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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 Kapinska

Radio galaxies and quasars are among the largest and mostfpbsingle objects
known and are believed to have had a significant impact onubleieg Universe and its
large scale structure. Their jets inject a significant amadirenergy into the surrounding
medium, hence they can provide useful information in thdystif the density and evolution
of the intergalactic and intracluster medium. The jet distig also believed to regulate the
growth of massive galaxies via the AGN feedback.

In this thesis | explore the intrinsic and extrinsic phykioeperties of the population
of Fanaroff-Riley Il (FR 1) objects, i.e. their kinetic lumosities, lifetimes, and central
densities of their environments. In particular, the radia &inetic luminosity functions
of these powerful radio sources are investigated usingdhmptete, flux limited radio cat-
alogues of 3CRR and BRL. | construct multidimensional Mo@glo simulations using
semi-analytical models of FR Il source time evolution toatecartificial samples of radio
galaxies. Unlike previous studies, | compare radio lunitgdsinctions found with both
the observed and simulated data to explore the best-fittingafmental source parameters.
The Monte Carlo method presented here allows one to: (i)etézidimits on the predicted
fundamental parameters of which confidence intervals estidhover broad ranges are pre-
sented, and (ii) generate the most plausible underlyingrgsopulations of these radio
sources. Moreover, | allow the source physical propertesotevolve with redshift, and |
find that all the investigated parameters most likely unoemgsmological evolution; how-
ever these parameters are strongly degenerate, and intgpeonstraints are necessary to
draw more precise conclusions. Furthermore, since it has eggested that low luminos-
ity FR lls may be distinct from their powerful equivalentsattempt to investigate funda-
mental properties of a sample of low redshift, low radio Inasity density radio galaxies.
Based on SDSS-FIRST-NVSS radio sample | construct a lowu&ecgy (325 MHz) sample
of radio galaxies and attempt to explore the fundamentgigutes of these low luminos-
ity radio sources. The results are discussed through casopawith the results from the
powerful radio sources of the 3CRR and BRL samples.

Finally, | investigate the total power injected by popwas of these powerful radio
sources at various cosmological epochs and discuss thificgigoe of the impact of these
sources on the evolving Universe. Remarkably, sets of twerlerate fundamental parame-
ters, the kinetic luminosity and maximum lifetimes of radmurces, despite the degeneracy
provide particularly robust estimates of the total powedpiced by FR IIs during their life-
times. This can be also used for robust estimations of thedireg of the cooling flows in
cluster of galaxies.






CONTENTS

Contents [
List of Tables %
List of Figures iX
Declaration of authorship XXV
Acknowledgements XXVii
Abbreviations XXiX
Symbols XXXi
1 Introduction 1
1.1 Where the story begins: the nuclei of active galaxies .. .. .. . . .. ... 2
1.2 Menagerie of AGN . . . . . . . 5
1.2.1 Quasars, Blazars and Radio Galaxies . . . ... ... ...... 5
1.2.2 Large Scale Radio Structuresof AGN . . . . ... ... ..... 7
1.2.3 Unification of Radio-loud AGN . . . . .. ... ... ....... 8
1.3 Where the monsters live: the impact of the radio-loud A@Nthe sur-
rounding Universe . . . . . . . . . . . e e e e 9
1.3.1 Clustersofgalaxies . . . . . . .. ... . ... . . ... .. ... 10
1.3.2 AGNfeedback . ... ... ... ... .. ... ... .. ..., 11
1.4 Extragalactic RadioSurveys . .. ... ... ... .. ... .. ... 13
1.5 Previous Population Studies . . . . .. ... ... .. ... ... . 16
1.6 The Holy Grail: AimsofthisWork . . . . . ... ... .......... 18
1.7 SYNopsSiS . . . . . . e 19
2 Application of Semi-Analytical Models of Radio Galaxy Evdution 21
2.1 Theoretical models of radio galaxy and quasar time deolu. . . . . . . . 22
2.1.1 Relativisticjets . . . . . . . .. 22
2.1.2 Dynamical evolution of powerful extragalactic radaurces . . . . 25
2.1.3 Luminosity density evolution of powerful extragdiacadio sources 28
2.2 Monte Carlo Simulation Algorithm . . . . . . ... ... ... .. ... 31
2.3 Monte Carlo Simulation Input Parameters . . . .. .. ... ........ 33

2.3.1 Kinetic Luminosity Distribution . . . . .. . ... ... .. ... 33



Contents

2.3.2 Ambient Density Distribution . . . . . ... ... ... ... .. 34
2.3.3 Age distribution of the simulated sources . . . ... ....... . 37
2.3.4 Injection and radio spectral indices. . . . ... ... ........ 37
2.3.5 Aspectratio and self-similarity . . . . ... ... ... ..., 39
2.3.6 Jetparticlecontent . . ... ... ... ... .. 40
2.3.7 Maximumhead advancespeeds . ... ... ............ 40
2.3.8 Adiabatic indices of radio lobes, magnetic field, axtgémal medium 41
2.3.9 Projectioneffects . . .. .. ... . L Lo 41
2.3.10 Redshiftdistribution . . . ... ... ... L. 41
2.4 Confidence intervals and Goodness-of-Fittest . . . . . ... .. ... 42
2.4.1 Binned Maximum Likelihood Method . . . . . . .. ... ... .. 24
242 Goodness-of-Fit . ... ... ... 43
243 Confidenceintervals . . ... ... ... ... ... .. .. ..., 43
2.5 Markov chain Monte Carlo methods and the use of Bayesigerce . . . 44
2.6 SUMMANY . . . . . e e 46
Redshift Evolution of Powerful FR Il Radio Galaxies a7
3.1 Objectives . . . . . . e e 48
3.2 Observationaldatasets . . ... .....................48
3.3 Radio Luminosity functions and fitted datacounts . . . ...... . . ... 52
3.4 Evidence for the cosmological evolution of the sourceupeeters . . . . . 53
3.4.1 Independergfits . . . . . . . .. ... L 54
3.42 CombinedHfits . . . . . . 56
3.5 Central density — maximum age degeneracy . . . .. .. .. .. ... 90
3.6 Thelifetimes ofradiogalaxies . ... ... ... ............ 92
3.7 Ambientgasdensities . . . . .. .. ... . o 94
3.8 Kinetic luminosities of powerful FR Il sources . . . . . . .. ... ... 95
3.8.1 Differences between results of Model SandW . .. ... ... 95
3.8.2 Bending power-law as the initial distribution of Kilsduminosities 101
3.8.3 Cosmicdownsizing . . . . . . ... 104
3.9 Constraintson AGNdutycycles . .. ... ... .. .. ........ 106
3.10 Influence of the assumptions ontheresults . . . . .. ... ... ... 108
3.10.1 Core radius and the shape of the central densitytdigsan . . . . 109
3.10.2 Distribution of the maximum source lifetimes . . . . . .. ... 109
3.10.3 Headadvancespeeds . . . . . . .. . . . . ... 110
3.10.4 Energy distribution of the relativistic particlabe injection index
and the Lorentzfactors . . . . . .. .. ... ... ... 111
3.10.5 Jetparticlecontent . . . .. ... ... ... .. L. 121
3.11 Distributions of parent population’s measured proger . . . . . . .. .. 113

312 Summary . ... e e 115



Contents jii

4 Low Radio Luminosity Density, Local Universe Sample of Rat Galaxies 117

4.1 Objectives . . . . . . . e e 118
4.2 Observationaldatasets . . .. ... ... .. ... ... ... .... 118
4.2.1 Radio galaxy sample from the Sloan Digital Sky Survey ... . . 119
4.2.1.1 Sampledefiniton . ... ... ... .. ... .. 119
4.2.1.2 NVSSandFIRSTradiosurveys. . .. .. ........ 119
4.2.1.3 Radio morphological classification . . ... ... ... 201
4.2.2 Radio sample completeness . . . . ... ... ... ....... Q 12
4.2.3 Lowradio frequency surveys . . . . . . .. ..o e . 211
4.3 Cross-matching ofthesamples . . . . . ... ... ... ... .. ... 122
4.3.1 Matching procedure . . .. .. . . .. ... . e 122
4.3.2 Additional visual inspection . . . .. ... ... ... ... .. 125
4.3.3 Thefinal cross-matched sample . . . ... ... ........ 27 1
4.3.4 Excludedsources . . . . . .. . . . . e 129
4.3.5 Sources of particularinterest . . . . .. ... ... .0 133
4.4 Confidence intervals of the low luminosity radio galakfendamental prop-
erties . . . .. 137
4.5 Are low luminosity density FR IIs different from theirwerful cousins? . . 150
4.6 SUMMANY . . . . o o e e e e e e e e e e e 150
5 Kinetic Power — Radio Lobe Luminosity Density Scaling Reldon 153
5.1 The Search for Scaling Relations . . . . . . ... ... ..... ... 154
5.2 Predictions from the semi-analytical models . . . . .. ...... .. ... 155
5,21 Af'standard’source . . . . . . .. ... 156
5.2.2 Effectofthesourcesage. .. .. ... ... ... ........ 561
5.2.3 Radio source’s environment . . . .. ... ... 571
5.2.4 Jetparticlecontent . . .. ... ... ... 715
5.2.5 Relativistic particles’ minimum energy cut-off . . ... ... .. 158
5.2.6 Injectionindex . . . . ... ... ... 158
5.2.7 Aspectratio . . .. .. .. ... ... 159
5.2.8 Combined effect of the significant factors . . . . ... .. ... 159
5.3 Comparison with existing empirical estimates . . . . . ...... . . ... 160
5.4 SuMmMary . ... e e e 163
6 Implications of Radio Galaxy Impact for the Evolving Universe 165
6.1 Clusters of galaxies and coolingflows . . .. ... ............. 166
6.1.1 Non-gravitational heating . . .. .. ... ... ........ 167
6.1.2 Intraclustergasentropy . . . . . . . . ... ... ... ..., 167
6.2 Methods . . . . . . .. .. .. 169

6.2.1 SourceenergeticCs . . . . . . ... 169



iv Contents
6.2.2 Testeddatasets . ... ... ... .. ... ... ... 170
6.3 Total injected power by Fanaroff-Riley Il radio galaxie. . . . . ... .. 170
6.3.1 The entropy change and the gas heatingrate . . . . . . ....... 173
6.3.2 Deduced luminosities: cooling flow power and breragéting lu-
MINOSItY . . . . . . 175
6.4 SUMMAIY . . . . . . e e 178
7 Conclusions 179
7.1 Summary ..o 180
7.2 OPENISSUES . . . v i i i e e e e e e e e e 182
7.3 Continuation ofthiswork . . . . ... ... ... ... ... ....... 183

APPENDICES

A Influence of the Assumptions on the Results: Confidence Inteals 189
A.1 Maximum head advancespeed . . . ... ... ... . ......... 90 1
A.2 Population central densities distribution . . . . ... .. ... ... 196
A.3 Jetparticlecontent . . .. ... ... ... ... ... 202
A4 Lorentzfactors . . . . . . ... 820
A5 Particle injectionindex . . . . . ... .. e 214
A.6 Population maximum lifetimes distribution . . . . . ... .. ... .. 220
A.7 A special case: combination of the minimum Lorentz fastmiues and the

caseofheavyjets . . . . . . . . .. . ... 226

B Multicomponent Sources in the WENSS Catalogue 233

C Fourier Transform and its Application to Radio Interferom etry 237
C.1 Mathematical foundations . . ... ... ... ... .......... 238
C.2 Application to radio interferometry . . . . . . .. .. ... ... 241

C.2.1 ImageprocessiNg . . . . v v v v i i e e 241

D Maximum Likelihood Method 243
D.1 The principles of Maximum Likelihood Estimator . . . . . .. ... .. 244
D.2 Application to Poisson distributeddata . . . . . ... .. ........ 244

E Cosmology 247
E.1 Some fundamental formulae . . . ... ... ... ... ........ 248
E.2 Luminosity at cosmological distances . .. ... ... ... ....... 249
E.3 Cosmic Microwave Background . . . . .. .. ... ... ....... 251

Bibliography 253

Index 267



List of Tables v

LIST OF TABLES

2.1

2.1
3.1

3.2

3.3

3.4

4.1

4.2

4.3

4.4

4.5

Overview of a source physical parameters and defauttildisons from

which they are drawn. Details on the assumed distributiovature of the
respective parameters are discussed in sections as gi@oiimn 4. . .. 36
Continued.. . . . . . . . . e 37

Demography of the observational data from the 3CRR andagio sam-

ples. Quoted numbers of sources valid after certain caisme met$7gunz >

10.9 Jy,D > 10 kpc). FR I type sources are listed for reference only (&r d

tails se€§3.2). . . . . . 50
Searched ranges and steps of the distribution parasmette grid minimi-

sation. . . ... e 54
The best-fitting parameters for the all tested cases afeM8 and W for

each redshift range. Due to occurring degenerage8) one should always
consult the corresponding confidence intervals (see Figurd-igure 13).

The following standard deviations of lag pm) and logo(tmax, ) log-normal
distributions are used: lag(op,) = 0.15 and logo(0t,,,,) = 0.05. 90 per cent
uncertainties arequoted. . . . . .. ... 7 5
The best-fitting parameters for the independefils of the model which

uses bending power-law as the initial distribution of kinduminosities
(§3.8.2) for each redshift range. Due to occurring degenesags.5) one

should always consult the corresponding confidence inte(sae Figure 3.22).

90 percenterrorsarequoted. . . . .. .. ... .00 110

Demography of the radio galaxies in the Best etal. sample. . . . . . . 121

Demography of the sample based on Best et al. FR |l supisamatched
with the WENSS survey. Redshifts covered: 0.2. In our analysis sources

of linear sizes larger than 10 kpc only are considered. . . ... ... . 138
Searched ranges and steps of the distribution parasmette grid minimi-

sation. . . ... 138
Summary of the initial assumptions for radio source ayparameters.

