetimes of the sources which is suggested by our current results.

• The results suggest cosmological evolution of one or more source parameters (Chap-

ter 3). In particular the mean density of the immediate source environments (or the

ρoaβ
o parameter if one allows core radius orβ to change with redshift) is found to

undergo evolution with redshift; the hypothesis that thereis no evolution is ruled out

with a probability of> 99 per cent. The central density of the FR II environments is

found to undergo redshift evolution of approximately(1+z)4; evolution stronger than

the one expected from the Universe’s expansion is possible if one considers additional

effects from change of environment or core radius evolution.

• The estimated kinetic luminosities are in the range from 1038 to 1041 W for power-

ful FR II type sources, which is consistent with previous studies (Chapter 3). It is

suggested that the kinetic luminosities of the local, low luminosity density FR IIs are

significantly lower (1036− few×1038 W, Chapter 4); however, more work needs to

be done on this low luminosity sample before any final conclusions can be drawn. In

particular the morphological classification of the original SDSS-FIRST-NVSS sam-

ple of extended radio sources needs to be verified.

• It is observed that the kinetic luminosities depend on the cosmological epoch and the

linear size of the source, where larger in linear size as wellas higher redshift sources

are more powerful (Chapter 3). The FR IIs’ kinetic luminosity function undergoes

cosmological evolution of the break luminosities of at least (1+ z)3 and may be as

strong as(1+ z)10. The uncertainty originates from the strong degeneracy between

QB, tmax andρo. Evolution stronger than(1+z)9, however, is rather unlikely since as

a consequence the black hole masses of the most luminous FR IIsources would have

to be> 1011 M⊙ assuming that there is no strong spin powering of the jets. These

results suggest also that, at least at high redshifts, FR II sources most probably accrete

at moderate/high Eddington ratios and the black hole spin may play a significant

role in the jet production, as both effects seem to be necessary to explain the high

estimated kinetic luminosities of FR II sources at higherz.

• An attempt has been made to estimate the duty cycles of FR II radio galaxies at the

break in the kinetic luminosity function, finding them to decrease with redshift from

∼ 10−3 for z1 ≤ 0.3, to ∼ 10−4.5 at 0.3 < z3 ≤ 0.8, to ∼ 10−5.5 at 0.8 < z3 ≤ 2.0

(Chapter 3). The decrease in duty cycle at higher redshifts may be explained by a

combination of the reduction in the lifetime of FR II radio galaxies together with evo-

lution in the number density of massive black holes. The shift in kinetic luminosity

break to higher values also indicates an intrinsic change inthe population of kinetic

powers. Interestingly, at low redshifts the duty cycle of powerful FR IIs exceeds that

estimated for 109 M⊙ AGN based on radiative luminosities. This difference can be
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explained if the typical black hole mass of FR IIs shifts to lower masses at lowz.

Alternatively, the low-z FR II population may become dominated by a kinetically

dominated, radiatively inefficient mode of accretion.

• The resulting radio galaxy energetics compared to quantities obtainable from X-ray

observations, such as cluster gas densities, can provide diagnostics which may break

degeneracies in the fundamental parameters or at least narrow their uncertainties

down (Chapter 6).

• Strikingly, despite the strong degeneracy, sets of two of the fundamental parame-

ters, the kinetic luminosities and the maximum lifetimes, provide particularly robust

estimates of the total power produced by FR IIs during periods of their activity (Chap-

ter 6). This can be also used for robust estimations of quenching of the cooling flows

by radio galaxies.

It is noted here, however, that other theoretical models of radio galaxy time evolution,

such as those of BRW99, MK02, or the modified models of Barai and Wiita (2006, 2007),

might yield somewhat different results.

In addition to the numerical Monte Carlo investigations, I revisit the KA97/KDA97 the-

oretical model to investigate the radio lobe – kinetic luminosity scaling relation (Chapter 5).

Through numerical exploration of the nonlinear model equations I find that the scaling re-

lation is influenced mainly by the radio source age, aspect ratio, the injection index of the

relativistic particles’ initial distribution, and the radio source environment density and its

profile. My predictions on the scaling relation agree well with earlier simplified theoretical

predictions by Willottet al.(1999). I also contrast these results to the observationally found

radio lobe – kinetic luminosity scaling relations reportedin the literature.

7.2 Open issues

Although the study presented here sheds more light on the physical properties and evolution

of FR II radio sources, it also unveils issues which needs to be investigated in more detail

in order to resolve some of the uncertainties and degeneracies. In particular, the following

three issues came into view in this project.

• One of the substantial limitations of any source populationstudy is a survey’s sensitiv-

ity which causes low luminosity, high redshift radio sources to remain undetected and

unavailable for study. Although great care has been undertaken in the development

of the Monte Carlo algorithm in this project to account for the sensitivity (Chapter 2),

the availability of data observed to lower flux limits is crucial. In a study such as this

one, low radio frequency (i.e. MHz frequencies) complete samples of radio sources

are of particular importance. Such radio samples exist currently to a certain extent
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(e.g. 6C, 7C catalogues, see§1.4), but real progress will be achieved with the state-

of-the-art LOFAR facilities. It will be a great opportunityto revisit issues investigated

in this study once new, low frequency LOFAR data become available.

• Moreover, although I attempt to shed more light on the strength of the assumptions

set in the theoretical modelling of these radio sources, some of these assumptions

are still ambiguous. One may attempt to use Bayesian evidence (Chapter 2) to in-

vestigate whether any of the assumptions are preferable (see also below), although

observational constraints or deeper data may be nevertheless necessary to provide fi-

nal answers. An emerging suggestion that these assumptionsmay need to be altered

for lower luminosity density radio sources can already be noted in the results of Chap-

ter 4. However, more work needs to be done on this low luminosity sample before

any final conclusions can be drawn.

• Finally, due to the occurring degeneracies in the results (Chapter 3), many issues

cannot be resolved. One way of breaking the degeneracy is to include data from

more sensitive surveys as discussed above. However, as shown in Chapter 6 these

degeneracies can be broken also through the analysis of the impact the simulated

radio galaxies would have on their environments, and its correspondence to the actual

X-ray observations.

7.3 Continuation of this work

There are many ways this project can be continued. Here I sketch only a few of those. First

of all, the method developed in this project allows one not only to predict the underlying

populations of extragalactic powerful radio sources (Chapter 3), but also to predict samples

that would be observed by surveys of various flux limits. It will be of a great importance to

verify predictions which can be provided with this Monte Carlo method. Initial test can be

already done with currently available low radio frequency samples, such as 7C for instance.

Once this is achieved, more reliable predictions for surveys planned for e.g. LOFAR can be

estimated.

In this doctorate project I focused on radio sources of FR II morphology only, but no

general conclusions can be made regarding the whole population of extragalactic extended

radio sources if FR I morphology, and also hybrid (FR I/FR II)sources are not included.

However, in order to take into account FR I radio sources general theoretical models of

their time evolution must be developed. Another interesting path in the continuation of this

project involves investigations of some of the peculiar radio sources which I came across

while cross-matching the radio-loud AGN samples of Chapter4. For instance, theoretical

modelling of hybrid sources may lead to very interesting results. Moreover, the sample of

Best et al. which I base my work presented in Chapter 4 on, includes a complete sub-sample

of double-double radio galaxies. Again, theoretical modelling of these radio sources will
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allow one to estimate their fundamental parameters and re-currency of their activity in more

complete, population-oriented basis. It is particularly interesting as these radio sources can

be used as probes of AGN duty cycles.

There are also a number of improvements to be made to the simulation itself. One of the

most important advancements involves implementation of the MCMC algorithms (briefly

discussed in Chapter 2) which will allow the simulation to behighly optimised. While

at searching through four-dimensional parameter space viathe grid minimisation (Chap-

ter 4, independent-z fits in Chapter 3), the current version of my simulation is reasonably

fast, the CPU (central processing unit) request rises significantly at higher dimensions; the

seven-dimensional parameter space (combined-z fits in Chapter 3) is feasible, but require

long processing time. Other improvements which I plan to work on concern for instance

inclusion of radio sources of small linear sizes, that is radio sources which are smaller

than 10 kpc. This will involve considering a changing density profile of the sources’ en-

vironments instead of assuming the approximate relation given in Eqn. 2.5 (Chapter 2).

Also, allowing for an intrinsic change in the radio source environments at various redshifts

may improve the results; as discussed in Chapter 3 the implied evolution of central densi-

ties seem to be rather strong, but it can be explained if radiosources of different redshifts

inhabit slightly different environments. Furthermore, the Bayes theorem, as discussed in

Chapter 2, can be used to select between possible models regarding the results of Chapter 3.

Since the frequentists approach, which I have been following in this work so far, is based on

the hypothesis testing, one can only accept or reject the null-hypothesis being tested and no

information is provided on alternative hypotheses at this point. Given that all tested models

in my current work (models S and W, and the influence of the assumptions adopted) are not

nested, one would need to turn to Bayesian approach to attempt to solve this issue. It will

be of a great interest to investigate whether Bayesian evidence can provide us with definite

statements on the tested here assumptions adopted in the theoretical models of FR IIs.

Two chapters of this thesis are currently open-ended. The discussion which I convey in

Chapter 5 on the scaling relation between the radio lobe luminosity density and the kinetic

luminosity of powerful radio sources induces even more questions on the subject. For in-

stance, how much power does a radio source use on the expansion work? This can be also

seen as an efficiency of the jet to inflate the radio cocoon. This issue has been tackled via

X-ray observations of cavities in clusters, and attempts toestimate it on theoretical ground

have also been made. However, given the method developed andused here this efficiency

can be estimated for the whole, most likely populations of FRIIs, whether of complete un-

derlying populations of these sources, or populations restricted by flux limit (the latter of

which would provide an estimate which can be easily comparedto the X-ray observations

of cavities). Additionally, to avoid drawing conclusions which may be model dependent, I

plan to perform such an investigation also with the use of theother theoretical models, such

as the BRW99 and MK02 models. Furthermore, the scaling relation I considered here is

modelled for the FR IIs only. As suggested in Chapter 6, the discrepancy between the the-
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oretical predictions for the scaling relation and the estimates from X-ray observations may

arise due to the possibility that different sources are considered in each method. Because of

that, scaling relation for FR I radio sources should be theoretically investigated. Albeit, the

lack of simple analytical models of FR I radio source growth may impede this intent.