For details on the parameters see Chapter2. . . . . ... ... ... . 148

The best-fitting parameters found for different modeLiagptions. See Ta-
ble 4.4 for a list of initial assumptions. If any assumptiafieds from the
initial ones, it is highlighted in Column 1. 90 per cent esrare quoted. . . 149



Vi

List of Tables

5.1

6.1

6.2

Al

A.2

A3

Overview of the fixed and investigated physical pararsetdhe quoted
values of the investigated parameters refer to the 'stahdaurce §5.2.1),
and sections in which these parameters are explored ane @@zumn 4). . 155

List of defining parameters for the radio source popatatias discussed in
§6.2.2. The following parameter sets were used to represgmpical radio
galaxy for their respective data sets. For detailss§e2.2 ang6.3. . . . . 169

Central gas number densities calculated accordingetgdh density profile
(Chapter 2: Egn. 2.5) with the assumed core radis 2 kpc and profile
slopef = 1.5, and the gas density redshift evolution as listed in Taldle 6 175

The best-fitting parameters for the non-evolving ModdbStwo redshift

ranges, where & z; < 0.3 and 08 < z3 < 2.0. For each case the one vary-

ing assumption, here the maximum head advance speed, sdqudtie to
occurring degeneracies (discussed®5) one should always consult the
corresponding confidence intervals (see Fig. A.1 and Fig).Ahe follow-

ing standard deviations of lgg(pm) and 10go(tmax,) 10g-normal distribu-

tions are used: log(gp,) = 0.15 and logo(a,,,,) = 0.05. 90 per cent errors
arequoted. . .. .. 191

The best-fitting parameters for the non-evolving ModdbStwo redshift

ranges, where & z; < 0.3 and 08 < z3 < 2.0. For each case the one varying
assumption, here the standard deviation of the log-nornsaditaltion of

central densities, is quoted. Due to occurring degenesgdiscussed in

§3.5) one should always consult the corresponding confidienesrals (see

Fig. A.3 and Fig. A.4). The following standard deviation offlo(tmax,)
log-normal distribution is used: lag(o,,,) = 0.05. 90 per cent errors are
quoted. . . .. 197

The best-fitting parameters for the non-evolving ModdbStwo redshift

ranges, where & z; < 0.3 and 08 < z3 < 2.0. For each case the one varying
assumption, here the particle content of the jet, is qudberk to occurring
degeneracies (discussedh5) one should always consult the correspond-

ing confidence intervals (see Fig. A.5 and Fig. A.6). Theofelhg standard
deviations of logo(pm) and l0go(tmax,) l0g-normal distributions are used:
log10(0p,) = 0.15 and logo(0t,,,,) = 0.05. 90 per cent errors are quoted. . . 203



List of Tables Vii

A.4 The best-fitting parameters for the non-evolving ModdbStwo redshift
ranges, where & z; < 0.3 and 08 < z3 < 2.0. For each case the one
varying assumption, here the minimum and maximum Lorerntofa of the
electron distribution, is quoted. Due to occurring degaoies (discussed
in §3.5) one should always consult the corresponding confidaneevals
(see Fig. A.7 and Fig. A.8). The following standard deviasiof logo(om)
and logo(tmax,) l0g-normal distributions are used: lpgo,,) = 0.15 and
log10(0t,,,) = 0.05. 90 per centerrors are quoted. . . . . . ... ... ... 209

A.5 The best-fitting parameters for the non-evolving ModdbStwo redshift
ranges, where & z; < 0.3 and 08 < z3 < 2.0. For each case the one vary-
ing assumption, here the particle injection index, is qdoteue to occur-
ring degeneracies (discussedsB5) one should always consult the corre-
sponding confidence intervals (see Fig. A.9 and Fig. A.1@e llowing
standard deviations of lag(pm) and logo(tmax,) log-normal distributions
are used: logy(gp,) = 0.15 and logo(0t,,,,) = 0.05. 90 per cent errors are
quoted. . . . L 215

A.6 The best-fitting parameters for the non-evolving ModdbStwo redshift
ranges, where € z; < 0.3 and 08 < z3 < 2.0. For each case the one varying
assumption, here the standard deviation of the populatiaximum ages,
is quoted. Due to occurring degeneracies (discusseé@®.Bb) one should
always consult the corresponding confidence intervals FégeA.11 and
Fig. A.12). The following standard deviation of lggon) log-normal dis-
tribution is used: logy(dp,) = 0.15. 90 per cent errors are quoted. . . . . . 221

A.7 The best-fitting parameters for the non-evolving ModdbStwo redshift
ranges, where & z; < 0.3 and 08 < z3 < 2.0. For each case the one varying
assumption, here the standard deviation of the populatiaximum ages,
is quoted. Due to occurring degeneracies (discusseé@®.is) one should
always consult the corresponding confidence intervals FageA.11 and
Fig. A.12). The following standard deviations of l@@om) and logo(tmax, )
log-normal distributions are used: lpgo,, ) = 0.15 and logo(ct,,,,) = 0.05.
90 percenterrorsarequoted. . . . .. .. ... .00 7 22

A.8 Continued. . . . . . . . . 232



viii

List of Tables

B.1 Multicomponent sources in the WENSS survey catalogadurén 6 Comm)
gives information whether the sources have been marked HEompo-
nent source (M) in the WENSS catalogue, or a single sourcé\(®)atch’
means that a radio galaxy from Best et al. FR Il sub-samplebeas
matched to a particular component(s) or single source(¥gs/No’ in-
dicates whether the multicomponent or single source labslbeen ap-
plied correctly in the WENSS survey catalogue, or whether @aly these
sources which are erroneously labelled as multicompometite WENSS
catalogue and which have been attempted to be matched toetiieeBal.
FR Il sub-sample are listed. The quoted redshifts are taiken the Best et
al. FR Il sub-sample. For details s¢&3.2 in Chapter4. . . . ... .. .. 234
B.1 Continued. . . . . . . . . . .. 235
B.1 Continued. . . . . . . . . . .. 236



List of Figures

LIST OF FIGURES

11

1.2

1.3

1.4

15

A schematic model of an AGN. Credits: Brooks/Cole Thomisearning. .

Mean broadband spectral energy distribution of raolimt (grey, dashed)
and radio-quiet (grey, solid) low redshift quasars as meddly Elviset al.
(1994). The coloured solid lines represent the typical speidices in
optical, radio and X-ray regimex(, a;, and ay respectively), as well as
typical radio-to-optical spectral index for radio-loudagars §,), and typ-
ical optical-to-X-ray spectral indicesr{y). The x-axis shows frequency

logio(v/Hz) (bottom axis), and its corresponding wavelength, enengy, a

temperature (top axis). Credits: Richaetsl.(2006). . ... ... .. ..

Grey scale total radio intensity maps of two radio ga&sxith distinct

morphologies. Top: 3C 31 FRI radio galaxy observed at 1.4 GHz shows

well visible turbulent structure characteristic for thypé of objects (Laing
et al,, 2008).Bottom: Pictor A — an FRII radio galaxy with its symmetrical
structure containing hotspots, radio lobes and faint odedsjet; observed

at 1.4 GHz (Perleyet al, 1997). The top panels indicate the flux density

variations in the images in Jyqp) and mJy pottony. . . . . ... .. ..

Radio-to-optical SED of 3C 138 radio galaxy. This examghows the
physical origin that gives rise to the SED components. Laliorérequen-
cies (MHz) unveil the synchrotron emission of the radio kbehile radio
jet starts contributing to radio luminosities at GHz frencies. Although
not indicated in the figure, the compact radio emission fratspot and
radio core contributes to the source luminosity densitgaaly at low GHz
frequencies. The sketch is not to scale, here the dust steggroximately
10*x its true size as compared to the length of the drawn jet. @redleary
etal.(2007). . . . . ..

An example of shocked X-ray emission surrounding raale lof the Cen-
taurus A, an FR | radio galaxy at= 0.0018. Radio contours (4 GHz) are
overlaid on the smoothed, colour coded (units of ACIS cdpixsl) X-ray
Chandradata (04 — 2.5 keV). Credits: Crostoet al.(2009). . . . . .. ..



List of Figures

1.6

2.1

2.2

2.3

2.4

The reproduction of the original diagram of Shklovsk®§3), wherg/-axis
represents the photographic absolute radio magnituddettagM,, andx-

axis represents the source’s linear dimensions denot&{ ésr detailed
explanation see the original paper). The author refers éodthgram as
the ‘absolute magnitude — linear dimensions’ diagram fdiaaalaxies.
Shklovskii (1963) defines two regions of the diagram thaaijestand out,
namely the ‘main sequence’ (when the radio luminosity dgriscreases),
and the ‘giant sequence’ (for which the radio luminosity signdecreases).
The currently use®, — D diagrams in various radio galaxy and radio-loud
quasar studies(.5) include only the giant sequence. . . . .. .. .. ...

Sketch of FR Il class radio source large scale structeraents. For expla-
nation seg?2.1.2. Credits: Kaiser and Alexander (1997). . . .. ... ...

TheP, — D diagram for the 3CRR samplg3.2) of FR Il radio galaxies and
radio-loud quasars. . . . . . . ...

Examples of the Schechter functidmg, model S) and its modification
(bottom model W). Both functions are plotted f@g = 10*® W, and for
normalisation which has been arbitrarily chosen tajde= 10° for model

S andy* = 107 for model W. The functions are plotted for a sample of
different a5 parameter values as detailed in the plots. The change iasthe
parameter will change predominantly the slope of the famctiin model

S (op) the as parameter shapes the slope bef@gs where for positivens

the slope becomes negative (more low luminosity sourcemelaled) and
for negativeds the slope becomes positive (i.e. less low luminosity sairce
are included). In model Whttom) parameteios governs the shape of the
post break part of the function. Here, the lower the valuegtthe flatter
the slope becomes allowing more high luminosity sourcegtaduded. It

is also worth noting that ifrs is the only parameter being changed, all plots
(separately for each model) cross at the kinetic lumindsigak value. . . .

The goodness-of-fit test. The synthetic log-likelihabstribution of the
2 x 10° synthetic data sets generated from the model average tistog
(consult§2.4 for term explanation). The red arrow indicates the pmsiof
the actual data set log-likelihood. The dashed line (blac&jks the 68
per cent containment (from the minimum value-ein(£), note that the
distribution is one-sided), and the dot-dashed one (bldekp54 per cent
containment. The histogram of the synthetic log-likelitiatistribution of
the lowest redshift data of Model S is shown. The data is stersi with
the model at the 90 per cent confidence leyetyalue =0.234). . . . . ..

17

35

42



List of Figures Xi

3.1 Radio lobe luminosity density vs redshift plane for titRR (crosses) and
BRL (diamonds) samples used in this work (sources of FR llghology
with flux densities above the lim$= 10.9 Jy at 178 MHz (solid line) and
with z < 2.0 are shown). The shaded area shows the part of luminosity-
redshift plane that is inaccessible due to the flux limit. ...... . . . ... 49

3.2 The observed radio luminosity functions of the analydath (3CRR and
BRL catalogues) for each of the considered redshift range®rez is
drawn in blackz, in blue, andz; in green. Each of the redshift bins is fur-
ther divided in size bins, where solid lines correspond talkat sources,
dashed to medium size sources, and dotted to giant souss3(2 for the
exactvalues). . . . . . . .. 53

3.3 Histograms of the observed radio sample (black solig) land simulated
ones created with the best-fitting parameters of the indigpes fits of
model S (black dashed line) and model W (black dotted lineyj the
combinedz fits of model S (blue dashed line) and model W (orange dotted
line), in z; < 0.3. In each redshift range there are three separate size bins
as described within the subplots (see also Figure 3.4 andd-§)5). Each
redshift bin is simulated independently, while the FR lighr sizes within
each redshift range are simulated simultaneously, thatgsoa fit to all
linear sizes simultaneously at the same redshift is reduiféne simulated
source populations created with the best-fitting pararaedes consistent
with the data at the 90 per cent confidence level based oAGhsatistics

(for exactp—valuessee Table 3.3). . . . . . ... ... ... ... ..... 58
3.4 Same as Figure 3.3 but for the intermediate redshifte;adg < z, < 0.8. . 59
3.5 Same as Figure 3.3 but for the highest redshift ran@es @3 < 2.0. . . . . 60

3.6 Radio luminosity functions of FR Il type sources from 3J&nd BRL cat-
alogues (solid) and the simulated populations generattdttie best-fitting
parameters for smallest redshift range < 0.3) and for each model tested
(independentfits of Model S drawn as black dashed line, independent-
fits of Model W as black dotted line, combinedits of model S as blue
dashed line, and combinexfits of model W as orange dotted line). Each
redshift bin is simulated independently, while the FR lighr sizes within
each redshift range are simulated simultaneously, thatgisoa fit to all
linear sizes simultaneously at the same redshift is reduifée simulated
source populations created with the best-fitting pararaedez consistent
with the data at the 90 per cent confidence level basefistatistics (for
exactp—valuessee Table3.3). . . . . . . .. . ... .. ... . 61

3.7 Same as Figure 3.6 but for the intermediate redshifte;adg§ < 20 < 0.8. . 62
3.8 Same as Figure 3.6 but for the highest redshift ran@e; @3 < 2.0. . . . . 63



Xii

List of Figures

3.9 Joint confidence intervals for the independgfits of Model S inz; redshift

range are showre{ < 0.3). 68.3 per cent (solid, black), 95.4 per cent (dot-

ted, red) and 99.7 per cent (dashed green) contours, bass@ statistics

(seeg2.4), are shown. The best-fitting parameters are consigtigmtthe

data at the 90 per cent confidence leyeHvalue=0.234). . .. ... .. 64
3.9 Continued . . . . . . . ... 65
3.10 Joint confidence intervals for the independsiits of Model S inz, redshift

range are shown (8 < z < 0.8). 68.3 per cent (solid, black), 95.4 per

cent (dotted, red) and 99.7 per cent (dashed green) contmased or\C

statistics (se¢2.4), are shown. The best-fitting parameters are consistent

with the data at the 90 per cent confidence leyel alue=0.639). . . . . 66
310 Continued . . . . ... 67
3.11 Joint confidence intervals for the independsiits of Model S inzz redshift

range are shown (8 < zz3 < 2.0). 68.3 per cent (solid, black), 95.4 per

cent (dotted, red) and 99.7 per cent (dashed green) contmassed or\C

statistics (se€2.4), are shown. The best-fitting parameters are consistent

with the data at the 90 per cent confidence leyel falue= 0.925). . . . . 68
311 Continued . . ... e e 69
3.12 Overlaid 90 per cent confidence intervals based@statistics §2.4) for

the three redshift ranges considereddrawn in blackz, in blue, zz in red)

of the independertfits of Model S. . . . . .. ... ... ... ...... 70
312 Continued . . ... e e 71
3.13 Joint confidence intervals for the independefits of Model W inz; red-

shift range are showre{ < 0.3). 68.3 per cent (solid, black), 95.4 per cent

(dotted, red) and 99.7 per cent (dashed green) contouresy load\C statis-

tics (see§2.4), are shown. The best-fitting parameters are consigtiémt

the data at the 90 per cent levpl{ value=0.251). . . . .. ... ... .. 72
313 Continued . . ... e e 73
3.14 Joint confidence intervals for the independefits of Model W inz red-

shift range are shown (®< z3 < 0.8). 68.3 per cent (solid, black), 95.4 per

cent (dotted, red) and 99.7 per cent (dashed green) contmassd o\C

statistics (se€2.4), are shown. The best-fitting parameters are consistent

with the data at the 90 per cent level{ value=0.674). . . ... .. ... 74
314 Continued . . ... e e 75
3.15 Joint confidence intervals for the independefits of Model W in zz red-

shift range are shown ®< z3 < 2.0). 68.3 per cent (solid, black), 95.4 per

cent (dotted, red) and 99.7 per cent (dashed green) contmassd o\C

statistics (se€¢2.4), are shown. The best-fitting parameters are consistent

with the data at the 90 per cent level{ value=0.885). . . ... .. ... 76
3.15Continued . .. .. L e e 77