Finally, Chapter 4 requires more analysis to be performed before any conclusions can

be drawn. First of all, the morphological classification hasto be revisited; it is crucial to

estimate, as well as it is possible, above what linear size these extragalactic radio sources

can be morphologically classified without doubt. Moreover,a fraction of radio sources of

the full Best et al. sample is classified according to their affinity to LEG and HEG classes

(Best and Heckman, 2012). I plan to cross match such FR II sources; if based on the

two types (LEG, HEG) similarly sized sub-samples of FR II radio galaxies of each class

can be obtained, the two sub-samples can be modelled separately. Such treatment will

be invaluable to investigate whether there is any significant difference in the fundamental

parameters between LEG and HEG FR II radio galaxies. This canfurther lead to a question

whether the LEG/HEG classification of FR IIs is reminiscent of the state transitions known

to take place in X-ray binary systems (e.g. Kördinget al., 2006; Merloni and Heinz, 2008).

It will be of a great importance to shed more light on this issue.
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A
Influence of the Assumptions on the Results:

Maps of the Confidence Intervals

——————————–

The following appendix contains maps of the confidence intervals for all discussed cases

of the influence of the secondary assumptions on the semi-analytical model of radio source

growth and, what follows, the final results as discussed in detail in Chapter 2 and Chapter 3.

The tests were done for the powerful FR II radio sample of 3C and BRL catalogues only. The

best fitting parameters for each tested case are additionally listed. For in depth discussion

regarding these tests see§3.10. This material has been submitted to the Monthly Notices

of the Royal Astronomical Society as the Supplementary Online Material to A.D. Kapínska,

P. Uttley & C.R. Kaiser, ‘Fundamental properties of Fanaroff-Riley II radio galaxies inves-

tigated via Monte Carlo simulations’ (MNRAS 2012, accepted, in press).

——————————–
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A.1 Maximum head advance speed

In the full, detailed simulation run it is assumed that the head advance speed may not exceed

0.4c (referred to as the ‘initial’ case). To test how strong an effect such an assumption can

have on the results, the simulation has been re-run withvmax = 0.05c, vmax = 0.15c and

vmax= 0.8c.

The results are displayed in Fig. A.1 and Fig. A.2, and the best-fitting parameters are

listed in Table A.1. Only results for the non-evolving ModelS for redshiftsz1 < 0.3 and

0.8< z3 < 2.0 are presented. The results are discussed in§3.10.3.
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Table A.1: The best-fitting parameters for the non-evolving Model S fortwo redshift ranges,
where 0< z1 < 0.3 and 0.8< z3 < 2.0. For each case the one varying assumption, here the
maximum head advance speed, is quoted. Due to occurring degeneracies (discussed in§3.5)
one should always consult the corresponding confidence intervals (see Fig. A.1 and Fig. A.2).
The following standard deviations of log10(ρm) and log10(tmaxm) log-normal distributions are
used: log10(σρo) = 0.15 and log10(σtmax) = 0.05. 90 per cent errors are quoted.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

initial
vmax= 0.4c

z1 39.15+0.30
−0.30 0.6+0.3

−0.6 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.234
z3 39.90+0.60

−0.45 −1.7+1.7
−8.3 −20.0+2.0

−2.8 7.13+0.60
−1.05 0.925

vmax= 0.05c
z1 38.55+0.30

−0.30 0.7+0.4
−0.6 −21.8+2.4

−0.6 7.98+0.9
−0.15 0.166

z3 39.90+1.05
−0.30 −3.1+2.9

−2.5† −21.4+2.8
−0.2 6.83+0.75

−(<0.15)‡ 0.910

vmax= 0.15c
z1 38.70+0.30

−0.15 0.6+0.4
−0.5 −22.4+1.4

−0.6 7.68+0.6
−0.15 0.154

z3 40.05+0.75
−0.15 −3.9+3.8

−1.7† −22.4+3.2
−0.4 6.38+1.05

−0.15 0.937

vmax= 0.8c
z1 39.45+0.30

−0.30 0.6+0.3
−0.5 −24.0+0.3

−0.3 6.93+0.30
−0.30 0.233

z3 40.80+1.80
−0.30 −3.7+2.9†

−1.9 −24.0+1.0
−(<0.2)‡ 5.63+3.00

−(<0.15)‡ 0.940

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15,
and∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the
range border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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Figure A.1: 90 per cent confidence intervals for populations created with different as-
sumptions of the maximum head advance speeds of jets: 0.8c (orange), 0.4c (black),
0.15c (blue), and 0.05c (violet) in units of the light speedc. Results shown for redshifts
0< z1 < 0.3, and for Model S as described in Chapter 3. Findings are based on the 3CRR
and BRL data fits. The case when the maximum head advance speedis assumed to be 0.4c
is the initial, standard case analysed in depth in Chapter 3.The best fits, and goodness-
of-fit test results for each case are listed in Table A.1
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Figure A.2: 90 per cent confidence intervals for populations created with different as-
sumptions of the maximum head advance speeds of jets: 0.8c (orange), 0.4c (black),
0.15c (blue), and 0.05c (violet) in units of the light speedc. Results shown for redshifts
0.8 < z3 < 2.0, and for Model S as described in Chapter 3. Findings are based on the
3CRR and BRL data fits. The case when the maximum head advance speed is assumed
to be 0.4c is the initial, standard case analysed in depth in Chapter 3.The best fits, and
goodness-of-fit test results for each case are listed in Table A.1
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Figure A.2: continued.
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A.2 Population central densities distribution

The density of the medium in which a radio source grows is defined by a central density,

core radius and exponentβ (Eqn. 2.5). However, in the generation of the whole source

population it is assumed that the central densities are not the same for all sources, but are

randomly chosen from log-normal distribution. The standard deviation of this distribution

is investigated here.

It is initially assumed that the standard deviation of the log-normal central density distri-

bution isσlog10(ρo) = 0.15 (referred to as the ‘initial’ case). To test how strong an effect this

assumption has on the results, the simulation has been re-run with σlog10(ρo) = 0.0 (that is the

central density distribution is a delta function, all galaxies in the population have the same

central densityρo), σlog10(ρo) = 0.5, σlog10(ρo) = 0.75 andσlog10(ρo) = 1.0. The results are

displayed in Fig. A.3 and Fig. A.4, and the best-fitting parameters are listed in Table A.2.

Only results for the non-evolving Model S for redshiftsz1 < 0.3 and 0.8 < z3 < 2.0 are

presented. The results are discussed in detail in§3.10.1.
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Table A.2: The best-fitting parameters for the non-evolving Model S fortwo redshift ranges,
where 0< z1 < 0.3 and 0.8< z3 < 2.0. For each case the one varying assumption, here the stan-
dard deviation of the log-normal distribution of central densities, is quoted. Due to occurring
degeneracies (discussed in§3.5) one should always consult the corresponding confidenceinter-
vals (see Fig. A.3 and Fig. A.4). The following standard deviation of log10(tmaxm) log-normal
distribution is used: log10(σtmax) = 0.05. 90 per cent errors are quoted.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

initial
σlog10(ρ0) = 0.15

z1 39.15+0.30
−0.30 0.6+0.3

−0.6 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.234
z3 39.90+0.60

−0.45 −1.7+1.7
−8.3 −20.0+2.0

−2.8 7.13+0.60
−1.05 0.925

σlog10(ρ0) = 0.50

z1 38.55+0.30
−0.30 0.4+0.4

−0.6 −23.4+0.60
−0.60 7.38+0.3

−0.15 0.261
z3 40.35+0.45

−0.15 −4.3+4.1
−1.3† −24.4+4.2

−0.2 5.93+1.20
−(<0.15)‡ 0.972

σlog10(ρ0) = 0.75
z1 38.70+0.30

−0.30 0.4+0.4
−1.4 −23.8+1.0

−0.6 7.53+0.30
−0.30 0.459

z3 40.65+(<0.15)‡
−3.15 0.6+(<0.1)‡

−4.1 −24.4+(<0.2)‡
−0.2 6.53+(<0.15)‡

−0.6 0.884

σlog10(ρ0) = 1.00

z1 38.40+0.15
−0.15 0.4+0.2

−0.5 −23.8+0.2
−(<0.2)‡ 7.83+0.15

−(<0.15)‡ 0.684

z3 40.20+(<0.2)‡
−(<0.2)‡ 0.6+0.1

−(<0.1)‡ −24.00+(<0.2)‡
−(<0.2)‡ 6.08+(<0.15)‡

−(<0.15)‡ 0.996

σlog10(ρ0) = 0.00

z1 39.00+0.30
−0.30 0.6+0.3

−0.5 −23.0+0.60
−0.60 7.38+0.30

−0.30 0.179
z3 39.90+0.45

−0.45 −1.4+1.4
−4.2† −19.6+1.6

−2.4 7.28+0.45
−0.90 0.554

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15, and
∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the range
border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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Figure A.3: 90 per cent confidence intervals for populations created with different
assumptions on the standard deviation of the density log-normal distribution, where
σlog10(ρ0) = 0.0 (i.e. ρo is a delta function, drawn in red),σlog10(ρ0) = 0.15 (black),
σlog10(ρ0) = 0.50 (violet), σlog10(ρ0) = 0.75 (green), andσlog10(ρ0) = 1.0 (blue). Results
shown for redshifts 0< z1 < 0.3, and for Model S as described in Chapter 3. Findings are
based on the 3CRR and BRL data fits. The case where the standarddeviation is equal to
σlog10(ρ0) = 0.15 is the initial, standard case analysed in depth in Chapter3. The best fits,
and goodness-of-fit test results for each case are listed in Table A.2



A.2 Population central densities distribution 199

−4 −2 0 2

38
40

42
44

Lo
g 10

(Q
B
 / 

W
)

αs

−4 −2 0 2

38
40

42
44

−4 −2 0 2

38
40

42
44

−4 −2 0 2

38
40

42
44

−4 −2 0 2

38
40

42
44

Lo
g 10

(Q
B
 / 

W
)

6 7 8 9 10

38
40

42
44

Lo
g 10

(Q
B
 / 

W
)

Log10(tmax / yr)
6 7 8 9 10

38
40

42
44

6 7 8 9 10

38
40

42
44

6 7 8 9 10

38
40

42
44

6 7 8 9 10

38
40

42
44

Lo
g 10

(Q
B
 / 

W
)

Log10(tmax / yr)

Figure A.3: continued.
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Figure A.4: 90 per cent confidence intervals for populations created with different
assumptions on the standard deviation of the density log-normal distribution, where
σlog10(ρo) = 0.0 (i.e. ρo is a delta function, drawn in red),σlog10(ρo) = 0.15 (black),
σlog10(ρo) = 0.50 (violet), σlog10(ρo) = 0.75 (green), andσlog10(ρ0) = 1.0 (blue). Results
shown for redshifts 0.8< z3 < 2.0, and for Model S as described in Chapter 3. Findings
are based on the 3CRR and BRL data fits. The case where the standard deviation is equal
to σlog10(ρo) = 0.15 is the initial, standard case analysed in depth in Chapter3. The best
fits, and goodness-of-fit test results for each case are listed in Table A.2
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Figure A.4: continued.
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A.3 Jet particle content

The jet particle content, represented by the parameterk′ which is defined as a ratio of the

energy density of thermal particles to the energy density ofthe electrons (see Chapter 2),

is initially set tok′ = 0 in the simulations. This implies that jet is composed of lightweight

electron-positron plasma. To investigate how strong an effect an introduction of thermal

heavy particles to the radio source outflows has on the final results the simulation is re-run

with k′ ∈ [0;10], k′ ∈ [0;100], and finally withk′ = 100.

The results are displayed in Fig. A.5 and Fig. A.6, and the best-fitting parameters are

listed in Table A.3. Only results for the non-evolving ModelS for redshiftsz1 < 0.3 and

0.8< z3 < 2.0 are presented. The results are discussed in detail in§3.10.5.



A.3 Jet particle content 203

Table A.3: The best-fitting parameters for the non-evolving Model S fortwo redshift ranges,
where 0< z1 < 0.3 and 0.8< z3 < 2.0. For each case the one varying assumption, here the
particle content of the jet, is quoted. Due to occurring degeneracies (discussed in§3.5) one
should always consult the corresponding confidence intervals (see Fig. A.5 and Fig. A.6).
The following standard deviations of log10(ρm) and log10(tmaxm) log-normal distributions
are used: log10(σρo) = 0.15 and log10(σtmax) = 0.05. 90 per cent errors are quoted.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

initial
k= 0

z1 39.15+0.30
−0.30 0.6+0.3

−0.6 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.234
z3 39.90+0.60

−0.45 −1.7+1.7
−8.3 −20.0+2.0

−2.8 7.13+0.60
−1.05 0.925

k∈ [0,10]
z1 39.30+0.30

−0.30 0.4+0.4
−0.9 −23.2+0.8

−0.6 7.23+0.30
−0.30 0.284

z3 43.20+0.90†
−2.25 −3.0+0.9

−2.6† −23.4+(<0.2)‡
−0.2 5.78+(<0.15‡

−(<0.15)‡ 0.610

k∈ [0,100]
z1 38.70+0.75

−0.15 −1.8+2.4
−3.8† −22.8+2.6

−0.6 7.38+0.9
−0.3 0.339

z3 41.10+0.75
−0.75 −1.0+1.1

−4.6† −17.6+(<0.2)‡
−5.8 6.98+(<0.15)‡

−1.05 0.765

k= 100
z1 40.50+0.30

−0.30 0.6+0.3
−0.5 −22.6+0.8

−0.4 7.08+0.3
−0.15 0.193

z3 41.85+0.60
−0.45 −2.2+2.2

−3.4† −21.6+3.2
−0.6 6.08+0.75

−0.15 0.946

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15,
and∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the
range border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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Figure A.5: 90 per cent confidence intervals for populations created with different
assumptions on the particle content of the jet, wherek = 0 (lightweight jets, black),
k′ ∈ [0;10] (modest inclusion of protons in the jet, light green),k′ ∈ [0;100] (heavy jets,
blue), andk′ = 100 (heavy jets, orange). Results shown for redshifts 0< z1 < 0.3, and for
Model S as described in Chapter 3. Findings are based on the 3CRR and BRL data fits.
The case wherek′ = 0 is the initial, standard case analysed in depth in Chapter 3. The best
fits, and goodness-of-fit test results for each case are listed in Table A.3
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Figure A.5: continued.
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Figure A.6: 90 per cent confidence intervals for populations created with different as-
sumptions on the standard deviation of the density log-normal distribution, wherek′ = 0
(lightweight jets, black),k′ ∈ [0;10] (modest inclusion of protons in the jet, light green),
andk′ ∈ [0;100] (heavy jets, blue), andk′ = 100 (heavy jets, orange). Results shown for
redshifts 0.8< z3 < 2.0, and for Model S as described in Chapter 3. Findings are based on
the 3CRR and BRL data fits. The case wherek′ = 0 is the initial, standard case analysed
in depth in Chapter 3. The best fits, and goodness-of-fit test results for each case are listed
in Table A.3.
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Figure A.6: continued.
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A.4 Lorentz factors

It is initially assumed that the minimum Lorentz factor isγmin = 1, and the maximum is

γmax = 1010. Further, subsequently to the discussion in Chapter 2 and Chapter 3, the fol-

lowing combinations of the Lorentz factors were tested:

(1) γmin = 102 andγmax= 1010,

(2) γmin = 104 andγmax= 1010,

(3) γmin = 101 andγmax= 105.

The results are displayed in Fig. A.7 and Fig. A.8, and the best-fitting parameters are

listed in Table A.4. Only results for the non-evolving ModelS for redshiftsz1 < 0.3 and

0.8< z3 < 2.0 are presented. The results are discussed in detail in§3.10.4.
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Table A.4: The best-fitting parameters for the non-evolving Model S fortwo redshift ranges,
where 0< z1 < 0.3 and 0.8< z3 < 2.0. For each case the one varying assumption, here the min-
imum and maximum Lorentz factors of the electron distribution, is quoted. Due to occurring de-
generacies (discussed in§3.5) one should always consult the corresponding confidenceintervals
(see Fig. A.7 and Fig. A.8). The following standard deviations of log10(ρm) and log10(tmaxm)
log-normal distributions are used: log10(σρo) = 0.15 and log10(σtmax) = 0.05. 90 per cent errors
are quoted.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

initial
γmin = 1

γmax= 1010

z1 39.15+0.30
−0.30 0.6+0.3

−0.6 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.234
z3 39.90+0.60

−0.45 −1.7+1.7
−8.3 −20.0+2.0

−2.8 7.13+0.60
−1.05 0.925

γmin = 102

γmax= 1010

z1 37.95+0.45
−0.30 0.8+0.3

−0.6 −21.2+1.0
−1.0 8.43+0.45

−0.45 0.192
z3 40.35+0.60

−0.30 −1.8+1.4
−3.3 −23.4+1.0

−0.4 6.08+0.30
−0.15 0.954

γmin = 104

γmax= 1010

z1 37.95+0.30
−0.30 0.6+0.6

−0.8 −24.0+1.2
−0.6 7.53+0.6

−0.3 0.398
z3 39.15+0.6

−(<0.15)‡ −5.6+4.5
−(<0.1)‡ −24.6+0.6

−(<0.2)‡ 5.93+0.15
−(<0.15)‡ 0.917

γmin = 1
γmax= 105

z1 39.00+0.30
−0.15 0.4+0.4

−0.4 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.160
z3 40.20+0.60

−(<0.15)‡ −5.6+5.6
−(>0.15)† −23.4+4.0

−(<0.2‡) 5.93+1.50
−(<0.15)‡ 0.920

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15, and
∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the range
border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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Figure A.7: 90 per cent confidence intervals for populations created with different as-
sumptions on the standard deviation of the density log-normal distribution, where (i)
γmin = 1 andγmax= 1010 (black), (ii)γmin = 102 andγmax= 1010 (magenta), (iii)γmin = 104

andγmax= 1010 (violet), and(iv)γmin = 1 andγmax= 105 (green). Results shown for red-
shifts 0< z1 < 0.3, and for Model S as described in Chapter 3. Findings are based on
the 3CRR and BRL data fits. The case where the Lorentz factors are set toγmin = 1 and
γmax= 1010 is the initial, standard case analysed in depth in Chapter 3.The best fits, and
goodness-of-fit test results for each case are listed in Table A.4.
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Figure A.8: 90 per cent confidence intervals for populations created with different as-
sumptions on the standard deviation of the density log-normal distribution, where (i)
γmin = 1 andγmax = 1010 (drawn in black), (ii)γmin = 102 andγmax = 1010 (magenta),
(iii) γmin = 104 andγmax= 1010 (violet), and(iv)γmin = 1 andγmax= 105 (green). Results
shown for redshifts 0.8< z3 < 2.0, and for Model S as described in Chapter 3. Findings
are based on the 3CRR and BRL data fits. The case where the Lorentz factors are set to
γmin = 1 andγmax= 1010 is the initial, standard case analysed in depth in Chapter 3.The
best fits, and goodness-of-fit test results for each case are listed in Table A.4.
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Figure A.8: continued



214 Appendix A. Influence of the Assumptions on the Results: Confidence Intervals

A.5 Particle injection index

In the initial, full simulation run it is assumed that the initial particle injection indexm is

randomly generated for each source in a population from a uniform distribution ofm∈ [2;3]

(see§2.3.4 and§3.10.4 for discussion). The simulation has been re-run to test the accuracy

of this assumption, and the following values of the parameter mhave been considered:

(1) m= 2.3 (single value for all sources), and

(2) mo = 2.4 andσmo = 0.3 (Gaussian distribution with meanmo and standard deviation

σmo, note however that this distribution is taken as valid only between values 2 and 3).