List of Figures Xiii

3.16 Overlaid 90 per cent confidence intervals based®@statistics §2.4) for
the three redshift ranges considereddrawn in blackz in blue,z; in red)
of the independentfits of Model W. . . . . ... ... ... ....... 78

3. 16 Continued . . . . .. 79

3.17 68.3 per cent (solid, black), 95.4 per cent (dotted) amdl 99.7 per cent
(dash-dotted, green) joint confidence intervals (based®rstatistics) of
all the searched parameters of the combinéits of the Model S. Parame-
tersny, ng andn, quantify the strength of the redshift evolutiontgfy, (z =

0),Qs(z=0) andpn(z=0) respectively. . . . .. ... ... ... .... 80
317 Continued . . ... e 81
317 Continued . . ... 82
3. 17 Continued . . . .. 83
317 Continued . . ... 84

3.18 68.3 per cent (solid, black), 95.4 per cent (dotted) asdl 99.7 per cent
(dash-dotted, green) joint confidence intervals (based@mstatistics) of
all the searched parameters of the combinéits of the Model W. Parame-
tersny, ng andn, quantify the strength of the redshift evolutiontgfy, (z =

0),Qe(z=0) andpm(z=0) respectively. . . . ... ... ... ...... 85
3. 18 Continued . . . . ... 86
3. 18 Continued . . . . ... 87
3.8 Continued . . . .. 88
318 Continued . . . ... 89

3.19 From top right: (a) the joint confidence intervals of biest-fittingQg and
pm for population of sources with fixed maximum lifetimetgfy, = 8.5 x
10P yris presented, (b) Withnay, = 1.2 x 107 yr, (C) With tmay, = 6.8 x 10
yr, (d) with tyax. = 1.3 x 10° yr, (€) Withtmay, = 5.4 x 108 yr, and (f) with
the maximum source age tfiax, = 1.1 x 10° yr. In each casémay, IS
drawn from log-normal distribution witloy = 0.05 (see§2.3.3). The
independentfits of the Model S in the lowest redshift ranga € 0.3) is
presented. For each sub-plot the solid (black) line comedp to 68.3 per
cent of the best-fitting parameters for the particular oha@t fixed tmay,,,
the dotted (red) line corresponds to 95.4 per cent, and thleedia(green)
contours contain 99.7 per cent of the best fits based ol\@hetatistics.
It is clearly visible that the assumption on the maximumwéd age of
the sources will strongly determine the density of the emrinent in which
sources evolve (predominantly), as well as their jet poless strongly). . 91



Xiv List of Figures

3.20 Kinetic luminosity functions generated with the biiisitng parameter sets
of the independert-fits of Model S (solid line, green) and Model W (solid
line, black) for all redshift ranges, and combireélts of Model S (blue)
and Model W (orange). The combinedits of Model S and Model W show
their best fits (solid blue, solid orange respectively), amalrestricted cases
wheren, parameter is set to, = 2.5 (dashed) and, = 4.0 (dash-dot-dot-
dotted). . . . . . . . 96

3.21 Functions showing kinetic luminosity distributionsofmalised for each
redshift range separately) of the observed, that is fluxdichisources (solid
lines) and the corresponding underlying parent populatioom which the
observed samples originate (dotted lines). In each plote&eh redshift
range and model considered, kinetic luminosity distrifmsi for separate
linear size bins (as used in fitting) are plotted. The exadibrgalaxy lin-
ear sizesD) falling into each size bin are detailed in correspondinggba
[..continuedonnextpape . . . . . . . . . . ... 97

3.21 [Continued] Colours denoting linear sizes of the radio galaxies are la-
belled. The distributions change for different redshisaell as for differ-
ent radio galaxy linear sizes, where larger radio sources/erage seem to
be also more powerful. Note that these distributions of piapepulations
depend strongly on the slomg which forz > 0.3 is associated large un-
certainties. Here, for pictorial purposes, only the bestftir each redshift

range arepresented. . . . . . ... 98
321 Continued . . . .. L. 99
321 Continued . . . .. L. e 100

3.22 Joint 90 per cent confidence intervals for the indepatrifits of the bend-
ing power-law model §3.8.2, orange fom, pink for z, red for zz) and
Model S (black forz;, dark grey forz, light grey for z3) for all redshift
ranges are shown. Contours are based@statistics (se€2.4). The best-
fitting parameters of the bending power-law model (Tablg &4 consistent
with the data atthe 90 percentlevel. . . . .. ... ... ... .... 102

3.22 Continued . . . .. . 103

3.23 The predicted radio lobe pressures of the underlyingnpgopulations,
unaffected by the flux limit, of FR Il radio sources generateth the best-
fitting parameters (Table 3.3) of the independefits of Model S (green)
and Model W (black) for three redshift ranges, whergsolid line), z,
(dash-dotted line) angs (dotted line). The minimum allowed kinetic lumi-



List of Figures XV

4.1

4.2

4.3

4.4

The image cutouts from the WENSS (327 MHZt) and FIRST (1.4 GHz,

right) surveys of a multicomponent WENSS source WNB1713.0+6407.

In both panels the grey scale flux density is given in units df/fimeam.

Left: the contour levels are at 30 mJy/beart+10, -9, ...,9,10), the peak

flux density measured in the map is 599 mJy/beam, and the nsajure

tion is 54x 60 arcsec. The SDSS position of the source matched to the
FIRST source is marked with a crosRight the contour levels are at 1.7
mJy/beamx (—10,-9,...,9,10), the peak flux density measured in the map

is 57 mJy/beam, and the map resolution.¥:65.4 arcsec. . . ... ... 123

The image cutouts from the WENSS (609 MK t) and FIRST (1.4 GHz,

right) surveys of a multicomponent WENSS source WNB1512.0+3021.

In both panels the grey scale flux density is given in units di/fmeam.

Left: the contour levels are at 10 mJy/beart+-10, -9, ...,9,10), the peak

flux density measured in the map is 194 mJy/beam, and the nsafufe

tion is 28x 55 arcsec. The SDSS position of the source matched to the
FIRST source is marked with a crosRight the contour levels are at 0.5
mJy/beamx (—10,-9,...,9,10), the peak flux density measured in the map

is 31 mJy/beam, and the map resolution.¥65.4 arcsec. . . ... ... 124

The image cutouts from the WENSS (609 MH=t) and FIRST (1.4 GHz,

right) surveys of a multicomponent WENSS source WNB1428.0+3059.

In both panels the grey scale flux density is given in units di/fmeam.

Left: the contour levels are at 7.5 mJy/beart+-10, -9, ..., 9, 10), the peak

flux density measured in the map is 251 mJy/beam, and the nsajure

tion is 28x 55 arcsec. The SDSS position of the source matched to the
FIRST source is marked with a crosRight the contour levels are at 0.4
mJy/beamx (—10,-9,...,9,10), the peak flux density measured in the map

is 13 mJy/beam, and the map resolution.¥:65.4 arcsec. . . ... ... 125

The image cutouts from the WENSS (327 MHZt) and FIRST (1.4 GHz,

right) surveys of a multicomponent WENSS source WNB0912.6+4140.

In both panels the grey scale flux density is given in units df/fimeam.

Left: the contour levels are at 10 mJy/beart+10, -9, ...,9,10), the peak

flux density measured in the map is 778 mJy/beam, and the nsajure

tion is 54x 81 arcsec. The SDSS position of the source matched to the
FIRST source is marked with a crosRight the contour levels are at 1.5
mJy/beamx (—10,-9,...,9,10), the peak flux density measured in the map

is 647 mJy/beam, and the map resolution 4% 5.4 arcsec. . . ... .. 126



XVi

List of Figures

4.5 The image cutouts from the WENSS (327 MK t) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1218.4+6356.
In both panels the grey scale flux density is given in units df/imeam.
Left: the contour levels are at 15 mJy/beart+10, -9, ...,9,10), the peak
flux density measured in the map is 461 mJy/beam, and the nsajure
tion is 54x 60 arcsec. The SDSS position of the source matched to the
FIRST source is marked with a crodRight the contour levels are at 0.65
mJy/beamx (—10,-9,...,9,10), the peak flux density measured in the map
is 124 mJy/beam, and the map resolution.¥>%65.4 arcsec. . . . . . ... 127

4.6 Radio lobe luminosity density — redshift plane of thechat Best et al.
FR Il sources withthe WENSS survey. . . . .. ... ... ....... 013

4.7 Radio lobe luminosity density — radio spectral indexhplaf the matched
Best et al. FR Il sources with the WENSS survey. In each plotersion
of the figure the sample is divided into redsh#y, flux density at 325 MHz

(S325MmH2) OF linear size D) ranges as marked in the plots.
tinuedonnextpade . . . . . . . . . .. 131
4.7 Continued.. . . . . . . 132

4.8 Radio lobe luminosity density — linear size of the matcBest et al. FR 1l
sources with the WENSS survey. The sample is divided intshiéd(z)
ranges as marked intheplot. . . ... .. .. ... ... ......... 213

4.9 Linear size — redshift plane of the matched Best et al. IFRRuUrces with
the WENSS survey. . . . . . . . . . . e 133

4.10 Linear size — radio spectral index plane of the matchest Bt al. FR Il
sources with the WENSS survey. . . . . . .. ... ... ... .. .... 134

4.11 Redshift distribution of the absolute magnitudes efrtiatched Best et al.
FR 1l sources (theM,- magnitudes obtained from P.N. Best, see also Best
et al. 2005 and Best and Heckman 2012). The introduced apparemtiinag
tude limits, where the lower limit« = 17.77 (solid black) and upper limit
r+ = 14.50 (dashed blue), and their dependence on redshift areglattd
marked. . . . .. 134

4.12 Redshift distribution of the apparent magnitudes efrttatched Best et al.
FR 1l sources (the* magnitudes obtained from P.N. Best, see also Best
et al.2005 and Best and Heckman 2012). . . . ... ... ... ...... 135

4.13 Radio lobe luminosity density of the Best et al. FR lIrees matched with
the WENSS survey and the absolute magnitudes of their héstiga (the
M+ magnitudes obtained from P.N. Best, see also Beal 2005 and Best
and Heckman 2012). . . . . . . . . . . .. 135



List of Figures XVii

4.14 Radio lobe luminosity density of the Best et al. FR lirses matched with
the WENSS survey and the apparent magnitudes of their hizstiga (the
r magnitudes obtained from P.N. Best, see also Beat. 2005 and Best
and Heckman 2012). . . . . . . . . . . . . e 136

4.15 Absolute — apparent magnitude plane of the matched &estt FR I
sources (magnitudes obtained from P.N. Best, see alsceBak2005 and
Best and Heckman 2012). The relationship between the twaituags
and redshift is plotted, where the solid line (black) repres the relation
for redshiftz= 0.03 and dashed (blue) represents the relationz {210.20. . 136

4.16 Distribution of flux densities and angular sizes of thebfematic sources
(thatiswherD <60 Kpc). . . . .. . . . . . 139

4.17 Histograms of the observed (black, solid) and simdlé&eange, dashed)
data, wheretop contains the smallest sources (10 kacD < 62 kpc),
andbottomcontains sources of linear sizes within 62 kp® < 194 kpc.
[...continuedonnextpape. . . . . . . ... ... ... 140

4.16 Continued. Topontains sources with 194 kpc D < 1.0 Mpc in linear
extent, andbottomcontains giant radio sources. Shown confidence intervals
are for simulation run 1. These results are rejected baséukaBoF results
(p—value=0.0048). . . . . . . . . . 141

4.17 Histograms of the observed (black, solid) and simdléttie, dash-dotted)
data, whereop contains the smallest sources (60 kp® < 144 kpc), and
bottom contains sources of linear sizes within 144 kpd < 272 kpc.
[...continuedonnextpape. . . . . . .. .. ... ... 142

4.17 Continued. Topontains sources with 272 kpc D < 1.0 Mpc in linear
extent, andbottomcontains giant radio sources. Shown confidence intervals
are for simulation run 12. The results are consistent withdhta at the
90 per cent confidence levg  value=0.310). . ... ... ... .. .. 143

4.18 Joint confidence intervals for the simulation run 12ilteqz < 0.2), where
68.3 per cent (solid, black), 95.4 per cent (dotted, red) @hd per cent
(dashed green) contours, basedMahstatistics (se§2.4), are shown. The
best-fitting parameters are consistent with the data at@hme® cent confi-
dence levelp—value=0.310). . ... ... ... .. ... ... 144

418 Continued . . . ... 145

4.19 90 per cent joint confidence intervals of the resultadoior simulation run
12 of the low luminosity sample considered in this chaptéadk) and the
results of the powerful FR Ils from Chapter 3 for redshifts 0.3 (blue).
Confidence intervals are based onAfh statistics (se€2.4). . . . ... .. 146

419 Continued . . . . .. 147



XViii

List of Figures

4.20 Radio lobe luminosity density at4lGHz of the Best et al. FR Il sources

5.1

6.1

6.2

matched with the WENSS survey and the absolute magnitudégiothost
galaxies (theM, magnitudes obtained from P.N. Best, see also Besl.
2005 and Best and Heckman 2012). The diagonal line was ptsstuby
Owen and Ledlow (1994) to divide FR | and FR Il populations. .. ... . . 151

Kinetic power — radio luminosity density scaling redatias predicted by
Willott et al. (1999), where cases fdr = 0 (red, solid) andf = 20 (red,
dash-dotted) are plotted, and two relations based on thengdifons of X-

ray cavities, by Bestt al. (2006) (cyan, solid) and by Birzaat al. (2008)
(blue, solid). To allow easy comparison between theoreticedictions as
investigated by me in this thesis and by Willettal. (1999), | set assump-
tions adopted by the latter authors to my predictions onc¢hérgy relation,
where assumptions equivalent to settihg= 0 (black, solid) andf = 20
(black, dash-dotted) are adopted (see text for more details . . . . . . . 162

The total power of FR Il radio galaxies produced duringirttifetimes.