The results are displayed in Fig. A.9 and Fig. A.10, and the best-fitting parameters are

listed in Table A.5. Only results for the non-evolving ModelS for redshiftsz1 < 0.3 and

0.8< z3 < 2.0 are presented. The results are discussed in detail in§3.10.4.
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Table A.5: The best-fitting parameters for the non-evolving Model S fortwo redshift ranges,
where 0< z1 < 0.3 and 0.8< z3 < 2.0. For each case the one varying assumption, here the
particle injection index, is quoted. Due to occurring degeneracies (discussed in§3.5) one
should always consult the corresponding confidence intervals (see Fig. A.9 and Fig. A.10).
The following standard deviations of log10(ρm) and log10(tmaxm) log-normal distributions are
used: log10(σρo) = 0.15 and log10(σtmax) = 0.05. 90 per cent errors are quoted.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

initial
uniform

distribution
m∈ [2;3]

z1 39.15+0.30
−0.30 0.6+0.3

−0.6 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.234
z3 39.90+0.60

−0.45 −1.7+1.7
−8.3 −20.0+2.0

−2.8 7.13+0.60
−1.05 0.925

single value
m= 2.3

z1 39.15+0.30
−0.15 0.6+0.3

−0.3 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.195
z3 40.05+0.45

−0.30 −0.6+0.8
−2.2 −19.8+1.8

−2.0 7.28+0.45
−0.75 0.940

Gaussian
distribution
mo = 2.4,
σmo = 0.3

z1 38.85+0.30
−0.30 0.6+0.3

−0.6 −22.8+1.0
−0.6 7.53+0.45

−0.30 0.210

z3 42.45+0.90
−1.80 −3.3+0.8

−2.3† −23.8+(<0.2)‡
−(<0.2)‡ 5.78+(<0.15)‡

−(<0.15)‡ 0.685

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15,
and∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the
range border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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Figure A.9: 90 per cent confidence intervals for populations created with different as-
sumptions on the particle injection index, where (i)m∈ [2;3] (uniform distribution, drawn
in black), (ii) m= 2.3 (single value, violet), and (iii)mo = 2.4 andσmo = 0.3 (green). Re-
sults shown for redshifts 0< z1 < 0.3, and for Model S as described in Chapter 3. Findings
are based on the 3CRR and BRL data fits. The case where the particle injection index is
assumed to be a uniform distribution, the case (i) above, is the initial, standard case anal-
ysed in depth in Chapter 3. The best fits, and goodness-of-fit test results for each case are
listed in Table A.5
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Figure A.9: continued
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Figure A.10: 90 per cent confidence intervals for populations created with different as-
sumptions on the particle injection index, where (i)m∈ [2;3] (uniform distribution, drawn
in black), (ii) m= 2.3 (single value, violet), and (iii)mo = 2.4 andσmo = 0.3 (green).
Results shown for redshifts 0.8 < z3 < 2.0, and for Model S as described in Chapter 3.
Findings are based on the 3CRR and BRL data fits. The case wherethe particle injection
index is assumed to be a uniform distribution, the case (i) above, is the initial, standard
case analysed in depth in Chapter 3. The best fits, and goodness-of-fit test results for each
case are listed in Table A.5.
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Figure A.10: continued
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A.6 Population maximum lifetimes distribution

The maximum age of that sources may reach during their lifetime is defined bytmax. How-

ever, in the generation of the whole population of sources itis assumed that the maximum

lifetime is not the same for each source, but are rather randomly chosen from log-normal

distribution. The standard deviation of this distributionis investigated here.

Initially it is assumed that standard deviation of the log-normal distribution of source

maximum ages isσlog10(tmax) = 0.05 (referred to as the ‘initial’ case). Further, the following

cases were tested:

(1) σlog10(tmax) = 0.3, and

(2) σlog10(tmax) = 0.6.

The results are displayed in Fig. A.11 and Fig. A.12, and the best-fitting parameters are

listed in Table A.6. Only results for the non-evolving ModelS for redshiftsz1 < 0.3 and

0.8< z3 < 2.0 are presented. The results are discussed in detail in§3.10.2.
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Table A.6: The best-fitting parameters for the non-evolving Model S fortwo redshift ranges, where 0< z1 < 0.3 and 0.8< z3 < 2.0. For each case the
one varying assumption, here the standard deviation of the population maximum ages, is quoted. Due to occurring degeneracies (discussed in§3.5) one
should always consult the corresponding confidence intervals (see Fig. A.11 and Fig. A.12). The following standard deviation of log10(ρm) log-normal
distribution is used: log10(σρo) = 0.15. 90 per cent errors are quoted.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

initial
σlog10(tmax) = 0.05

z1 39.15+0.30
−0.30 0.6+0.3

−0.6 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.234
z3 39.90+0.60

−0.45 −1.7+1.7
−8.3 −20.0+2.0

−2.8 7.13+0.60
−1.05 0.925

σlog10(tmax) = 0.30
z1 39.15+0.30

−0.30 0.6+0.3
−0.5 −23.4+1.0

−0.6 7.23+0.45
−0.30 0.201

z3 40.50+0.45
−(<0.15)‡ −5.4+4.1

−0.2† −23.8+1.0
−(<0.15)‡ 5.33+0.75

−(<0.15)‡ 0.801

σlog10(tmax) = 0.60
z1 39.30+0.30

−0.30 0.6+0.3
−0.4 −23.6+0.4

−0.6 7.23+0.15
−0.45 0.073

z3 39.60+0.45
−0.30 −2.5+2.0

−3.1‡ −17.4+(<0.2)‡
−(<0.2‡) 6.23+0.30

−(<0.15‡) 0.677

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15, and∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the range border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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Figure A.11: 90 per cent confidence intervals for populations created with different
assumptions on the standard deviation of the log-normal maximum lifetimes distribu-
tion of the sources, whereσlog10(tmax) = 0.05 (black), σlog10(tmax) = 0.3 (yellow), and
σlog10(tmax) = 0.6 (red). Results shown for redshifts 0< z1 < 0.3, and for Model S as de-
scribed in Chapter 3. Findings are based on the 3CRR and BRL data fits. The case where
the standard deviation is equal toσlog10(tmax) = 0.05 is the initial, standard case analysed in
depth in Chapter 3. The best fits, and goodness-of-fit test results for each case are listed in
Table A.6.
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Figure A.11: continued.
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Figure A.12: 90 per cent confidence intervals for populations created with different
assumptions on the standard deviation of the log-normal maximum lifetimes distribu-
tion of the sources, whereσlog10(tmax) = 0.05 (black), σlog10(tmax) = 0.3 (yellow), and
σlog10(tmax) = 0.6 (red). Results shown for redshifts 0.8 < z3 < 2.0, and for Model S as
described in Chapter 3. Findings are based on the 3CRR and BRLdata fits. The case
where the standard deviation is equal toσlog10(tmax) = 0.05 is the initial, standard case
analysed in depth in Chapter 3. The best fits, and goodness-of-fit test results for each case
are listed in Table A.6.
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Figure A.12: continued.
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A.7 A special case: combination of the minimum Lorentz factor

values and the case of heavy jets

It is initially assumed that the minimum Lorentz factor isγmin = 1, and the maximum is

γmax = 1010, and that the jets are lightweight, that is contain only electrons and positrons

(k′ = 0). Subsequently to the discussion in Chapter 2 and Chapter 3, the following combi-

nations of the Lorentz factors and the possible particle content of the outflow were tested:

(i) k′ ∈ (0,100), γmin = 102 andγmax= 1010,

(ii) k′ = 100,γmin = 102 andγmax= 1010,

(iii) k′ ∈ (0,100), γmin = 104 andγmax= 1010,

(iv) k′ = 100,γmin = 104 andγmax= 1010.

The results are displayed in Fig. A.13 and Fig. A.14, and the best-fitting parameters are

listed in Table A.4. Only results for the non-evolving ModelS for redshiftsz1 < 0.3 and

0.8< z3 < 2.0 are presented. The results are discussed in detail in§3.10.5.
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Table A.7: The best-fitting parameters for the non-evolving Model S fortwo redshift ranges, where 0< z1 < 0.3 and 0.8< z3 < 2.0. For each case the one
varying assumption, here the standard deviation of the population maximum ages, is quoted. Due to occurring degeneracies (discussed in§3.5) one should
always consult the corresponding confidence intervals (seeFig. A.11 and Fig. A.12). The following standard deviationsof log10(ρm) and log10(tmaxm)
log-normal distributions are used: log10(σρo) = 0.15 and log10(σtmax) = 0.05. 90 per cent errors are quoted.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

initial
γmin = 1, k′ = 0

z1 39.15+0.30
−0.30 0.6+0.3

−0.6 −23.4+0.6
−0.4 7.23+0.30

−0.15 0.234
z3 39.90+0.60

−0.45 −1.7+1.7
−8.3 −20.0+2.0

−2.8 7.13+0.60
−1.05 0.925

γmin = 102, k′ ∈ (0,100)
z1 38.85+0.45

−0.45 −0.3+1.0
−1.6† −23.0+1.4

−0.8 7.38+0.60
−0.45 0.390

z3 40.65+0.45
−0.45 −1.1+0.8

−2.5 −17.2+(<0.2‡)
−(<0.2‡) 7.13+(<0.15‡)

−(<0.15‡) 0.824

γmin = 102, k′ = 100
z1 40.05+0.30

−0.30 0.6+0.3
−0.5 −22.6+0.6

−0.6 7.23+0.30
−0.15 0.240

z3 41.55+0.6
−0.45 −1.5+1.6

−2.7 −22.2+2.8
−0.2 6.08+0.9

−(<0.15)‡ 0.970

γmin = 104, k′ ∈ (0,100)
z1 37.80+0.9

−0.15 −5.0+5.7†
−0.6† −24.6+2.6

−(<0.2)‡ 7.08+1.2
−(<0.15)‡ 0.312

z3 38.85+1.2
−0.45 −2.9+3.2

−2.7† −18.2+0.8
−3.4 7.88+0.15

−0.90 0.901

..continued on page 232.
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Figure A.13: 90 per cent joint confidence intervals for radio galaxy populations created
with various assumptions on the minimum energy of the initial particle distribution and
the particle content of the jet. The following cases are plotted: (i) k′ = 0, γmin = 1 and
γmax= 1010 (solid, black, the default case), (ii)k′ ∈ (0,100), γmin = 102 andγmax= 1010

(solid, red), (ii)k′ = 100, γmin = 102 andγmax = 1010 (solid, orange), (iv)k′ ∈ (0,100),
γmin = 104 andγmax = 1010 (solid, green), and (v)k′ = 100,γmin = 104 andγmax = 1010

(solid, blue). For reference plotted are the cases where (a)k′ = 100,γmin = 1 andγmax=
1010 (dotted, dark grey, see also Figure A.7), and (b)k′ = 0, γmin = 104 andγmax= 1010

(dotted, light grey, see also Figure A.9). Results shown forredshifts 0< z1 < 0.3, and for
Model S as described in Chapter 3. Findings are based on the 3CRR and BRL data fits.
The best fits, and goodness-of-fit test results for each case are listed in Table A.7.
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Figure A.13: continued.
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Figure A.14: 90 per cent joint confidence intervals for radio galaxy populations created
with various assumptions on the minimum energy of the initial particle distribution and
the particle content of the jet. The following cases are plotted: (i) k′ = 0, γmin = 1 and
γmax= 1010 (solid, black, the default case), (ii)k′ ∈ (0,100), γmin = 102 andγmax= 1010

(solid, red), (ii)k′ = 100, γmin = 102 andγmax = 1010 (solid, orange), (iv)k′ ∈ (0,100),
γmin = 104 andγmax = 1010 (solid, green), and (v)k′ = 100,γmin = 104 andγmax = 1010

(solid, blue). For reference plotted are the cases where (a)k′ = 100,γmin = 1 andγmax=
1010 (dotted, dark grey, see also Figure A.8), and (b)k′ = 0, γmin = 104 andγmax= 1010

(dotted, light grey, see also Figure A.10). Results shown for redshifts 0.8< z3 < 2.0, and
for Model S as described in Chapter 3. Findings are based on the 3CRR and BRL data fits.
The best fits, and goodness-of-fit test results for each case are listed in Table A.7.