Each data point marker refers to different data set cormsitlewhere (i)

data set & (filled circles) represents the case when the gas densishifed
evolution is set tan, = 4.0 (Chapter 3§3.8), (ii) data set i (open circles) is

the best fit, (iii) data set 2 (diamonds) represents the cébehigh kinetic
luminosity break, low central density and short maximumrselifetime,

and (iv) data set 3 (stars) represents the case with lowikihehinosity

break, high central density, long maximum source lifetiilbdata sets are
within 90 per cent confidence intervals of the results prieskeim Chapter 3. 171

The total injected power per baryon over the lifetime BflFradio galaxy
estimated under the assumption that all of the radio galawep goes into
heating the environment. The estimations are based onttigtaver being
efficiently and evenly distributed over a sphere of a radigsl Mpc. Each
data point marker refers to different data set considerderev(i) data set
l1a (filled circles) represents the case when the gas densighifedvolution
is set ton, = 4.0 (Chapter 3:53.8), (ii) data set & (open circles) is the
best fit, (iii) data set 2 (diamonds) represents the case hvgh kinetic
luminosity break, low central density and short maximumrseduifetime,
and (iv) data set 3 (stars) represents the case with lowikihehinosity
break, high central density, long maximum source lifetilidata sets are
within 90 per cent confidence intervals of the results preegskim Chapter 3. 172



List of Figures XiX

6.3 Change in cluster gas ‘entropy’ within the central cadius due to the
impact of one episode of radio galaxy activity. The estiomai of the
change in ‘entropy’ are based on the injected power estsnatesented
in Figure 6.2. Each data point marker refers to differenadagt consid-
ered, where (i) data setXfilled circles) represents the case when the gas
density redshift evolution is set 1@ = 4.0 (Chapter 3:53.8), (ii) data set
1b (open circles) is the best fit, (iii) data set 2 (diamondsyasents the
case with high kinetic luminosity break, low central deyisind short max-
imum source lifetime, and (iv) data set 3 (stars) repregbetsase with low
kinetic luminosity break, high central density, long maxim source life-
time. All data sets are within 90 per cent confidence intereélthe results
presented in Chapter3. . . . . . . . . .. . . ... ... 173

6.4 Change in cluster gas ‘entropy’ at the radius of 500 kpar(g@e) and 1 Mpc
(blue) from the central radio source due to the impact of quiecele of
radio galaxy activity. The estimated of the change in ‘goyfare based
on the injected power estimates presented in Figure 6.2h Hata point
marker refers to different data set considered, where (g dat & (filled
circles) represents the case when the gas density redgbiifitien is set to
n. = 4.0 (Chapter 3§3.8), (ii) data set i (open circles) is the best fit, (iii)
data set 2 (diamonds) represents the case with high kingtimbsity break,
low central density and short maximum source lifetime, anddata set 3
(stars) represents the case with low kinetic luminosityakyédnigh central
density, long maximum source lifetime. All data sets aréimi®0 per cent
confidence intervals of the results presented in Chapter.3. . . . . . . . 177

A.1 90 per cent confidence intervals for populations creatitd different as-
sumptions of the maximum head advance speeds of j@s{@ange), ¢ic
(black), 015c (blue), and @5c (violet) in units of the light speed Results
shown for redshifts & z < 0.3, and for Model S as described in Chapter 3.
Findings are based on the 3CRR and BRL data fits. The case \waemeix-
imum head advance speed is assumed tadeifthe initial, standard case
analysed in depth in Chapter 3. The best fits, and goodnefiistest results
foreach case arelistedin Table A.1 . . . ... ... ... .. ..... 192

A.l continued.. . . . . . . . e, 193



XX

List of Figures

A.2 90 per cent confidence intervals for populations creatitd different as-
sumptions of the maximum head advance speeds of j@s{(@ange), Mc
(black), 015c (blue), and Q5c (violet) in units of the light speed Results
shown for redshifts 8 < z3 < 2.0, and for Model S as described in Chap-
ter 3. Findings are based on the 3CRR and BRL data fits. Thendasethe
maximum head advance speed is assumed todad<the initial, standard
case analysed in depth in Chapter 3. The best fits, and gaofdis test
results for each case are listedin Table A1 . . ... ... ... ... 194

A.2 continued.. . . . . . . .. e 195

A.3 90 per cent confidence intervals for populations creatitd different as-
sumptions on the standard deviation of the density log-abrdistribu-
tion, where Ojog,,(5) = 0.0 (i.e. po is a delta function, drawn in red),
Oioguo(po) = 0-15 (black),0iog,o(py) = 0.50 (Violet), Ging,o(pe) = 0-75 (green),
anddiog,,(p,) = 1.0 (blue). Results shown for redshifts0z < 0.3, and for
Model S as described in Chapter 3. Findings are based on tRR3@d
BRL data fits. The case where the standard deviation is equgld o) =
0.15 is the initial, standard case analysed in depth in Ch&ptéihe best
fits, and goodness-of-fit test results for each case ard list€able A.2 . . 198

A.3 continued.. . . . . . .. e 199

A.4 90 per cent confidence intervals for populations creatitd different as-
sumptions on the standard deviation of the density log-abrdistribu-
tion, where Ojog,,(p,) = 0.0 (i.e. po is a delta function, drawn in red),
Ologso(ps) = 0-15 (black),0iog, o(p,) = 0.50 (violet), Ojgg,,(p,) = 0.75 (green),
and Ojgg,,(p) = 1.0 (blue). Results shown for redshifts80< z3 < 2.0,
and for Model S as described in Chapter 3. Findings are basettheo
3CRR and BRL data fits. The case where the standard deviatiequal
t0 Ojogy,(p,) = 0.15 is the initial, standard case analysed in depth in Chap-
ter 3. The best fits, and goodness-of-fit test results for eash are listed
inTable A.2. . . . . e 200

A4 continued.. . . . . . .. e, 201

A.5 90 per cent confidence intervals for populations creatitd different as-
sumptions on the particle content of the jet, whieee O (lightweight jets,
black), K € [0;10 (modest inclusion of protons in the jet, light green),

k' € [0;100 (heavy jets, blue), ank = 100 (heavy jets, orange). Results
shown for redshifts & z; < 0.3, and for Model S as described in Chapter 3.
Findings are based on the 3CRR and BRL data fits. The case wher@

is the initial, standard case analysed in depth in Chapt€h8 best fits, and
goodness-of-fit test results for each case are listed ireT&bB . . . . . . . 204

A5 continued.. . . . . . .. e 205



List of Figures XXI

A.6 90 per cent confidence intervals for populations creatitd different as-
sumptions on the standard deviation of the density log-abdistribution,
wherek’ = 0 (lightweight jets, black)k’ € [0; 10 (modest inclusion of pro-
tons in the jet, light green), ard € [0; 104 (heavy jets, blue), ankl = 100
(heavy jets, orange). Results shown for redshif&s<0z;3 < 2.0, and for
Model S as described in Chapter 3. Findings are based on tRR3@d
BRL data fits. The case wheké= 0 is the initial, standard case analysed
in depth in Chapter 3. The best fits, and goodness-of-fit éssits for each
case arelistedin Table A.3. . .. ... ... ... . ... ... . ... 620

A6 continued.. . . . . ... 207

A.7 90 per cent confidence intervals for populations creatitd different as-
sumptions on the standard deviation of the density log-abdistribution,
where (i) ymin = 1 andymax = 100 (black), (ii) ymin = 107 and ymax = 10
(magenta), (i) ymin = 10% and ymax = 1010 (violet), and(iv) ymin = 1 and
ymax= 1P (green). Results shown for redshifts<tz; < 0.3, and for Model
S as described in Chapter 3. Findings are based on the 3SCRBRIndata
fits. The case where the Lorentz factors are sehp= 1 andymax= 10'°
is the initial, standard case analysed in depth in Chapt€h8 best fits, and
goodness-of-fit test results for each case are listed ireTabdl. . . . . . . 210

A7 continued . . . . .. e 211

A.8 90 per cent confidence intervals for populations creatitd different as-
sumptions on the standard deviation of the density log-abdistribution,
where (i) ymin = 1 and yimax = 10%° (drawn in black), (ii) yimin = 10% and
ymax = 10'° (magenta), (iii)ymin = 10* and ymax = 10 (violet), and(iv)

Ymin = 1 andymax = 10° (green). Results shown for redshift86: zz < 2.0,

and for Model S as described in Chapter 3. Findings are bas#teBCRR

and BRL data fits. The case where the Lorentz factors are gatte- 1 and

ymax = 1010 is the initial, standard case analysed in depth in Chapt&ha.

best fits, and goodness-of-fit test results for each casésted In Table A.4.212

A.8 continued . . . . . ... 213

A.9 90 per cent confidence intervals for populations creatitd different as-
sumptions on the particle injection index, where ri)c [2;3] (uniform
distribution, drawn in black), (iiim = 2.3 (single value, violet), and (iii)

My = 2.4 andoy, = 0.3 (green). Results shown for redshifts<z < 0.3,

and for Model S as described in Chapter 3. Findings are bas#tkBCRR

and BRL data fits. The case where the particle injection indessumed

to be a uniform distribution, the case (i) above, is the ahitstandard case

analysed in depth in Chapter 3. The best fits, and goodnefistedt results

foreach case arelistedinTable A5 . . . .. ... ... ... ..... 216
A9 continued . . . . ... e 217



XXii List of Figures

A.10 90 per cent confidence intervals for populations creatigh different as-
sumptions on the particle injection index, where rfi)e [2;3] (uniform
distribution, drawn in black), (ijm = 2.3 (single value, violet), and (iii)

Mo = 2.4 andoy, = 0.3 (green). Results shown for redshift§ & zz < 2.0,

and for Model S as described in Chapter 3. Findings are basdteBCRR

and BRL data fits. The case where the particle injection indessumed

to be a uniform distribution, the case (i) above, is the ahitstandard case
analysed in depth in Chapter 3. The best fits, and goodnefiistesdt results
foreach case arelistedin Table A5. . . . ... ... .. ... ..... 218

A.l0continued . . . . . . .. e e 219

A.11 90 per cent confidence intervals for populations creatigh different as-
sumptions on the standard deviation of the log-normal marinfifetimes
distribution of the sources, wheog,g, ... = 005 (black),0iog,,(tna = 0-3
(yellow), and0igg,, (.. = 0-6 (red). Results shown for redshifts<0z; <
0.3, and for Model S as described in Chapter 3. Findings aredbais¢he
3CRR and BRL data fits. The case where the standard deviatiequal

tmax)

t0 Ojog,o(tmay = 0-05 Is the initial, standard case analysed in depth in Chap-

ter 3. The best fits, and goodness-of-fit test results for eash are listed

inTable A.6. . . . . . . . e 222
Allcontinued.. . . . . . . . 223

A.12 90 per cent confidence intervals for populations creatith different as-
sumptions on the standard deviation of the log-normal marinfifetimes
distribution of the sources, Whetgyg, ¢, = 0-05 (black),Oiog g (ta = 0-3
(vellow), anddiog, 1, = 0-6 (red). Results shown for redshifts30< z3 <
2.0, and for Model S as described in Chapter 3. Findings aredbais¢he
3CRR and BRL data fits. The case where the standard deviatiequal
t0 Ojog,o(tmay = 0-05 s the initial, standard case analysed in depth in Chap-
ter 3. The best fits, and goodness-of-fit test results for eash are listed
inTable AL6. . . . . . . . 224

A.l2 continued.. . . . . . . . e, 225



List of Figures XXiii

A.13 90 per cent joint confidence intervals for radio galawpudations created

with various assumptions on the minimum energy of the intéaticle dis-

tribution and the particle content of the jet. The followiogses are plot-

ted: () k' = 0, ymin = 1 and ymax = 100 (solid, black, the default case),

(i) K € (0,100), Ymin = 10% and ymax = 10 (solid, red), (ii)k’ = 100,

Yimin = 107 and ymax = 10 (solid, orange), (ivk' € (0,100), ymin = 10

andymax= 1019 (solid, green), and (W = 100, yimin = 10* andymax = 10°

(solid, blue). For reference plotted are the cases wheté £a)00, yimin = 1

and ymax = 100 (dotted, dark grey, see also Figure A.7), and Kb} 0,

Yin = 10* andymax = 10'° (dotted, light grey, see also Figure A.9). Results

shown for redshifts G z; < 0.3, and for Model S as described in Chap-

ter 3. Findings are based on the 3CRR and BRL data fits. Thditsestnd

goodness-of-fit test results for each case are listed ireTab?. . . . . . . 228
Al3continued.. . . . .. 229
A.14 90 per cent joint confidence intervals for radio galawpudations created

with various assumptions on the minimum energy of the initticle dis-

tribution and the particle content of the jet. The followiogses are plot-

ted: (i) K = 0, ymin = 1 and ymax = 10 (solid, black, the default case),

(i) K € (0,100), ymin = 107 and ymax = 10'° (solid, red), (ii)k’ = 100,

Ymin = 107 and ymax = 10 (solid, orange), (ivK' € (0,100), ymin = 10*

andymax= 109 (solid, green), and (W = 100, yimin = 10* andymax = 10°

(solid, blue). For reference plotted are the cases wheké £a)00, ymin = 1

and ymax = 10 (dotted, dark grey, see also Figure A.8), and Kb} 0,

Ymin = 10* and ymax = 10'° (dotted, light grey, see also Figure A.10). Re-

sults shown for redshifts.8 < zz < 2.0, and for Model S as described in

Chapter 3. Findings are based on the 3CRR and BRL data fitsh&didits,

and goodness-of-fit test results for each case are listedble TA.7. . . . . 230
Aldcontinued.. . . . . . ... e 231

C.1 Two sample Gaussian aperture field distributiciop)(and their Fourier
transforms fiddle. The two Gaussian distributions differ only in their
assumed varianag?, whereg, > 03, and for both cases= 1 andu =0
(Eqgn. C.8). The resolution is then defined as the full widthedt maximum
power of the resulting beam, that is the Fourier transformiisttibutions
(botton), and will be different for each of the analysed here Gaussia
Note that thebottompanel is the same as timeiddle one, but replotted to
allow for more detailed investigation. Note, that only aityales are plotted
and the sidelobe problem is ignored in thisexample. . . . . ... ... 240






DECLARATION

| hereby declare that this thesis entitled €MOLOGICAL EVOLUTION OF SUPERMASSIVE
BLACK HOLES IN THE CENTRES OF GALAXIESIS my own work and has been generated by
me as a result of my own original research. The research wdscaaut in close collabora-
tion with my successive supervisors, Dr. C.R. Kaiser, DUtRey and Dr. T.J. Maccarone.

| confirm that the work presented here has been done whollfevitnicandidature for a
research degree at the University of Southampton, U.K. laded¢hat no part of this thesis
has been accepted, or is being submitted, for any degrdendipor any other qualification
in this University or elsewhere.