A.7 A special case: combination of the minimum Lorentz factor values and the case of
heavy jets 231

Lo
g 10

(Q
B
 / 

W
)

αs

−4 −2 0 2

38
40

42
44

(b)

−4 −2 0 2

38
40

42
44

(a)

−4 −2 0 2

38
40

42
44

−4 −2 0 2

38
40

42
44

−4 −2 0 2

38
40

42
44

−4 −2 0 2

38
40

42
44

−4 −2 0 2

38
40

42
44

Lo
g 10

(Q
B
 / 

W
)

Log10(tmaxm / yr)

6 7 8 9 10

38
40

42
44

(b)

6 7 8 9 10

38
40

42
44

(a)

6 7 8 9 10

38
40

42
44

6 7 8 9 10

38
40

42
44

6 7 8 9 10

38
40

42
44

6 7 8 9 10

38
40

42
44

6 7 8 9 10

38
40

42
44

Figure A.14: continued.
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Table A.8: Continued.

z QB αs ρm tmaxm p−value
[log(W)] [log(kg m−3)] [log(yr)]

γmin = 104, k′ = 100
z1 39.3+0.30

−0.30 0.4+0.4
−0.7 −23.8+0.6

−0.4 7.08+0.30
−0.15 0.288

z3 40.20+1.35
−(<0.15)‡ −5.4+5.5

−0.2† −23.6+4.0
−(<0.2‡) 5.93+1.5

−(<0.15‡) 0.867

Notes.The resolution of the results is∆log10(ρo) = 0.2, ∆log10(QB) = 0.15,∆log10(tmax) =0.15, and∆αs = 0.1.
† For errors which may be extending beyond the searched ranges (see Table 3.2) value up to the range border is quoted.
‡ If errors are smaller than their respective resolution, value of< ∆ is quoted.
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Multicomponent Sources in the WENSS

Catalogue

——————————–

The following appendix contains a list of multicomponent sources which were attempted

to be matched to the SDSS-FIRST-NVSS sample and were mislabelled in the WENSS cata-

logue. For details see§4.3.2 in Chapter 4.

——————————–
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Table B.1: Multicomponent sources in the WENSS survey catalogue. Column 6 (Comm.)
gives information whether the sources have been marked as multicomponent source (M)
in the WENSS catalogue, or a single source (S). A ‘match’ means that a radio galaxy
from Best et al. FR II sub-sample has been matched to a particular component(s) or single
source(s). ‘Yes/No’ indicates whether the multicomponentor single source label has been
applied correctly in the WENSS survey catalogue, or whethernot. Only these sources
which are erroneously labelled as multicomponent in the WENSS catalogue and which
have been attempted to be matched to the Best et al. FR II sub-sample are listed. The
quoted redshifts are taken from the Best et al. FR II sub-sample. For details see§4.3.2 in
Chapter 4.

Source name Redshift RA (J2000) Dec (J2000) Flux Comm.
(based on B1950 (z) [WENSS] [WENSS] density
coordinates) [mJy]

WNB1523.0+2951 15 25 07.01 +29 40 31.2 M, Yes†
WNB1523.0+2951A 0.1114 15 25 05.06 +29 40 59.3 124 match
WNB1523.0+2951B 0.1114 15 25 07.55 +29 39 36.1 121 match
WNB1523.0+2951C 15 25 11.37 +29 41 48.4 54

WNB0836.9+2959 08 40 01.71 +29 48 58.9 M, No
WNB0836.9+2959A 08 40 00.63 +29 49 47.2 280
WNB0836.9+2959B 0.0648 08 40 01.77 +29 48 54.5 1790 match

WNB1512.0+3021 15 14 06.28 +30 10 26.4 M, No
WNB1512.0+3021A 0.0932 15 14 04.06 +30 08 50.5 215 match
WNB1512.0+3021B 15 14 08.44 +30 11 58.7 210

WNB1428.0+3059 14 30 12.1 +30 45 56.1 M, No
WNB1428.0+3059A 0.1292 14 30 10.5 +30 44 31.0 110 match
WNB1428.0+3059B 14 30 13.0 +30 46 44.3 161

WNB1510.1+3101 0.0896 15 12 12.06 +30 50 22.6 82 S, No – match
WNB1509.9+3101 0.0896 15 11 58.85 +30 50 17.0 106 S, No – match

WNB0828.3+3229 08 31 27.40 +32 19 29.9 M, Yes†
WNB0828.3+3229A 0.0512 08 31 22.08 +32 18 43.7 2543 match
WNB0828.3+3229B 08 31 22.66 +32 23 49.5 280
WNB0828.3+3229C 0.0512 08 31 34.79 +32 20 26.4 2039 match
WNB0828.3+3229D 08 31 46.66 +32 19 19.8 34

continued on next page
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Table B.1: Continued.

Source name Redshift RA (J2000) Dec (J2000) FluxComm.
(based on B1950 (z) [WENSS] [WENSS] density
coordinates) [mJy]

WNB1309.5+4114 13 11 46.82 +40 58 51.2 M, Yes†
WNB1309.5+4114A 0.1103 13 11 42.00 +40 56 26.8 610 match
WNB1309.5+4114B 0.1103 13 11 43.95 +41 00 11.9 465 match
WNB1309.5+4114C 13 11 44.05 +41 01 42.2 518
WNB1309.5+4114D 13 12 01.35 +40 57 08.1 392

WNB0912.6+4140 09 15 49.83 +41 28 24.6 M, No
WNB0912.6+4140A 09 15 44.42 +41 27 59.2 436
WNB0912.6+4140B 0.1510 09 15 57.89 +41 29 02.6 300 match

WNB0827.7+4157 08 31 09.15 +41 47 15.1 M, Yes†
WNB0827.7+4157A 0.1320 08 31 01.82 +41 47 54.5 170 match
WNB0827.7+4157B 08 31 03.04 +41 45 16.1 50
WNB0827.7+4157C 0.1320 08 31 13.19 +41 47 09.6 323 match

WNB1513.1+4212 15 14 55.09 +42 01 03.3 M, No
WNB1513.1+4212A 0.1349 15 14 53.91 +42 00 48.1 616 match
WNB1513.1+4212B 15 15 04.00 +42 02 58.7

WNB1015.4+4624 10 18 31.45 +46 09 02.2 M, Yes†
WNB1015.4+4624A 0.1654 10 18 24.84 +46 09 01.3 69 match
WNB1015.4+4624B 0.1654 10 18 37.35 +46 09 21.4 56 match
WNB1015.4+4624C 10 18 38.49 +46 07 57.3 19

WNB0926.2+4639 09 29 30.27 +46 26 03.0 M, Yes†
WNB0926.2+4639A 09 29 24.96 +46 24 48.0 44
WNB0926.2+4639B 0.1679 09 29 30.15 +46 26 01.7 24 match
WNB0926.2+4639C 0.1679 09 29 35.84 +46 27 31.0 29 match

WNB0823.7+4645 08 27 17.03 +46 35 40.9 M, Yes†
WNB0823.7+4645A 08 27 06.42 +46 36 14.8 31
WNB0823.7+4645B 0.1249 08 27 12.82 +46 35 25.9 121 match
WNB0823.7+4645C 0.1249 08 27 22.20 +46 35 46.9 130 match

WNB1023.2+5444 10 26 24.54 +54 29 11.7 M, No
WNB1023.2+5444A 10 26 24.50 +54 29 08.6 609 match
WNB1023.2+5444B 10 26 26.71 +54 31 06.7 31

continued on next page
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Table B.1: Continued.

Source name Redshift RA (J2000) Dec (J2000) FluxComm.
(based on B1950 (z) [WENSS] [WENSS] density
coordinates) [mJy]

WNB1043.4+5451 10 46 31.76 +54 36 02.3 M, Yes†
WNB1043.4+5451A 0.1447 10 46 22.01 +54 37 46.8 166 match
WNB1043.4+5451B 0.1447 10 46 25.75 +54 37 07.8 292 match
WNB1043.4+5451C 10 46 31.59 +54 33 02.9 31
WNB1043.4+5451D 0.1447 10 46 39.39 +54 34 45.0 417 match

WNB1333.1+5858 13 35 00.67 +58 43 02.7 M, No
WNB1333.1+5858A 0.1567 13 34 51.73 +58 41 21.5 33
WNB1333.1+5858B 13 35 00.78 +58 43 04.4 1277 match

WNB1218.4+6356 12 20 48.66 +63 39 59.9 M, Yes†
WNB1218.4+6356A 0.1875 12 20 26.59 +63 42 56.0 391 match
WNB1218.4+6356B 0.1875 12 20 47.39 +63 40 40.6 125 match
WNB1218.4+6356C 0.1875 12 20 53.77 +63 40 25.8 258 match
WNB1218.4+6356D 12 21 03.58 +63 37 19.4 481

WNB1713.0+6407 17 13 23.5 +64 03 47.3 M, No
WNB1713.0+6407A 17 13 06.7 +64 06 43.8 216
WNB1713.0+6407B 0.0784 17 13 29.2 +64 02 51.2 602 match

Notes. † A multicomponent source, but too many components declared. Some of the
components may be separate sources.



C
Fourier Transform and its Application

to Radio Interferometry

——————————–

Radio interferometry has been born in 1940s, when difficultyin reaching high resolutions of

radio observations while using only single dish telescopeslead to development of technique

called aperture synthesis. In this appendix I briefly outline the mathematical foundations

of the Fourier transformations which the technique of aperture synthesis is based on. I also

briefly highlight the relationships between the observing radio frequencies, interferometer

configurations, radio source models and the resolution. Thefollowing discussion is based

predominantly on Bracewell (1979), Tayloret al.(1999) and Sasao and Fletcher (2005).

——————————–
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C.1 Mathematical foundations

The Fourier transform originates in the generalisation of the so-called Fourier series, which,

studied by Joseph Fourier in 19th century, is an expression of a periodic function f (x)

represented in terms of summation (integration) of simple sine and cosine functions. The

Fourier series of a functionf (x) is given by

f (x) =
an=0

2
+

∞

∑
n=1

ancos(nx)+
∞

∑
n=1

bnsin(nx), (C.1)

where the termsan andbn, the Fourier sine and cosine coefficients, are defined such that

an = π−1 ∫ π
−π f (x) cos(nx) dx andbn = π−1 ∫ π

−π f (x) sin(nx) dx.

For simplification reasons and to allow for inclusion of complex coefficients, the Euler’s

formula given by

e2π iθ = cos(2πθ)+ i sin(2πθ) (C.2)

is often used to express the Fourier series and the Fourier transform. Hence, in general

terms, the Fourier transform,F(ξ ), of the periodic functionf (x) ∈R, wherex∈ (−∞,∞),

is defined as follows

F(ξ ) =
∫ ∞

−∞
f (x)e−2π iξxdx, (C.3)

and its inverse is given by

f (x) =
∫ ∞

−∞
F(ξ )e2π iξxdξ . (C.4)

One must bear in mind that through the use of the Euler’s formula the Fourier coefficients

become of complex type. The Fourier transform allows one to covert function ofx into a

function of ξ , whatever the two parameters represent. Examples of the Fourier transform

applications are discussed in the next section.

To present how the Fourier transform works, below I considertwo examples: the Fourier

transform of a delta function and of a Gaussian function. These examinations will be further

referred to in the discussion of§C.2.1.

Delta function. The Dirac’s delta function (δ (x), δ−function) for anyx ∈ R is defined

such that

δ (x) =

{

+∞ for x= 0

0 for x 6= 0,
(C.5)
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and the following is also satisfied

∫ ∞

−∞
δ (x)dx= 1. (C.6)

Formally the function is a distribution or a measure rather than a mathematical function. In

signal processing the delta function is referred to as the impulse symbol, while in image

processing it represents the ideal point source.

The Fourier transform of theδ−function is well defined and is given by

F(ξ ) =
∫ ∞

−∞
e−2π iξxδ (x)dx= 1. (C.7)

Hence the resulting spectrum of this special function is uniform and independent of theξ
parameter.

Gaussian function. For anya,µ ,σ ∈N, the Gaussian function is given by

g(x) = ae−
(x−µ)2

2σ2 . (C.8)

The Fourier transform of such general Gaussian function,G(ξ ), can be easily derived, as it

is presented below.

G(ξ ) =

∫ ∞

−∞
g(x)e−2π iξxdx (C.9)

= a
∫ ∞

−∞
e−

(x−µ)2

2σ2 e−2π iξxdx (C.10)

= a
∫ ∞

−∞
e
−
(

x−µ√
2σ

+
√

2π iξσ
)2

e
√

2π iξ µ−2(πξσ)2
dx (C.11)

Changing the differential from dx to dz, wherez=
(

x−µ
2σ +

√
2π iξ σ

)

, one gets dx= 2σdz,

and thus the transform becomes

G(ξ ) = 2σae
√

2π iξ µ−2(πξσ)2
∫ ∞

−∞
e−z2

dz (C.12)

= 2
√

πσae
√

2π iξ µ−2(πξσ)2
. (C.13)

That is, for a Gaussian function of a formg(x) = e−x2/σ2
, wherea = 1 and µ = 0, its

Fourier transform will beG(ξ ) =
√

πσe−π2ξ 2σ2
. The Fourier transform of a Gaussian

function is another Gaussian function but with width parameter different from the origi-

nal by 1/(σ
√

π). Examples of this particular transform are plotted in Figure C.1 along the

discussion of§C.2.1 on the implications of using this transform in radio interferometry.
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Figure C.1: Two sample Gaussian aperture field distributions (top) and their Fourier trans-
forms (middle). The two Gaussian distributions differ only in their assumed varianceσ2,
whereσ2

red > σ2
blue, and for both casesa = 1 andµ = 0 (Eqn. C.8). The resolution is

then defined as the full width at half maximum power of the resulting beam, that is the
Fourier transformed distributions (bottom), and will be different for each of the analysed
here Gaussians. Note that thebottompanel is the same as themiddleone, but replotted
to allow for more detailed investigation. Note, that only amplitudes are plotted and the
sidelobe problem is ignored in this example.
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C.2 Application to radio interferometry

In signal processing the Fourier transform is defined in terms of time (t) and frequency (ν)

domain (the time-frequency analysis), that isx = t andξ = ν . For a signalf (t) sampled

over a given time interval its Fourier transformed representation is known as the frequency

spectrum (or power spectrum). The complex form of the Fourier coefficients is interpreted

here as an amplitude of the wave (cosines,ℜ[F(ν)]) and its phase (sines,ℑ[F(ν)]).
Below I focus specifically on the image processing, often referred to as the synthesis

imaging or the aperture synthesis, which is directly applied to radio interferometry.

C.2.1 Image processing

Image processing is a part of a subset of large family of signal processing applications.

Once the radio signal has been recorded, and the data is collected from the radio telescopes,

ideally one would like to image the observations. In this special case again the Fourier

transform is used. In the conventional notation of Fourier transform of signal processing

one transforms the waveformF(t) measured at timesti into the frequency spectrumf (ν)
over the frequenciesνi . The Fourier transform works analogically for the case of radio

antennae, where the aperture field distributionE(x/λ ) measured over the aperture distances

(x/λ )i (in units of wavelengths) is transformed into the so-calledfield radiation patternP(s)

measured over the direction sines= sin(Θ).

The Fourier transform of an aperture distributionE(x/λ ) is of the following form

E(x/λ ) = P(s)e2π ixs/λ , (C.14)

wheres is a direction function, and specificallys= sinΘ. Θ is interpreted as the angle

at which a radio source is observed (see also Chapter 1:§1.4) and, unlike in the case of

the conventional frequency domain of the Fourier transform, is periodic over the interval

Tθ ∈ [0,2π]. The amplitude component of the resulting distribution is constant over the

whole aperture; however, the phase changes. Two examples ofsuch Fourier transforms are

shown in Figure C.1. The aperture field distribution is arbitrarily chosen to be Gaussian, and

the two examples differ only in their assumed varianceσ2, where specificallyσ2
red> σ2

blue

in Figure C.1. The Fourier transforms of the two distributions will be Gaussian distributions

but much narrower than the original functions. As already shown in the derivation of the

Fourier transform for a Gaussian function, if the aperture dimensions are scaled up/down

(e.g. by introducingx= axa1) while no change to the aperture distribution pattern is done

(E(axa1/λ )), then the field radiation pattern is compressed by the magnitude of that scaling

factor (P(s/a)/|a|). Clearly, the wider the aperture the narrower the beam. (Note, that only

amplitudes are plotted and I ignored the sidelobe problems in this example). The resolution

(θres) of the interferometer is then defined as the full width at half maximum (FWHM)

power of the resulting beam, and is marked in the bottom panelof Figure C.1.



242 Appendix C. Fourier Transform and its Application to Radio Interferometry

The response of radio interferometer is a convolution of thebeam (power/radiation pat-

tern) with the signal recorder from the radio source. The measurements of the radio inter-

ferometer are then traced on the(u,v) plane, which is the measured visibility domain (see

Chapter 1:§1.4 for brief discussion on measuring the visibilities by radio interferometers

and the coordinate systems used). Radio imaging is at this point an inverse process, where

the distribution of measured visibilities is known and one wants to find the true sky bright-

ness. One of the techniques used in this inverse problem for asingle source at the phase

centre is model fitting1 where, given the visibility distribution, one attempts to fit to it a

parametric model of the sky brightness distribution (intensity distribution). Let us consider

two of such model components, a point source, which is represented by a delta function,

and an extended radio source that can be fitted with a symmetric Gaussian. If such a model

component is centred at the origin of the(l ,m) plane and is a function of
√

l2+m2, its

Fourier transform will be measured on the(u,v) plane as a function of
√

u2+v2. For a

point source, its Fourier transform will be constant, and soindependent of theu,v distance

(§C.1). However, in the case of the extended source which can befitted with a Gaussian,

the amplitude of the visibility function (the Fourier transformed model distribution) will

depend on theu,v distance, that is the interferometer baseline. This effectcauses that for

the longest baselines of the interferometer array, the visibility amplitudes of the considered

source will be significantly weaker as compared to the shortest baselines of the array, and

the source may be resolved out if its angular size is larger than the visibility spacing which

is given byλ/Dbaselinesin(Θ) (refer also to Chapter 1:§1.4).

Two outcomes of the above discussion should be highlighted here. Firstly, for the same

interferometer observing at the same radio frequencies butat different configurations (which

will lead to different maximum baselines) the resulting resolution of the final radio images

will be different. Secondly, if two sets of observations areperformed at two different fre-

quencies, but allowing for different maximum baseline in each case so that the resolutions

of their respective final radio images will be similar, the flux densities of their observed ra-

dio sources must be corrected as some of the flux density at oneof these frequencies may be

missed (resolved out). The latter issue is particularly relevant to the work done in Chapter 4,

where samples from two radio surveys have been matched together (the NVSS and WENSS

surveys)

1Note however, that for problems more complex than a single source field, typically a range of deconvo-
lution techniques is used. These techniques include for example CLEAN deconvolution procedure (Högbom,
1974) and its modifications (e.g. Clark, 1980; Schwab, 1984), maximum entropy method (MEM; Cornwell
and Evans, 1985; Narayan and Nityananda, 1986), as well as recently developed adaptive scale pixel (ASP)
algorithm (Bhatnagar and Cornwell, 2004).



D
Maximum Likelihood Method

——————————–

Cash (1979) showed that using the popularχ2 minimisation estimator to find the best fitting

parameters of a model is erroneous if dealing with sparse binned data; the method required

at least 10 data counts in each considered bin. In this study one often must deal with empty

data bins and hence the standardχ2 method is not applicable. In this appendix I introduce

the basics of the method of maximum likelihood estimation, and present a derivation of its

form for Poisson distributed data. The derivation is trivial and can be easily reproduced

(consult relevant textbooks). The maximum likelihood method (MLM) is considered to be

robust, and is applicable to most models and different typesof data.