Any consulted or quoted work of others is always clearlyestand the source is given.
Parts of this work have been published, or have been sulohfiitgoublishing, as a number
of journal articles and conference proceedings (detaileatiequate chapters):

Kapifnska, Uttley, Best & Maccarone, MNRAB, preparation
Kapinska & Uttley, MNRAS, 2012t0 be submitted
Kapihska, Uttley & Kaiser, 2012, MNRAS) press
Kapinska, Uttley & Kaiser, 2010a, ASCP 427, 337
Kapifnska, Uttley & Kaiser, 2010b, HEAD 11.0707, 661
Kapinska & Kaiser, 2009, AN 330, 279

Anna Danuta Kapihska, June 10, 2012

XXV






ACKNOWLEDGEMENTS

This work has been done as a result of my interaction with mgetisuccessive supervisors
without whom it would not be possible to achieve what | ackéduring my doctorate
candidature. | would like to thank my first supervisor, Ctigis, with whom | started this
project; although it had been only one year it was my pleatuteave a chance to work
with you. It definitely strengthen my appreciation for thetozal work! My honest thanks
go also to my second supervisor, Phil, who adopted me and ojgqbrin its early stages.
Although the relationship was not an easy one (let's adrére were ups and downs) |
would not be able to proceed with this project so far and sd without your constant
questions, curiosity, ideas and criticism (although, lehayadmit, all those things caused
so much more work!). Finally, sincere thanks to my third su{ger, Tom, who agreed on
adopting me as a student for the last six months of my PhD. Ntaanyks Tom for spending
all that time for reading, understanding and commentinglomy written work, for those
chats and discussions that kept me sane (well, as much as ip@ssible at that point)
before submitting this thesis, and for taking care of allréguired bureaucratic paperwork.
Also, given the particular situation with my doctorate | ialike to thank all those who |
met and chatted with at various conferences, meetings ankstaps as often ideas have
been born then, and the work may have not came to such a fruithout this.

| am really happy | had a chance to spend the whole four yearsydthD in the Astron-
omy Group at the University of Southampton; all of you guybgther you already left to
other places or are staying around for much longer, have tiéglplace a particularly fun
to work in. So maybe let's go for some good pints to celebrate!

Many thanks go also to my parents. Chciatabym takze p&dwigc moim rodzicom,
Danucie i Markowi, za wsparcie i wiare we mnie przez te widgdata odkad wymyslitam
sobie, ze to wtaSnie astronomia jest czyms co chciatabyloic w zyciu. And finally, |
would like to say a big and incomparable thank you to Petesifoply being always here.

As a final note, | acknowledge all the institutes and peoplelired in creation and pro-
duction of all software, databases and telescopes (andhguobservations on them too) |
have used to carry out this project (and | wonder whetheratikhbe slightly worrying that
this list seems to be nearly as long as my personal acknoesieeats). The Westerbork
Synthesis Radio Telescope is operated by the Netherlastituta for Radio Astronomy
ASTRON, with support of NWO (WENSS survey). This work made u$ the FIRST,
NVSS and VLSS NRAO VLA surveys, and the NRAO AIPS software e National Ra-
dio Astronomy Observatory is a facility of the National Saie Foundation operated under
cooperative agreement by Associated Universities, Ings phblication makes use of the
Sloan Digital Sky Survey. Funding for the SDSS and SDSS-4l leeen provided by the
Alfred P. Sloan Foundation, the Participating Instituipithe National Science Founda-
tion, the US Department of Energy, the National Aeronausicd Space Administration,
the Japanese Monbukagakusho, and the Max Planck SocietytharHigher Education
Funding Council for England. The SDSS Web site is http://wsdss.org/. This research
has use of the NASA/IPAC Extragalactic Database (NED) wliécbperated by the Jet
Propulsion Laboratory, California Institute of Technofpgnder contract with the National
Aeronautics and Space Administration. In this work | alseclsf the following: the VizieR
catalogue service which is a joint effort of CDS (Centre deas astronomiques de Stras-

XXVii



XXViii Acknowledgements

bourg) and ESA-ESRIN (Information Systems Division), the Siew Virtual Observatory

which is a service of the Astrophysics Science Division atiGSFC and the High En-
ergy Astrophysics Division of the Smithsonian Astrophgsi©bservatory (SAO), and the
TOPCAT software developed by M.B. Taylor, Bristol UnivaysiJ.K. This work made an

extensive use of the Iridis Compute Cluster maintained bylUhiversity of Southampton,
Southampton, U.K., and in later stages of my doctorate dlsheoSciama High Perfor-
mance Compute Cluster maintained by the University of Rartgh, Portsmouth, U.K.
and SEPNet, the South East Physics Network. Finally, | am thlankful for the Lever-

hulme Trust for providing me with the financial support oy four years of my doctorate
through the Leverhulme Trust Research Project Grant.

ANNA

Anna Danuta Kagiska, June 10, 2012

A great pleasure in life is doing what people say you cannot do

WALTER BAGEHOT (1826 — 1877)



3CRR
AGN
BH
BRL
BRW99
CMB
CSS
dof
FIRST
FR
GoF
GPS
HEG
HYMROS
ICM
IGM
ISM
KA97
KDA97
LEG
LOFAR
ACDM
MCMC
MHD
MKO02
MLE
MLM
MNRAS
NVSS
RG
SED
SKA
SMBH
WENSS
VLA
VLSS

ABBREVIATIONS

34 Cambridge Revised Revised Catalogue
Active Galactic Nucleus

Black Hole

Bestet al. (1999)

Blundellet al. (1999)

Cosmic Microwave Background

Compact Steep Spectrum sources
degrees of freedom

Faint Images of the Radio Sky at Twenty-centimeterse&u

Fanaroff-Riley morphology class
Goodness-of-Fit

GHz-Peaked Spectrum sources
High-Excitation radio Galaxy
Hybrid Morphology Radio Sources
Intracluster Medium

Intergalactic Medium

Interstellar Medium

Kaiser and Alexander (1997)
Kaiseret al. (1997)

Low-Excitation radio Galaxy

Low Frequency Array

N\ Cold Dark Matter (cosmology)
Markov Chain Monte Carlo
MagnetoHydroDynamics
Manolakou and Kirk (2002)
Maximum Likelihood Estimator
Maximum Likelihood Method
Monthly Notices of the Royal Astronomical Society
NRAO VLA Sky Survey

Radio Galaxy

Spectral Energy Distribution
Square Kilometer Array
Supermassive Black Hole
Westerbork Northern Sky Survey
Very Large Array

VLA Low-frequency Sky Survey

XXiX






Symbol

SYMBOLS

Description Reference
radio spectral index §2.3.4
exponent of the kinetic luminosity distribution §2.3.1
significance §2.4.2

power-law index of the radial external gas density distrib§2.3.2
tion
adiabatic index of the magnetic field energy density §2.3.8

adiabatic index of intracluster medium §6.3.2
adiabatic index of the radio lobes §2.3.8
adiabatic index of the IGM §2.3.8
Lorentz factor §2.1.1
minimum Lorentz factor of relativistic particles §2.3.4
maximum Lorentz factor of relativistic particles §2.3.4
multidimensional parameter vector §2.5
jet half opening angle 62.3.5
angular resolution §1.4
angular size §1.4
projection angle §2.3.9
wavelength §1.4
frequency §1.4
molecular weight of gas particles §6.1
critical density of the evolving Universe §3.7,8E.1
mean central density in which source expands §2.3.2

mean of log-normal distribution of radio sources’ centrgl2.3.2
densities

ambient medium gas density 62.1.2
standard deviation of log-normal distribution of radig2.3.2
sources’ central densities

standard deviation of log-normal distribution of radig2.3.3
sources’ maximum ages

Thomson cross section §2.1.1
radio luminosity function §2.2
kinetic luminosity function §2.3.1
density parameter SE.1
spatial curvature density parameter SE.1
vacuum density parameter §1.7,5E.1
matter density parameter 61.7,8E.1
radiation density parameter SE.1

XXXI



XXX Symbols

Symbol Description Reference
A slope of the kinetic luminosity — radio lobe luminosity dens5.2
sity scaling relation
ao core radius §2.3.2
at) scale factor at the time §E.1
B magnetic field strength 62.1.1
AC ‘deltaC’ statistics of maximum likelihood method §2.4.3
D radio source total projected linear size 62.3.9
Dpaseline  length of an interferometer baseline §1.4
Diobe radio lobe length of an extended radio source 62.1.2
Do characteristic length scale §2.1.2
d distance 64.3.1
d luminosity distance §1.48E.2
dir likelihood ratio test §2.4.2
Ho Hubble parameter at redshift= 0 61.7,8E.1
H(z) Hubble parameter at redshift §E.1
K gas entropy index 66.1.2
Kent gas ‘entropy’ §6.1.2
K ratio of thermal to electron energy densities in the jet  §2.3.6
ks Boltzmann constant §6.1
L maximum likelihood 62.4.1
Lcool cooling flow power §6.3.2
Ly radio lobe luminosity density at frequeney 62.1.3
Lx bremsstrahlung luminosity density §6.3.2
Mcool mass inflow rate of the cooling flow §6.3.2
Mo rest-mass transport rate in the jet §2.1.2
m power-law exponent of the relativistic particles’ energgrd §2.3.4
tribution
my proton mass §6.3.2
N normalisation of the kinetic luminosity — radio lobe lumi$5.2

nosity density scaling relation

N(E) energy distribution of relativistic particles §2.3.4

n(y) number density of relativistic particles with Lorentz fart §2.1.1
contained withiny and y+dy

Ne gas number density (electrons) 66.3.2

n; data counts in bim §2.2

n gas number density (ions) 66.3.2

Np gas number density (protons) §6.3.2

Ng strength of the kinetic luminosity break redshift evolatio §3.4.2



Symbols XXXl
Symbol  Description Reference
n strength of the central density redshift evolution §3.4.2
Nt strength of the maximum source’s lifetime redshift evolu;3.4.2

tion
P total radio power §2.1.1
P, radio power at frequency §2.1.1
Poowshock POW shock pressure 62.1.2
Photspot  hoOt spot pressure 62.1.2
Piobe radio lobe pressure 62.1.2
p—value probability §2.4.2
Q Kinetic luminosity §2.3.1
QB kinetic luminosity break §2.3.1
Qmax maximum kinetic luminosity §2.3.1
Qmin minimum kinetic luminosity §2.3.1
R radio loudness §1.2
Rt aspect ratio §2.3.5
r radial distance form the core (of AGN, cluster, etc.) §2.1.2
S gas entropy §6.1.2
S flux density at frequency §1.4
t source current age 62.3.3
tmax source maximum age §2.3.3
tmax, mean of log-normal distribution of radio sources’ maxig2.3.3
mum ages
Us magnetic field energy density §2.1.1
Upar particle energy density 62.1.1
Uot total energy density §2.1.1
\Y, volume §2.1.1
Vim maximum co-moving volume in which a source of a givef2.2
luminosity density and given survey’s flux limit would be
included on the sample
Viobe radio lobe volume 62.1.2
Vimax maximum co-moving volume at redshit §2.3.10
Vmin minimum co-moving volume at redshift §2.3.10
Vsurvey volume of a survey §2.2
Vadv maximum allowed head advance speed §2.3.7
i jet speed §2.3.7
z redshift §2.3.10






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 thaldsera
the most discoveries, is not ‘Eureka!” but ‘That’s funny...
IsAAC Asimov (1920 — 1992)






Reports that say that something hasn’t happened are alnigys i
esting to me, because as we know, there are known knowns; ther
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 -)

Introduction

The following chapter gives an introduction to the backguwf active galaxies, and radio
galaxies and radio-loud quasars in particular. Their basltaracteristics, influence on the
expanding Universe and hence their importance is discushtajor previous studies are
summarised and the aims of this work are presented.




2 Chapter 1. Introduction

1.1 Where the story begins: the nuclei of active galaxies

Remarkable advances in extragalactic astronomy have bede since the discovery of
active galaxies — the galaxies that harbour supermassaei hbles (SMBH) in their nuclei
(active galactic nucleus, hereafter AGN; e.g. Cueiisal, 1918; Baade and Minkowski,
1954; Schmidt, 1963; Smith, 1967; Schmidt, 1968; Rowankii&am, 1972; Fabiaet al.,
1976; Hutchings and Campbell, 1983; Begelman, 1986; Stdoghal., 1990; Richstone
et al, 1998; Di Matteoet al, 2005; Cattanet al., 2009, among many others). Early
investigations of the origin of the extraordinary lumirtgsof these sources in the 1960s
led to the present belief that most, if not all, galaxies aont supermassive black hole in
their centres, whether violently active, dormant or deadrfiendy and Richstone, 1995;
Richstoneet al., 1998; Magorriaret al., 1998). In simple models an AGN is powered by
accretion onto the central supermassive compact objea.tdthl energy produced by the
AGN is enormous, reaching 1J Mpc 2 (e.g. Soltan, 1982), and the mass of the central
compact object is of order of £0- 10° M, (e.g. Burbidge and Perry, 1976; Sargenal,,
1978; Yu and Tremaine, 2002).

In the general picture the central black hole (BH) is surdmthby an accretion disc
composed of cold matter and, further away, by an obscuringstoomposed of dust and
matter (Figure 1.1). Dissipative processes, such as vigcasd turbulence, transport the
matter falling onto the BH inwards, causing the disc to hgednd the angular momentum
to be transferred outwards. Sometimes the angular momdatefficiently lost via the so-
called jets, that is twin, perpendicular to the accreti@tdeollimated outflows of energetic
matter most probably coming from the vicinity of the SMBH.Wwiver, the jet production
mechanism on small scales, and even the jet compositioathisirpoorly known (e.g. Rees
et al, 1982; Begelmart al, 1984; Wardleet al, 1998; Ferrari, 1998; Meiest al., 2001,
Sikoraet al.,, 2005; Ferraret al., 2009).

All of the above processes give rise to the AGN luminositysirag it to radiate signif-
icantly in most bands of the electromagnetic spectrum. Aamrgde of the spectral energy
distribution (SED) of quasars is reproduced in Fig. 1.2. antipular, for quasars the ac-
cretion disc radiation peaks in the optical and ultraviglett of the spectrum (however,
for low-luminosity AGN the peak of the radiation tends to behie near infrared, see e.g.
Ho 1999). If the accretion disc is obscured by gas and dustgethission is absorbed by
the dust and then re-emitted in the infrared; this is thealed reprocessing and since it
produces a thermal spectrum it is easily distinguished femy jet or disc related com-
ponents. Further, the strong gravitational gradient pceduby the SMBH will increase
the frictional heating which will then cause emission in 2% close to the event horizon.
The photons can be also scattered up to X-ray energies (@radpower-law spectrum)
through the inverse Compton scattering in the corona of haterial formed around the
accretion disc, which is suggested to be the dominant epnigsibcess in the X-ray energy
range (e.g. Jovanoviét 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 Thomsoarhang.

others, thermally Comptonized soft photons, thermal blamtty emission (in the case of
optically thick accretion discs) and X-ray reflection froneisc (see e.g. Fabian, 2006; Jo-
vanovi¢ and Popovit, 2009, and references therein).dmfical and ultraviolet part of the
spectrum one may distinguish broad and narrow emissios.lifibe broad emission lines
originate from the cold material which orbits around the BHiigh speeds, hence photons
at various Doppler shifts are produced, while the lines wirow width$ are produced by
slower moving clouds of gas that can be found beyond the .tdrhs jets and the outflow
created so-called radio lobes are prominent predominanttgdio frequencies due to the
synchrotron radiation from relativistic particles. Thaslrotron radiation produces a non-
thermal spectrum, which again is easily distinguishablee &xtended emission of energy
transported to the radio lobes is often spectacularly il MHz frequencies, while the
compact radio core and jets may be detected at GHz radiogneigs due to the relativistic
beaming as well as de-beaming effects of the jets. Inteigigtijets may be sometimes
observed at optical and X-ray wavelengths (e.g. M87: Kinwtaal.,, 1974; Schreieet al,,
1982; Lelievreet al,, 1984, Stiavelliet al,, 1991, Biretteet al,, 1991; Marshalkt al,, 2002).
Fundamentally, the release of the gravitational enerdyastigin of the AGN'’s luminosity;
however, it is important to note that if the SMBH is spinniegira energy may be extracted
electro-magnetically from the BH itself, contributing te Enormous energetic output (e.qg.
Blandford and Znajek, 1977; Reetal, 1982; Meieret al,, 1997, 2001; Meier, 2002).

INote, that the forbidden emission lines always come frormtreow line region.
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Figure 1.2: Mean broadband spectral energy distribution of radio-lyey, dashed)
and radio-quiet (grey, solid) low redshift quasars as neddly Elviset al. (1994). The
coloured solid lines represent the typical spectral inglin®ptical, radio and X-ray regime

(ao, ar, anday respectively), as well as typical

radio-to-optical spalcindex for radio-
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frequency logo(v/Hz) (bottom axis), and its corresponding wavelength, energytem-
perature (top axis). Credits: Richareisal. (2006).
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1.2 Menagerie of AGN

Despite the existence of a whole zoo of different AGN type® (8.g. Urry and Padovani,
1995, for a review), one can introduce some systematicsstolassification. AGNs are
often divided into two types depending on their radio lowsinehe radio-quiet and radio-
loud classes. Radio loudness of an AGN is often defined asa (@} of its radio flux
density measured at 5GHz to the optiBaband (4400&) flux density (Kellermanret al.,,
1989), and for radio-loud AGN it is expected that

SGHz
S

Only approximately 16- 20 per cent of AGNs are radio-loud (Sramek and Weedman,
1980; Strittmatteet al, 1980; Kellermanret al, 1989). However, through recent studies
this ratio is believed to increase with optical luminosigngity (e.g. 26- 50 per cent of
qguasars which have p< —24.5 are radio-loud, while only 16 20 per cent them are radio
loud for Mg < —21.5: Padovani, 1993; Hoopet al., 1996), as well as X-ray luminosity
density (e.g. della Cect al., 1994; La Francat al., 2010). Moreover, it has been suggested
that radio loudness may be related to the type of the AGN hadakyg (see e.g. Smitét al.
1986, but cf. Dunlopet al. 2003), BH mass (Laor e.g. 2000; Duniep al. e.g. 2003;
McLure and Jarvis e.g. 2004, but cf. Ho 2002b) and/or thekidtede spin (e.g. Wilson and
Colbert 1995; Modersket al. 1998; Sikoraet al. 2007; Chiaberge and Marconi 2011, but
cf. Broderick and Fender 2011).

In this project | focus only on radio-loud AGN, which are fuet divided into radio-loud
quasars, blazars and radio galaxies. It is important to hete that although historically

R =

> 10. (1.1)

only quasars, blazars and radio galaxies are consideredoad, there is growing evidence
that some low-luminosity AGN should be included in this slgsee Ho and Peng, 2001;
Ho, 2002a,b). Nevertheless, the latter will not be considén this work.

1.2.1 Quasars, Blazars and Radio Galaxies

Quasars (quasi-stellar sources) were originally identified in optiimages as extremely
luminous point-like objects resembling stars. Quicklygthme evident that they are at high
redshifts and hence must be extragalactic (Greenstein atithévs, 1963; Schmidt, 1963).
They are ones of the most luminous AGN classes with lumiiessieaching 1% — 10°° W.

As with all active galaxies they can be detected across ttieaiectromagnetic spectrum
and they often show broad and narrow emission optical li@dy approximately 10 per
cent of all quasars are radio loud (Kellermaatral., 1989) exhibiting radio core and often
extended radio emission.

Blazars (blazing quasi-stellar objects) include the so-called Bhcértae objects (BL
Lacs) and Optically Violent Variable quasars (OVV quasaes)d are distinguished by
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Figure 1.3: Grey scale total radio intensity maps of two radio galaxiéh @istinct mor-
phologies.Top: 3C 31 FRI radio galaxy observed at 1.4 GHz shows well visibtbulent
structure characteristic for this type of objects (La@t@l., 2008).Bottom: Pictor A — an
FRII radio galaxy with its symmetrical structure contaimimotspots, radio lobes and faint
one sided jet; observed at 1.4 GHz (Per¢al., 1997). The top panels indicate the flux
density variations in the images in Xp ) and mJy botton).
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rapidly variable and strongly polarised radio, optical atiday emission. The variable
emission of blazars is thought to come from a relativisticojgented to the line of sight,
hence often the apparent superluminal motion in the inngiopéhe jet is seen. When com-
pared to quasars, blazars tend to have spectra dominatbd hgn-thermal continuum. For
reviews see e.g. Angel and Stockman (1980), Fan and Xie J1B86satket al. (1998), Fan
et al. (2001).

Radio galaxies always manifest extended radio emission. Their observdid sdructure
depends on the interaction between the relativistic ouflofvthe active nucleus and the
external medium. The large scale radio structure of radiaxges and their classification is
further discussed i§1.2.2. The optical hosts of radio galaxies are almost alwaassive
ellipticals, although at least one exception has been fquedlow et al., 1998). Radio
galaxies may exhibit strong emission lines in their speesawell as be relatively feature-
less; some authors have argued that the existence of emiswe should be considered as
the basis for further radio galaxy classification rathenttrair radio morphology, and this
issue is discussed K1.2.3.

1.2.2 Large Scale Radio Structures of AGN

Fanaroff and Riley (1974) divided the extragalactic larg@les radio sources into two main
classes, namely the low luminosity density FR | and morehaus FR Il type. The division
line was roughly set atq7gmpz ~ 2 x 10?° W Hz~1 s71. However, it has been suggested
since then (Owen and White, 1991), that the FR I/FR Il breakfignction of the optical
luminosity density of the host galaxy; this has been furih@rametrised by Ledlow and
Owen (1996) who showed that the break is rising with the aptieminosity density as
Lr O Lggt

It quickly became clear that sources of the two classesrdiffgphologically. FR lIs are
limb-brightened, often symmetrical objects with well defirfeatures such as jets, hot spots
and radio lobes; they are often referred to as classicalldaadio sources. The relativistic
outflows of FR lIs are tightly collimated and remarkably &abThey terminate in strong
shocks, where the outflow particles may be re-accelerabeahirfig the so-called hot spots.
The particles are then transported through the backflowdilin the cocoon, which in turn
is formed by the expansion of jet through the external meditetheory of relativistic jets
is briefly reviewed ir2.1). In contrast, the outflows of FR | sources are poorlyirmaited,
their decelerating jets start interacting with the extemadium soon after their ejection.
Unlike FR lIs, the vast majority of their radio emission igli@ed close to their radio cores
(which are believed to be at the base of the jets), hence tteepften described as core-
jet bright, edge-darkened objects. Examples of both ctaase shown in radio maps of
Figure 1.3. Interestingly, most quasars exhibit FR Il motpby, while radio galaxies are
found to be either FR | or FR IIs. The large scale radio stmestof both morphologies may
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extend up to Mpc scales, which is well beyond the opticalraétheir host galaxies (e.g.
3C 236, which is one of the largest and most famous radio gaasxtends te- 4.5 Mpc).

The emission mechanism for these radio structures is sgtrohrradiation that origi-
nates from relativistic particles accelerating in a stramggnetic field (Rybicki and Light-
man, 1979; Longair, 1992). The highly relativistic, shatkearticles (typically assumed to
be electron-positron dominated), composing the compadsion of radio core and jets,
give rise to the spectrum predominantly at GHz frequencsedepicted in Figure 1.4, al-
though the compact emission from relativistically beansts jnay be sometimes detectable
also at MHz frequencies (e.g. 3C 345 and 3C 454.5, see BRWH®).radio lobes con-
sist mostly of shocked jet material, freshly injected aslwaslolder 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 urnificetheme has been the standard
picture of the radio-loud AGNs. These unification modelsuass that different apparent
classes of AGNs are in fact the same type of objects obsenvdifferent angles to the
line of sight. The first idea that the orientation may play ttbke in AGN unification came
from Orr and Browne (1982) who suggested that the core-dat@ihquasars were sim-
ply the lobe-dominated quasars viewed close to the lineghftsiFurther, Scheuer (1987)
and Barthel (1989) reviewed the relativistic beaming mauhel proposed that the only dif-
ference between radio galaxies and quasars are their \geavigle, and often associated
relativistic beaming. Based on this view, radio galaxied eadio-loud quasars of FR Il
morphology would belong to the same population of sourc@sil& unification has been
proposed for radio galaxies of FR | type and blazars, whezdatier are the FR Is seen
down the jet. Consult Antonucci (1993) and Urry and Padoya®95) for reviews of these
models, and e.g. Tadhunter (2008) for criticism of thesasie

Although the orientation-based unification models sugtiestradio galaxies of differ-
ent Fanaroff-Riley morphology should be treated sepasated question of whether these
morphologically different sources originate from the sgrasent population and are depen-
dent on the environment they reside in, or whether they aragically distinct, is still open
(e.g. Baumet al, 1992, 1995; Meieket al,, 1997; Gopal-Krishna and Wiita, 2000; Rawl-
ings, 2002; Kaiser and Best, 2007; Kawakatwal., 2009; Wanget al,, 2011). In particular,
Baumet al. (1992) in their interpretation of the radio galaxies’ erassline nebulae spec-
troscopy suggest that the angular momentum of the gas incttretion disc of the AGN
may be important in determining the radio morphology of therses. According to their
work FR Is are supposed to be fed at low accretion rate, and p@asumably low spins,
while FR lIs are expected to undergo higher accretion ratdsfeeir BH spins are supposed
to be also higher (although the authors do admit that the symjgestion is highly specu-
lative, it would provide explanation for the differencesjét collimation and Mach num-
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bers of the two classes; see Baeiral, 1995). Similar interpretation is favoured by e.g.
Rawlings (2002). However, such arguments lead to the ceimriuhat there should exist
fundamental differences of the central engines of sourtésedwo morphological classes.
Consequently, two classes have been introduced, namedjaseof high-excitation galax-
ies (HEG) which includes the most powerful radio galaxied gnasars (nearly entirely of
FR 1l morphology), and the low-excitation galaxy class (DE®nsisting of most FR |
radio galaxies and low-luminosity FR Il sources. As a cotargument to this reasoning
Gopal-Krishna and Wiita (2000) present a sample of rareitiytadio sources; HYMROS
(HYbrid MOrphology Radio Sources) are radio sources witlgdascale structure which
resembles both Fanaroff-Riley classes, that is they seeme @wf FR | type on one side,
and FR Il on the opposite side. The existence of such sourtqgsods the idea that the
radio morphology depends on the jet interaction with theaurding medium rather than
intrinsic differences of the central engine. Also Kaised &@est (2007) and Wanet al.
(2011) present semi-analytical models that allow evolutib FR Il objects into FR | type.
On the other hand, it is noted that the model of Baetral. (1995) allows for evolution of
the central engine properties, that is the mass accrettemray decline in time allowing
FR 1l sources to evolve into FR I. Clearly, this issue is ndtrgsolved.

In this thesis | follow the orientation-based unificationdets assuming that the differ-
ence between radio galaxies and radio-loud quasars is logilywiewing angle. Due to the
availability of semi-analytic parametrisation of the jebdelling (see alsg2.1), only FR 1l
type sources are considered in this work. However, despitggithe FR I/FR 1l distinc-
tion between radio sources rather than the LEG/HEG diagisoshe question of and any
evidence for LEG/HEG differentiation is tackled in my fugtranalysis (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 ted@ Isignificant impact on the
evolving Universe and its large scale structure (e.g. Keogbt al, 2001; Gopal-Krishna
and Wiita, 2001; Gopal-Krishnat al, 2004; Silk, 2005). These radio sources are often
found in galaxy groups and clusters (among others: Longair$eldner, 1979; Hill and
Lilly, 1991; Allington-Smithet al,, 1993; Deltorret al,, 1997; Zirbel, 1997; Belsolet al,,
2007). Although, there is evidence that FR 1l sources at lesghifts seem to prefer lower
density environments (poor clusters and groups of galpxidsle FR lIs at higher redshifts
and the vast majority of FR Is are often found in clusters déxjas, and high density
environments (e.g. Zirbel, 1997). Since their jets injestgmificant amount of energy into
the surrounding medium, stored in the radio lobes, they cavige useful information in
the study of the density and evolution of the intergalactid etracluster medium. The jet
activity is also believed to regulate the growth of massiaiaxgjes through the compression
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Figure 1.4: Radio-to-optical SED of 3C 138 radio galaxy. This examplevehthe phys-

ical origin that gives rise to the SED components. Low radégfiencies (MHz) unveil
the synchrotron emission of the radio lobes, while radicsjatts contributing to radio
luminosities at GHz frequencies. Although not indicatedhia figure, the compact radio
emission from hotspot and radio core contributes to thecsoluminosity density already
at low GHz frequencies. The sketch is not to scale, here teeshell is approximately
10%x its true size as compared to the length of the drawn jet. @re@learyet al. (2007).

of the cold clouds of the ambient medium surrounding the oartéind thus triggering star
formation either by the jet impact itself or by heating th&emgalactic gas (e.g. Bohringer
et al, 1993; McNamarat al,, 2000; Rawlings and Jarvis, 2004; Scannapietal., 2005;
Crotonet al, 2006; Dopitaet al, 2007; Shabalat al, 2011). Moreover, the powerful
distant radio galaxies and quasars allow us to trace the large staleise of the early
Universe (e.g. Mileyet al.,, 2004).