——————————–
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D.1 The principles of Maximum Likelihood Estimator

Let x be a variable, a sample ofN observations, coming from an unknown probability

density functionfo(x). However,fo(x) is part of a parametric family of distributionsf (x|θ),
and θ ∈ Θ, so that fo(x) = f (x|θo), andΘ denotes the set of all allowed values for the

considered parameter (hereθ ). A parametric families of distributions, by definition, can be

described with a finite number of constant parameters (whichare to be estimated) denoted

as anm-dimensional parameterθ = (θ1,θ2, ...,θm). Thenθo is the unknown ‘true value’

of the parameter, and the aim is, by varyingθ , to find the maximum likelihood estimator

(MLE) θmle which is going to be as close to the true value as possible.

The joint density function for all observations is

f (x1,x2, ...,xN|θ) = f (x1|θ)× f (x2|θ)× ...× f (xN|θ). (D.1)

If, at this point, observationsx are considered to be ‘fixed’, the parameterθ is the one to

be estimated. It is done by allowingθ to vary freely in order to maximise the product in

Eqn. (D.1). Hence the likelihood function is given by

L= L(θ |x) =
N

∏
i=1

f (xi |θ), i = 1,2, ...N. (D.2)

Often the maximum likelihood method is used in its logarithmic form, where

ln(L) = ln[L(θ |x)] =
N

∑
i=1

f (xi |θ), i = 1,2, ...N, (D.3)

and is referred to as the log-likelihood.

The MLE is found by findingθ that maximisesL or ln(L), that is

θmle = arg max[L(θ |x1, ...,xN)] (D.4)

or

θmle = arg max{ln[L(θ |x1, ...,xN)]}. (D.5)

D.2 Application to Poisson distributed data

The Poisson distribution is defined such that

f (k;λ ) =
λke−λ

k!
, (D.6)

whereλ denotes the mean of the distribution, and it is equal to the expected number of

occurrences of an event, andk denotes the actual number of occurrences of the event. Note

thatλ is always positive,λ > 0, andk is non-negative, that isk∈ 0,1, ...,N, whereN is the
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maximum of occurrences that has happened in an experiment.

Applying this distribution to Equation D.3 one gets

ln(L) = ln

(

N

∏
i=1

f (ki ;λ )

)

=
N

∑
i=1

ln

(

λ ki e−λ

ki !

)

=
N

∑
i=1

[

ln(λ ki )+ ln(e−λ )− ln(ki !)
]

=−Nλ + ln(λ )
N

∑
i=1

(ki)−
N

∑
i=1

ln(ki !).

(D.7)

Hence, for a continuous function, where the probability density function f (k;λ ) is known,

the MLEλ can be found by equating the first derivative of Eqn. D.7 to zero, that is

∂ (ln(L))
∂λ

=
∂

∂λ

(

−Nλ + ln(λ )
N

∑
i=1

(ki)−
N

∑
i=1

ln(ki !)

)

= 0. (D.8)

Solving the equation one gets

∂ (ln(L))
∂λ

=−N+
1
λ

N

∑
i=1

(ki) = 0, (D.9)

and finally

λmle=
1
N

N

∑
i=1

(ki). (D.10)

If, however, the probability density function of the data set is not known, which is the case in

this project, one needs to investigate the so-called binnedMLM. In such a case, a likelihood

histogram needs to be constructed. This likelihood histogram has the same form as the

likelihood given in Eqn. D.7. Rewriting and re-organising the equation one may get

ln(L) =
N

∑
i=1

[ki ln(λi)−λi − ln(ki !)] , (D.11)

but nowN is the number of bins,ki is the number of occurrences of the event in eachi bin,

andλi is the expected number of occurrences (the true value, whichin such a modelling will

come from some underlying model) in each bin. The maximum likelihood is found through

re-calculation of Eqn. D.11 with a range of different valuesof λi.





E
Cosmology

——————————–

In the following appendix I give a summary of the cosmological background that has been

silently assumed in this work. Cosmological equations usedin some of the calculations of

this thesis are listed and briefly discussed, and the most important parameters are defined.

The following appendix contains advance textbook physics,and the reader is referred to

any cosmology textbook, e.g. Peacock (1999), Ryden (2003).

——————————–
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E.1 Some fundamental formulae

The cosmological model assumed in this work is theΛ Cold Dark Matter (ΛCDM) model

(often referred to as standard model). The model assumes flatspatial geometry of the Uni-

verse, non-zero cosmological constant (Λ), the existence of cold dark non-baryonic matter

which dominates the total mass of the Universe, and a small baryonic matter component.

TheΛCDM model uses the Friedmann-Lemaı̂tre-Robertson-Walker(FLRW) metric.

The Friedmann equation, expressed in terms of Hubble parameter (H), states that

H2
0 =

8πGε0

3c2 − kc2

a(t0)2 +
Λ
3

(E.1)

whereG is the Newton’s gravitational constant,ε0 is the critical energy density,k describes

the curvature of the Universe (ifk= 0 the Universe is flat, ifk=−1 it is closed, and ifk= 1

it is open),a(t) is a scale factor, andc denotes the speed of light. The subscript 0 indicates

that the value of the relevant parameter is at the redshiftz= 0. The Hubble parameter is

defined as

H0 ≡
(

ȧ(t0)
a(t0)

)

, (E.2)

and the scale factor represents the relative expansion of the Universe

a(t) =
1

1+z
. (E.3)

Clearly, atz= 0, the scale factor isa(t0) = 1.

The second Friedmann equation, sometimes called the Friedmann acceleration equation,

states that

Ḣ0+H2
0 =

ä(t0)
a(t0)

=−4πG
3c2 (ε0+3p)+

Λ
3
, (E.4)

whereä is scale factor’s second derivative, andp denotes pressure.

The Friedmann equations describe the expansion of the Universe, assuming that the

Universe is homogeneous and isotropic (the cosmological principle). They are derived from

the Einstein’s field equations of gravitation (refer to physics textbooks on the general theory

of relativity).

Often, the so-called density parameter (Ω) is introduced, which is defined as a ratio

of the actual density (ρ) to the critical density (ρcrit). The overall density parameter may

be further divided into the matter density parameter (ΩM , includes both dark and baryonic

matter density), the vacuum density parameter (the cosmological constant,ΩΛ), the spatial

curvature density parameter (Ωk), and the radiation density parameter (ΩR), where

ΩR ≡ ρR

ρcrit
, ΩM ≡ ρM

ρcrit
, ΩΛ ≡ ρΛ

ρcrit
, Ωk = 1−Ω, (E.5)
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and

Ω = ΩR+ΩM +ΩΛ +Ωk. (E.6)

The values given for all of these parameters refer to the density ratios as of today (i.e.

z= 0). The current measurements of the parameters are reportedto be as followsH0 =

70.4+1.5
−1.6 km s−1 Mpc−3, ΩM = 0.268± 0.018, Ωb = 0.0044± 0.0007 (baryonic density),

where a model that assumesΩΛ = 1−ΩM, Ωk = 0 andΩR = 0 is adopted (quoted values

are based on the three-year WMAP1 results only, Spergelet al., 2007).

The critical density can be found from the Friedmann equation. Assuming that the

Universe is flat (k= 0), and thatΛ = 0 (one will obtain the most basic from the Friedmann

universes, which is ideal for comparison), the critical density becomes

ρcrit,0 =
3H2

0

8πG
. (E.7)

And allowing for redshift evolution in our Universe, the expression becomes

ρcrit =
3H2(z)
8πG

. (E.8)

It is can be seen now that the Friedmann equation can be expressed in terms of density

parameters such that

H2(z) = H2
0(ΩR(1+z)4+ΩM(1+z)3+Ωk(1+z)2+ΩΛ)

1/2. (E.9)

E.2 Luminosity at cosmological distances

The observed radio luminosity (Lνobs) of a source is found with

Lνobs = 4πd2
L(z)Sνobs, (E.10)

whereSνobs is the source’s observed flux density, anddL denotes the so-called luminosity

distance of the source at the redshiftz. The luminosity distance is related to the metric (dM)

and angular (dA) distance measures through

dL(z) = dM(z)(1+z) = dA(z)(1+z)2. (E.11)

1Wilkinson Microwave Anisotropy Probe (http://map.gsfc.nasa.gov/).
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Further, the metric distance can be found with the comoving distance (dC)

dM(z) =























dH

Ω1/2
k

sinh

(

Ω1/2
k dC(z)

dH

)

if Ωk > 0

dC(z) if Ωk = 0
dH

(−Ωk)1/2 sin
(

(−Ωk)
1/2dC(z)
dH

)

if Ωk < 0,

(E.12)

and wheredH = c/H(z) denotes the Hubble distance. The comoving distance (dC), on the

other hand, is defined as

dC(z) = dH

∫ z′

0

z
E(z)

dz=
c

H0

∫ z′

0

z
E(z)

dz, (E.13)

whereE(z) is expressed as

E(z) = (ΩM(1+z)3+Ωk(1+z)2+ΩΛ)
1/2. (E.14)

Hence, for the special case of the flat matter-dominated Universe (Ωk = 0) one gets the

luminosity distance in the following form

dL(z) =
c(1+z)

H0

∫ z′

0

z

(ΩM(1+z)3+ΩΛ)1/2
dz (E.15)

The radio luminosity of Eqn. E.10 is the observed radio luminosity of a source at a fre-

quencyν . However, if the source is at a redshiftz, the observed luminosity will correspond

to different wavelength in the rest frame of that source. To correct for this effect the stan-

dardK − correction is used. In radio regime the correction has two terms, the bandwidth

correction(1+ z)−1 due to the spectral shifts and the ‘colour’ correction(1+ z)α which

relates to the radio flux and radio spectral index relation2 (terms used after Morrisonet al.,

2003). Hence, theabsoluteradio luminosity of a radio source is found with

Lνem = 4πd2
L(z)Sνobs(1+z)α−1. (E.16)

The linear size of a source (D) can be found with

D = θsizedA(z), (E.17)

whereθsize is the source’s angular size as defined in§1.4. Hence, using the luminosity

distance, one may obtain the linear size of a radio source in the following form

D =
θsizedL(z)
(1+z)2 . (E.18)

2Sν ∝ ν−α as defined in§3.2 (Eqn. 3.1).
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E.3 Cosmic Microwave Background

Cosmic microwave background (CMB) radiation is thermal radiation that permeate the ob-

servable Universe. CMB is the relic radiation which remained after the initial phases of the

Universe development, namely directly after the so-called‘last scattering’ of the photons.

The current (z= 0) temperature of the CMB is approximatelyT ≈ 2.7K, and has a spectrum

of a black body.