1.3.1 Clusters of galaxies

Clusters of galaxies are the largest gravitationally booinjdcts in the Universe. Their typ-
ical physical extent is of & 10 Mpc, and they contain masses of approximatefi? M.
They may contain hundreds of galaxies, although it has lmmsely defined that agglomer-
ations which contain no fewer than approximately 50 gakaie to be classified as clusters

2The most distant quasar currently known (as of December)2@%ides at a redshift af= 7.085 (Mort-
lock et al, 2011).
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of galaxies. Structures of smaller number of objects arssiad as groups of galaxies;
these do not have well defined cenfefsluster/group core), and are much smaller both in
physical size (12 Mpc) and in mass (8 — 10'* M., than galaxy clusters. Many galaxy
clusters are bright X-ray sources with X-ray luminositigsl6*® — 10* erg s! (that is
10% — 10%8 W). This X-ray emission has been found to be most consistétht twermal
bremsstrahlung originating from hot gas. The gas, knowmtradluster medium (ICM),

is very hot (10 — 10® K), of rather low density (approximately 1®— 104 atoms cni®),
and consists of ionised hydrogen and helium enriched byyhel@ments such as iron (see
e.g. Tamureet al,, 2004, on the ICM metal abundances). For extensive reviengataxy
clusters see e.g. Sarazin (1988) and Arnaud (2005).

Clusters of galaxies are assumed to be bound, self-giagtsystems. Based on this as-
sumption already early estimations of masses of clustegs Zavicky, 1933; Smith, 1936)
showed that their total masses are much greater than camtrioated by all of the galaxies
in particular clusters; this is currently known as the nmgsinass problem. This discovery
led to the hypothesis on the existence of ‘dark matter’ (Zwid 933, 1937). In a typical
galaxy cluster only approximately 15 per cent of the totabsnia composed of the visible
baryonic matter, while the remaining 85 per cent is belieiefbrm the dark matter com-
ponent. See e.g. Biviano and Salucci (2004) and Sand (2006¢¥iews and discussions
on this topic.

Giant elliptical cD galaxies are often found in the concated cores of galaxy clusters.
These galaxies are the most luminous ones known, and are ioftabited by powerful
radio sources (see e.g. Sarazin, 1988; Kormendy and Djskgd989). It has already been
noted three decades ago (e.g. McHardy, 1979) that radiessare often found in galaxy
clusters and are located close to the cluster core (see dlsanH Lilly, 1991; Allington-
Smithet al,, 1993; Ledlow and Owen, 1995; Deltoenal.,, 1997; Belsolest al,, 2007; Wing
and Blanton, 2011).

1.3.2 AGN feedback

During the initial gravitational collapse that forms gd&s<and galaxy clusters, the intra-
cluster medium (intergalactic medium; thereafter IGM)esited to high temperatures. The
hot gas of the collapsing structures quickly loses its gnbygthe bremsstrahlung emission
in X-rays; this cooling will be strongest in the densest oegi Once the material in the
collapsing structure centre cools down, the pressure dfithgas nearby will induce more
material to flow inwards — this mechanism is referred to astiwing flow. For compre-
hensive review on the physics of cooling flows see Fabian4)198urprisingly, however,
it has been found that much less mass is actually being caloédt is expected from the
theoretical predictions; a term ‘cooling flow problem’ hash coined (e.g. Heckmaal.,

SNote, however, that this is not differentiating charastiics between groups and clusters of galaxies;
galaxy clusters can be divided into regular (with well deficere 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 lotiee Centau-
rus A, an FR | radio galaxy &= 0.0018. Radio contours (4 GHz) are overlaid on the
smoothed, colour coded (units of ACIS counts/pixel) X-@handradata (04— 2.5 keV).
Credits: Crostoret al. (2009).

1989; O’Deaet al., 1994; Voit and Donahue, 1995; Edge and Frayer, 2003; Petetsal.,
2003; Peterson and Fabian, 2006). The following mechanisaae been proposed as an
additional source of heating of the cooling flows: AGN andeupva heating, thermal
conduction, comic ray heating (see Peterson and FabiaB, 26d references therein). The
AGN feedback is presently considered to be the primary soofteating.

As previously mentioned, the outflows of the AGN inject a figant amount of energy
into the surrounding medium. The interaction occurs betwibe expanding low density,
high pressure radio lobes and denser ambient medium viapth& work done by the
lobes. But even when the jet activity stops, the radio lolbag 8 expand buoyantly, and
continue to interact with the ambient medium. The evidermmrdianing this view includes
strong interaction of radio galaxies with surrounding emwiment (e.g. 3C 84: Bohringer
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et al, 1993), radio bubbles, and X-ray shocks. The radio bubbleshales’ in the X-
ray surface brightness, and studies have shown that they ofincide with radio lobes of
radio galaxies (see McNamara and Nulsen, 2007, for revielreferences). The direct
evidence for shocks in the hot phase (X-ray shocks) can belfatound small scale radio
lobes of nearby radio galaxies; examples include Centaurgaft et al., 2003; Croston
et al,, 2009, see Figure 1.5), NGC 3801 (Crost&tral., 2007), and Markarian 6 (Mingo
et al, 2011). Although more difficult to detect, evidence of shbaating has been also
found in the case of FR Il radio galaxies, e.g. 3C 444 (Crostoal, 2011). However,
AGN feedback is thought to be an intermittent process as meutip galaxies show signs
of recurrent activity (e.g. Schoenmakeatsal., 2000a). The intergalactic and intracluster
cold gas is directly connected to the accretion mechanistineoEMBH, and hence heating
of the ICM (during the AGN activityto,,) most probably affects the accretion rate of the
AGN central engine. Eventually, the accretion may shutanff] after some timed;) may
restart. Since each episode of the AGN activity will giveerie the overall feedback from
the SMBH, estimation of the so-called duty cycles of AGNs(tis the ratio of the time
spent in the active state to the time spent in the quiescatd, shat idon/tor) became of
interest to many authors. For extensive reviews on the A@&dlack see e.g. McNamara
and Nulsen (2007) and Gittit al. (2012).

1.4 Extragalactic Radio Surveys

The interstellar medium (ISM), and particularly its coghrases, consisting of neutral gas,
molecular gas, and dust grains, is often a source of obsouratt radiation from astronom-
ical objects. The obscuration by these particles, absor@nd scattering, is inclined to be
most severe at shorter wavelengths and particularly atvidtiet part of the spectrum; the
radiation is obscured by particles of sizes comparabledgatmsidered (or shorter) wave-
lengths, and since typical dust grains are ofifn in size (e.g. Weingartner and Draine,
2001; Zubkeet al,, 2004), radio and infrared frequencies are the least affie@lthough at
X-rays and gamma-rays the ISM starts to become again maorgpasent than at optical and
ultraviolet wavelengths). Thus unobscured observatibnsdio wavelengths are very pow-
erful in detecting high redshift astronomical objects, arelconsidered a perfect laboratory
for cosmological studies.

One of the best known, as well as one of the first comprehertsitedogues of ex-
tragalactic radio sources, is the 3C catalogue (The Thinsimlge Catalogue of Radio
Sources; Edget al. 1959, see also Bennett 1962). Its ‘revised revised’ ver32RR;
Laing et al,, 1983) is formally a complete sample of extragalactic radiorces of the orig-
inal survey, and is very commonly used in radio galaxy andsguatudies. The Radio
Astronomy Observatory of the University of Cambridge pdad a few more extragalactic
radio catalogues at both low and high frequencies, for nt&&6C measured at 151 MHz
(The Sixth Cambridge Catalogue; Eales, 1985), and 9C at 15 (Ghe Ninth Cambridge
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Catalogue; Waldranet al, 2003), among others. As discussed by Condon (1999), the
progress in electronics (and computing power) allowed wentploy the long known syn-
thesis aperture technigues to a new, powerful level. Thosesaf the new generation radio
surveys came into existence, such as the still not yet campl®RST survey (Faint Images

of the Radio Sky at Twenty-centimetres; Beckéal.,, 1995), NVSS (The NRAO VLA Sky
Survey; Condoret al,, 1998) and WENSS (The Westerbork Northern Sky Survey; Ren-
gelink et al, 1997). Undeniably, all of the existing radio surveys citmtie significantly to

our knowledge of the radio Universe; their diverse freqissat which the visibilitiebare
measured as well as angular resolutions do give a complamyensight into the radio sky.

However, one must remember that the longer the waveleigtts (the lower the reso-
lution (Bcs) becomes; the angular resolution may be balanced by irnoget® size of the
radio interferometer baselin®gaseiind since

A

Bes ————————,
es DpaselineSin(©)

(1.2)
where® is the angle at which the source is observed and is measwadtfre baseline
plane,DpaseiineSiN(®@) may be referred to as the projected baseline. Yet the angesar
lution cannot be increased infinitely, and some limitatiersst. It is clear that the higher
frequency surveys may reach better angular resolution €RBST with 6.5~ 5 arcsec)
than the low frequency ones (e.g. WENSS with, ~ 54 arcsec). One must bear in mind,
however, that always both the longest interferometer basahd the frequency are impor-
tant for obtaining specific angular resolution. The higtoheson of the FIRST survey is
thanks to both of these parameters; for instance the NVS&uneasured at the same
frequency as FIRST reaches only 45 arcsec in the anguldutiesosince its longest base-
lines are significantly shorter than those used for the FIR8Vey. Another aspect that one
must also consider is the effect commonly referred to a®lveayy out’ the radio sources,
especially the low luminosity sources of extended diffusgssion. Some explanation on
the basics of the operation of radio interferometers is s&ag at this point. The coordi-
nate system of radio image is based(arv) coordinates, where the,v) plane represents
the antennae spacings (baselines) tracing the radio swoigibdities with respect taw —
the so-called phase tracking centre, and is measured i3 frmavelengthX). The(u,v)
plane is a Fourier transform of the ‘true’ sky which in turmesasured irfl,m) coordinates;
the (I, m) plane is perpendicular to the phase tracking centre andaisafip described as
direction cosine$ andm, which are coordinates of source direction vector. Thefetem-
eter response to a radio source is derived from these posifictors. Therefore, it can be
clearly seen that the response of an interferometer depgmantise radio source’s size and

4The visibility is the fundamental parameter of an interferometer and catefieed as a measure of co-
herence of the electric field. A radio interferometer measutiscrete components of the spatial frequency
spectrum of an object on the sky, and the ‘visibility amplitiis the maximum transmitted intensity (bright-
ness) of the observed object.
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its position; for extended sources the visibility ampli#gddecrease with increasing base-
line lengths, and for a radio source of angular $¥zg. interferometer antennae separated
by baselines ok (A /68size) only will contribute to the visibilities amplitude. This @olem
becomes significant at the longest baselines. For mordetktdiscussion on the radio in-
terferometry techniques, especially regarding relatigndetween radio frequency, radio
image resolution and interferometer baselines see Appd&hdi-or a comprehensive intro-
duction to radio interferometry see e.g. Taydbral. (1999) and Thompsoet al. (2001).

Because of the reasons presented above there is a tiglhmstdap between measuring
total flux density of a radio source and settings of the iet@reter with which observations
are done; for that reason the FIRST and NVSS surveys are w$exhto complement each
other, where the low resolution NVS8{s~ 45 arcsec) measures total radio flux density of
the source, and FIRST provides detailed information on digorsource structure (which
is important in the case of extended sources such as radigigs). Yet this is not all; the
frequency of the radio observations also plays a crucia. rleasurements at low radio
frequencies < 500 MHz) are, obviously, more sensitive to lower energy siois than
observations at GHz frequencies and hence offer bettecta®ieof lower power, extended
large scale radio structures. In addition, at high radigdemncies ¥ > 1 GHz) relativistic
effects are more likely to be observed, and significantlyemommpact core-dominated radio
sources are included. Hence, the ‘old favourite’, 3CRR,civhs measured at 178 MHz,
along with other catalogues such as 6C or 7C (The Seventh @igetSurvey; McGilchrist
et al, 1990, both at 151 MHz), is often used in the studies of thergdlaxies and radio-
loud quasars. See also detailed discussion in Bluredell. (1999, hereafter BRW99) on
this subject.

Although radio observations seem to be a perfect labordtmrgtudying both radio
sources at cosmological distances and in population studige must bear in mind that
these catalogues are not free from observational biasese &idio luminosity density.(,)
depends on the distance to the radiation source, that is

Ly = 4m02S,, (1.3)

where S, is radio source flux density measured at the radio frequencgndd, is the
luminosity distance (see Appendix C), at higher redshifiy dhe most powerful radio
sources will be observed. This unavoidable Malmquist (1988s is referred to as the
L, — z degeneracyand is pictured in Chapter 3 (Fig. 3.1). The phrase ‘corepléux-
limited radio sample’ refers to surveys that contain alisaburces observed at a given sky
area above the survey’s flux limit, and hence they are coreide be complete despite the
inclusion of the bias. Nonetheless, extra care must be takéie carrying out population
studies.

To explore the population of low radio power high redshitticegalaxies and radio-loud
quasars, deeper (more sensitive) radio observations tteanuarently available at MHz
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frequencies, are needed. Two international projects tleabfa particular importance are
LOFAR (The LOw Frequency ARray; Laziet al, 1999), the first science of which is
currently under its way, and SKA (Square Kilometre Afjawhich is expected to be in
operation in 2020. LOFAR will operate at radio frequenci¢830— 240 MHz with an
angular resolution of the order of arcsec if observing witleinational baselines (baselines
of ~ 1000 km). The estimated system sensitRityf LOFAR array reaches 10 mJy at
30 MHz and 020 mJy at 200 MHz again using the longest international beel These
characteristics are considerably improved as compardttaidely used 3CRR catalogue.