The fundamental Einstein-Planck equation (also called thePlanck relation) relates the

energy of a photon (E) and its wavelength

E = hν , (E.19)

whereh is the Planck constant. It can be shown that the number density of photons emitted

by a perfect black body is given by

nγ(ν)dν =

(

8π
c3

)

ν2

ehν/kBT −1
dν , (E.20)

wherekB is the Boltzmann constant. Further, the CMB radiation density is given by the

Stefan-Boltzmann law, which given the total energy densityfor black body radiation, that is

εγ ,0 =
∫ ∞

0
hνn(γ)dν

= σSBT4.

(E.21)

σSB is the Stefan-Boltzmann constant, andσSB = (2π5k2
B)/(15h3c2).

Now, under the assumption of the number of photons being preserved in the expanding

Universe the following is valid

Nγ = Nγ ,0a−3 = Nγ ,0(1+z)3. (E.22)

And since the energy of each photon changes with redshift as

hν = hν(1+z), (E.23)

the energy density of the CMB radiation (εγ ) varies as

εγ = εγ ,oa−4 = εγ ,o(1+z)4, (E.24)

whereεγ ,o is the energy density of the radiation at the redshiftz= 0.





BIBLIOGRAPHY

Alexander P., 1987, MNRAS, 225, 27

Alexander P., 2000, MNRAS, 319, 8

Alexander P., 2006, MNRAS, 368, 1404

Alexander P., Leahy J. P., 1987, MNRAS, 225, 1

Alfvén H., Herlofson N., 1950, Physical Review, 78, 616

Allington-Smith J. R., Ellis R., Zirbel E. L., Oemler Jr. A.,1993, ApJ, 404, 521

Angel J. R. P., Stockman H. S., 1980, ARA&A, 18, 321

Antonucci R., 1993, ARA&A, 31, 473

Arnaud M., 2005, in F. Melchiorri & Y. Rephaeli (ed.),Background Microwave Radiation

and Intracluster Cosmology, pp. 77–+

Arnaud M., Evrard A. E., 1999, MNRAS, 305, 631

Arshakian T. G., Longair M. S., 2000, MNRAS, 311, 846

Baade W., 1956, ApJ, 123, 550

Baade W., Minkowski R., 1954, ApJ, 119, 206

Baldwin J. E., 1982, in Heeschen D. S., Wade C. M. (eds.),Extragalactic Radio Sources,

vol. 97 of IAU Symposium, pp. 21–24

Barai P., Wiita P. J., 2006, MNRAS, 372, 381

Barai P., Wiita P. J., 2007, ApJ, 658, 217

Barthel P. D., 1989, ApJ, 336, 606

Barthel P. D., Miley G. K., 1988, Nature, 333, 319

Barthel P. D., Miley G. K., Jagers W. J., Schilizzi R. T., Strom R. G., 1985, A&A, 148, 243

Baum S. A., Heckman T. M., van Breugel W., 1992, ApJ, 389, 208

Baum S. A., Zirbel E. L., O’Dea C. P., 1995, ApJ, 451, 88

Becker R. H., White R. L., Helfand D. J., 1995, ApJ, 450, 559

Begelman M. C., 1986, Nature, 322, 614

Begelman M. C., Blandford R. D., Rees M. J., 1984, Reviews of Modern Physics, 56, 255

Begelman M. C., Rees M. J., 1984, MNRAS, 206, 209

Bell A. R., 1978, MNRAS, 182, 443

Belsole E., Worrall D. M., Hardcastle M. J., Croston J. H., 2007, MNRAS, 381, 1109

Bennett A. S., 1962, MNRAS, 125, 75

Best P. N., Bailer D. M., Longair M. S., Riley J. M., 1995, MNRAS, 275, 1171

Best P. N., Heckman T. M., 2012, MNRAS, 421, 1569

Best P. N., Kaiser C. R., Heckman T. M., Kauffmann G., 2006, MNRAS, 368, L67

Best P. N., Kauffmann G., Heckman T. M., IvezićŽ., 2005, MNRAS, 362, 9
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Böhringer H., Voges W., Fabian A. C., Edge A. C., Neumann D. M., 1993, MNRAS, 264,

L25

Borgani S., Governato F., Wadsley J., Menci N., Tozzi P., Quinn T., Stadel J., Lake G.,

2002, MNRAS, 336, 409

Bornancini C. G., O’Mill A. L., Gurovich S., Lambas D. G., 2010, MNRAS, 406, 197

Bracewell R. N., 1979,The Fourier transform and its applications, McGraw-Hill

Bremer M. A. R., 1994, in D. R. Crabtree, R. J. Hanisch, & J. Barnes (ed.),Astronomical

Data Analysis Software and Systems III, vol. 61 ofAstronomical Society of the Pacific

Conference Series, p. 175



Bibliography 255

Brent R. P., 1973,Algorithms for Minimization without Derivatives, Prentice-Hall, Inc.,

Englewood Cliffs N.J.

Bridle A. H., Fomalont E. B., Byrd G. G., Valtonen M. J., 1989,AJ, 97, 674

Brocksopp C., Kaiser C. R., Schoenmakers A. P., de Bruyn A. G., 2007, MNRAS, 382,

1019

Brocksopp C., Kaiser C. R., Schoenmakers A. P., de Bruyn A. G., 2011, MNRAS, 410, 484

Broderick J. W., Fender R. P., 2011, MNRAS, 417, 184
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Paczyńsky B., Wiita P. J., 1980, A&A, 88, 23

Padovani P., 1993, MNRAS, 263, 461

Peacock J. A., 1999,Cosmological Physics

Penrose R., Floyd G. R., 1971, Nature, 229, 177

Perley R. A., Roser H.-J., Meisenheimer K., 1997, A&A, 328, 12

Perucho M., 2011, ArXiv e-prints

Perucho M., Quilis V., Martı́ J.-M., 2011, ApJ, 743, 42

Peterson J. R., Fabian A. C., 2006, 427, 1

Peterson J. R., Kahn S. M., Paerels F. B. S., Kaastra J. S., Tamura T., Bleeker J. A. M.,

Ferrigno C., Jernigan J. G., 2003, ApJ, 590, 207

Peterson J. R., Paerels F. B. S., Kaastra J. S., Arnaud M., Reiprich T. H., Fabian A. C.,

Mushotzky R. F., Jernigan J. G., Sakelliou I., 2001, A&A, 365, L104

Pilkington J. D. H., Scott P. F., 1965, MmRAS, 69, 183

Poggianti B. M., De Lucia G., Varela J., Aragon-Salamanca A., Finn R., Desai V., von der

Linden A., White S. D. M., 2010, MNRAS, 405, 995

Ponman T. J., Cannon D. B., Navarro J. F., 1999, Nature, 397, 135

Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P., 1992,Numerical Recipes

in C. The Art of Scientific Computing., Cambridge: Cambridge University Press,

—c1992, 2nd ed.

Rafferty D. A., McNamara B. R., Nulsen P. E. J., Wise M. W., 2006, ApJ, 652, 216

Rawlings S., 2002, in A. Pramesh Rao, G. Swarup, & Gopal-Krishna (ed.),The Universe at

Low Radio Frequencies, vol. 199 ofIAU Symposium, p. 34

Rawlings S., Jarvis M. J., 2004, MNRAS, 355, L9

Rawlings S., Saunders R., 1991, Nature, 349, 138

Rees M. J., Begelman M. C., Blandford R. D., Phinney E. S., 1982, Nature, 295, 17

Rengelink R. B., Tang Y., de Bruyn A. G., Miley G. K., Bremer M.N., Roettgering H. J. A.,

Bremer M. A. R., 1997, 124, 259

Richards G. T., Lacy M., Storrie-Lombardi L. J., Hall P. B., Gallagher S. C., Hines D. C.,

Fan X., Papovich C.,and 9 co-authors, 2006, ApJS, 166, 470

Richstone D., Ajhar E. A., Bender R., Bower G., Dressler A., Faber S. M., Filippenko A. V.,

Gebhardt K., Green R., Ho L. C., Kormendy J., Lauer T. R., Magorrian J., Tremaine

S., 1998, Nature, 395, A14

Rosner R., Tucker W. H., 1989, ApJ, 338, 761

Rowan-Robinson M., 1972, Nature, 236, 112

Rybicki G. B., Lightman A. P., 1979,Radiative processes in astrophysics, New York, Wiley-

Interscience, 1979. 393 p.

Ryden B., 2003,Introduction to cosmology

Sand D. J., 2006,On the distribution of dark matter in clusters of galaxies, Ph.D. thesis,

California Institute of Technology, California, USA

Sanderson A. J. R., O’Sullivan E., Ponman T. J., 2009, MNRAS,395, 764



264 Bibliography

Sarazin C. L., 1988,X-ray emission from clusters of galaxies

Sargent W. L. W., Young P. J., Lynds C. R., Boksenberg A., Shortridge K., Hartwick

F. D. A., 1978, ApJ, 221, 731

Saripalli L., Subrahmanyan R., 2009, ApJ, 695, 156

Saripalli L., Subrahmanyan R., Hunstead R. W., 1994, MNRAS,269, 37

Sasao T., Fletcher A. B., 2005, Lecture notes for KVN students, URLhttp://www.astro.

sci.yamaguchi-u.ac.jp/jvn/reduction/kvnlecnote/kchap3.pdf

Scannapieco E., Silk J., Bouwens R., 2005, ApJ, 635, L13

Schechter P., 1976, ApJ, 203, 297

Scheuer P. A. G., 1974, MNRAS, 166, 513

Scheuer P. A. G., 1987, in J. A. Zensus & T. J. Pearson (ed.),Superluminal Radio Sources,

pp. 104–113

Scheuer P. A. G., 1995, MNRAS, 277, 331

Scheuer P. A. G., 1996, in P. E. Hardee, A. H. Bridle, & J. A. Zensus (ed.),Energy Trans-

port in Radio Galaxies and Quasars, vol. 100 ofAstronomical Society of the Pacific

Conference Series, p. 1

Schilizzi R. T., Tian W. W., Conway J. E., Nan R., Miley G. K., Barthel P. D., Normandeau

M., Dallacasa D., Gurvits L. I., 2001, A&A, 368, 398

Schilizzi R. T., van Ardenne A., Miley G. K., Baud B., Baath L., Ronnang B. O., Pauliny-

Toth I. I. K., 1979, A&A, 77, 1

Schmidt M., 1963, Nature, 197, 1040

Schmidt M., 1968, ApJ, 151, 393

Schnitzeler D. H. F. M., Katgert P., Haverkorn M., de Bruyn A.G., 2007, A&A, 461, 963
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