1.5 Previous Population Studies

The impact of radio galaxies and radio-loud quasars on #mironments as well as their
cosmological evolution has been addressed by many autlerstioe last few decades.
The pioneering work on the evolution of these violent actjeéaxies, based purely on the
observational data, was done, among others, by €taat. (1987), who for the first time
broke the degeneracies between radio lobe luminosity yemedshift and linear size of
the extragalactic radio source population, and found teaerglly the linear sizes of AGN
radio lobes evolve with cosmic epoch@$] (1+2)", wheren~ —3.3+0.5. Similar results
were obtained by, e.g., Singal (1988) and Kapahi (1989) widied a variety of samples
extending t@~ 1.8—2.9 and both authors fountr —3.0. Moreover, in their work on high
redshift quasarsz(> 1.5) Barthel and Miley (1988) presented evidence that thesegal
radio sources reflect a cosmic epoch dependent stage ofdlvingMarge scale structures in
their physical appearance. The interest in radio galaxycqaadar cosmological evolution
lead to the work of Dunlop and Peacock (1990) who showed ti@tspace densities of
powerful radio galaxies were the largest in the so-calle&ar era’, i.e. between redshifts
~ 1.5 and 3 (see also Jackson and Wall, 1999). Through this disgdvbecame apparent
that these radio sources carry important knowledge abeut\tblving Universe.

Because of the relatively simple structure of radio souvdgés FR || morphology (con-
trary to the turbulent nature of FR Is), attempts have beedenta develop analytical
models of their growth; the pioneering work of Scheuer ()9%4d Blandford and Rees
(1974), and further of Baldwin (1982) and Carvalho (198%)) ézentually to the develop-
ment of some sophisticated semi-analytical models of FRyttavth over the past 15 years
(e.g. Kaiser and Alexander 1997, hereafter KA97; Kaisteal. 1997, hereafter KDA97,
BRW99). These models can predict source observables,stihadlio lobe luminosity den-
sity and linear source size, from underlying physical proge such as jet kinetic luminosity
(Q), source aget), and the density of the intergalactic mediup).(This development has

Shttp://www.skatelescope.org

6The system sensitivity (system equivalent flux densitemfeferred to as SEFD) is the theoretical sensi-
tivity that an interferometer can reach. Characteristichsas efficiency of the antennae, the collecting area as
well as system noise are taken into account in the estimafitre system sensitivity.
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Figure 1.6: The reproduction of the original diagram of Shklovskii (BY6w~herey-axis
represents the photographic absolute radio magnitudee@aeVl,, andx-axis represents
the source’s linear dimensions denotedRagfor detailed explanation see the original pa-
per). The author refers to the diagram as the ‘absolute rhatgy- linear dimensions’ dia-
gram for radio galaxies. Shklovskii (1963) defines two regiof the diagram that clearly
stand out, namely the ‘main sequence’ (when the radio lusiipdensity increases), and
the ‘giant sequence’ (for which the radio luminosity deyslecreases). The currently
usedP, — D diagrams in various radio galaxy and radio-loud quasaiiesu@il.5) include

only the giant sequence.
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led to number of studies that investigated whole populatifiithese powerful sources and
their evolution through exploration of their fundamentabgerties (Daly 1995; BRW99;
Kaiser and Alexander 1999; Barai and Wiita 2006, 2007; Wanthkaaiser 2008). The basic
methodology of these studies was to construct virtual pdjoris of these sources choosing
underlying properties for the population and running therough semi-analytical models
to predict the distribution of source observables, thedlir@ze and radio lobe luminosity
density. The simulated populations were further compavesbserved data from complete
samples of radio sources.

However, those studies focused on the commonly used radierpelinear sizeR, — D)
distribution diagram introduced by Shklovskii (1963; regiced in Figure 1.6). The prob-
lem with such an analysis is thRy — D diagram is difficult to interpret in terms of other
very commonly used techniques to study source populatiocis as the luminosity func-
tions. Moreover, many studies, whether they were purelgisfagional or based on the the-
oretical models of radio source growth, (e.g. Kapahi, 188gal, 1993, BRW99) focused
predominantly on the relationship between the observatidgheir trends with cosmolog-
ical epochs. These observables are determined by the famdahsource properties, and
hence they carry convolved effects of possible cosmolbgigalution of the underlying
physical properties, as well as the influence of possiblemibsional biases. There have
been attempts to investigate the fundamental source pteasmace and its redshift evo-
lution (Kaiser and Alexander, 1999; Machalgltial,, 2004a; Wang and Kaiser, 2008), but
sometimes strong assumptions have been adopted. Fordestssumptions on some of
the intrinsic parameters of the relativistic jets, suchhesrtparticle content and the initial
energy of the particles injected in the outflow, as | atteroptow in this thesis, may lead
to different final results. Also, in the investigations o&thedshift evolution of some of
the radio source fundamental parameters (such as its agelmerst density in which the
source expands), always one of these parameters was fixedthérether was explored. In
Chapter 3 |1 show that such a procedure will lead to indirestiagptions on the final results.

1.6 The Holy Grail: Aims of this Work

Since the discovery of radio galaxies and quasars a numbbrgofjuestions’ have been
posed, and their study over time has provided more questi@sanswers. These ques-
tions have changed depending on the decade and a good ragldigliting these has been
compiled by e.g. O’Dea (2002). Some of the important burnopjcs we face currently
include detailed investigations of environments and ledthe lifetimes of these powerful
radio sources. The knowledge of the environments into wtiiele radio sources expand
is crucial in investigations of radio source propagatiod,amhat follows, their morphol-
ogy. Since radio galaxies have a significant and violentefie their surroundings, these
investigations would allow us to shed more light on the refabetween radio source ac-
tivity and the cooling flows in clusters of galaxies. Alsoe thstimation of the lifetimes of
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these sources is of great importance as it will help one tosoreafor example the duty
cycles of radio galaxies. Another question refers to the thiayages of radio galaxies can
be measured, since commonly used methods disagree (edpreyon vs. dynamical age
estimates). Radio galaxies and radio-loud quasars prevideque opportunity for the ex-
ploration of the cosmological evolution of the large and Brseale structures, hence the
evolution of these sources, and investigation of their enitprs as well as relics seem to
be of a great importance. Also, their activity in the obsbledands (e.g. radio waves) as
well as their effect on the environments in which they residee the activity of the central
engine; exploration of these objects gives an opporturfityhe investigation of the birth,
death and evolution over the cosmic time of their activityg #me supermassive black holes
themselves.

In this project | develop a multidimensional Monte Carloaithm to generate virtual
populations of FR Il sources. Unlike previous studigks$), | use distributions of radio lobe
luminosity densities that can easily be transformed inthoréduminosity functions, rather
than theP, — D diagram, to compare the generated population and the @ukdata. Also,
| attempt to set as few assumptions as possible on the uimdegiysical source properties
to obtain more general results (although the resolutiorhe$e results are still restricted
by computing time). The Monte Carlo simulation is repeateadltiple times following
grid minimisation that searches broad ranges of the passifllerlying source properties,
and which allows for generation of confidence intervals ef élstimated parameters. Co-
evolution of the physical source properties is also allawiéds will enable one to determine
the dominant type of evolution, if any. Once the fundameptalameters of FR Il radio
galaxies and radio-loud quasars are estimated (that iskimgtic luminosities, ages, and
environments) | investigate the impact of these sourceseretolving Universe through
the significance of their AGN feedback. Ideally, one wouke lio uncover the information
on the underlying parent populations (unbiased by the téhsiof the instruments used
by the surveys) of these radio galaxies and quasars, andnhgittto shed more light on
this possibility. The study would be complete with the irsétun of the FR | radio sources,
and this is discussed with the plans on the extension of thi& i the conclusions of this
thesis. Finally, one of the aims of this work has been to glethe community with a
simple method which allows one to answer some of the abovgtiqus.

1.7 Synopsis

The multidimensional Monte Carlo simulation developed tlois study is presented in
Chapter 2 Statistical methods, such as the maximum likelihood neetmal the goodness-
of-fit test, as well as techniques used to display resultg, iththe production of the con-
fidence intervals, are discussed. | also present a briefdattion to the fundamentals of
the jet physics, and the theoretical model considered & phiject in particular (KA97,

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

In Chapter 3l present and discuss the results obtained from the siroumthased on
the 3CRR and BRL radio catalogues. This part of the studydeswn some of the most
powerful FR Il type sources observed up to redshift 2. The evidence and the strength
of the cosmological evolution of the intrinsic (e.g. kirmeliminosity, age) and extrinsic
(e.g. density of source environment) parameters of thesk §dirces is presented. Since
the results may depend on the assumed secondary paranhefiscaiss those and investi-
gate how strong their influence might be. Based on thesetsdsalso discuss implications
of the radio galaxy impact for the evolving Universe, and A&\ feedback in particular
(Chapter §. Similar analysis is further conducted on a low luminosignsity, low redshift
(z < 0.2) radio sample and is presentedGhapter 4 Since this sample (Best al,, 2005;
Best and Heckman, 2012) is constructed .4t@GHz, a detailed description of cross match-
ing it with publicly available, low radio frequency radiorseys is presented. Further, the
results of this chapter are compared to the results of the pawerful FR Il sources of the
3CRR and BRL radio catalogues, and evidence for validitthefHEG/LEG classification
of the large scale radio sources is discussed.

The much sought-after scaling relation between kineticranib lobe luminosity den-
sity of FR Il sources is discussed@hapter 5 Discussion on the scaling relation presented
here is based on the theoretical model of KA97 and KDA97. Theetying physical
parameters most strongly influencing the relation, foransé age of the source, jet com-
position etc, are discussed.

In Chapter 7conclusions drawn from this study, as well as newly posedtipes are
presented. | also discuss some possible directions fomeomg and extending this work.

Finally, in Appendix Al present the maximum likelihood confidence intervals, dred t
respective best fitting parameter sets that maximise tkdiHidod, of the secondary as-
sumptions that may influence the results (discussedhiapter 3. Appendix Bcontains a
list of multicomponent WENSS sources discusse@lrapter 4 And in Appendices and
E the fundamental formulae of the maximum likelihood estnaind adopted cosmology
(respectively), which are widely used in this work, are prasd.

The standard\CDM cosmology withQy, = 0.3, Qx = 0.7 and the Hubble constant of
Ho = 71 km s Mpc~t is assumed throughout this thesis.



Things should be made as simple as possible, but not anyesimpl

ALBERT EINSTEIN (1879 - 1955)

Application of Semi-Analytical Models of
Radio Galaxy Evolution: the multidimensional
Monte Carlo Simulations

Since the discovery of radio galaxies in the 1950s attemgt® lbeen made to formalise
descriptions of the physical evolution which they undelgoughout their lifetimes. Given
the cosmological distances at which these radio sourceofiem found, and their ability
to trace the evolution of the expanding Universe, they aralirable for cosmological stud-
ies. Consequently, the fundamental parameters charaatgriradio galaxies have been
an objective in radio galaxy and quasar studies over the fastdecades. In the follow-
ing chapter | give a short overview of the existing theosdtinodels of radio galaxy growth
and discuss the models’ assumptions. Most importantlylineuthe algorithm of the Monte
Carlo simulations through which the underlying fundaméptaameters of radio galaxies
are explored in the further analysis of this dissertatioheTontent of this chapter has been
submitted to the Monthly Notices of the Royal Astronomioaledy (A.D. Kapaska, P. Utt-
ley & C.R. Kaiser, ‘Fundamental properties of Fanaroff€¥illl radio galaxies investigated
via Monte Carlo simulations’, MNRAS (2012) accepted, irspye
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2.1 Theoretical models of radio galaxy and quasar time evolu
tion

A basic picture of FR Il type radio source growth, where tHathéstic plasma is ejected in
two opposite directions forming collimated outflows, is ramlays widely accepted. These
outflows expand and interact with the surrounding mediunil theey terminate in strong
shocks and create radio lobes where the excess transfemeeglyas stored. The idea first
proposed by both Blandford and Rees (1974) and Scheuer)h@&gheen developed, over
the past 15 years, into a few more sophisticated models @vibletion of FR Il sources. In
particular, there are three models which have gained the atiemtion, KA97 (part 1) and
subsequently KDA97 (part 2), BRW99, and Manolakou and K2@02, hereafter MK02).
The time evolution of FR | sources, on the other hand, has eehlyet successfully de-
veloped into general models of source groty#ithough some attempts and considerations
have been undertaken (e.g. Bicknell, 1994, 1995; W4rad, 2009; Luo and Sadler, 2010).

2.1.1 Relativistic jets

Many mechanisms have been proposed for production andhediéin of astrophysical jets
since their discovery, yet no final consensus has been r@adHere | will only outline
the hypotheses put forward on the jet production and cotlongoroblem, and also briefly
discuss emission mechanisms of the large scale outflowshairdstructures. More detailed
discussion on the theoretical model | will use in the furthienulations of radio galaxies in
this project is given in the two subsequent sectidgis1(2 ands2.1.3), while the issue of
the jet particle content will be discussed in the light obtproject’s results i§3.10.5 (but
see als2.3.6).

Formation of relativistic jets. The two crucial requirements while dealing with the jet
production problem are the availability of the materialttban be deposited into the out-
flows and the mechanism that will efficiently do this. The ated material (material in
the accretion disc, hot gas in the corona and/or thick taams))the production of the jets
are tightly linked. If the central source discards more malté the form of outflows than

it is able to accrete, the jet will shut off, and restart orflgnough material is accretéd
The purely dynamical models of the jet production includentels (i.e. pre-existing chan-
nels) and nozzles in the clouds surrounding central BH, whi® believed to be escape
routes for the outflows. In particular the models predict tha jets are produced by the
dynamical interaction between gas clouds and streams afigais- or radiation-supported

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

2Examples of what is considered evidence for the intermiiteri the outflows are discussed§a.3.4.
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thick discs or tori (e.g. Cassen and Pettibone, 1976; Patxyand Wiita, 1980; Reext al.,,
1982; Begelman and Rees, 1984). Further, the so-called ABNswnay produce various
types of outflows, but as shown through hydrodynamical sitars they are suspected not
to be able to collimate the outflows (see Begelnearal, 1984, and references therein).
The currently favoured class of the jet production mechmasiare the ones which incorpo-
rate magneto-hydrodynamics (MHD), that is the strong imftieefrom the magnetic field is
recognised. In these mechanisms the outflows are consitefezlproduced by the AGN
winds, where jets are composed of the extracted energy aras&:angular momentum of
the accreting matter (e.g. Lovelace, 1976; Blandford aryeh®al982), may be produced by
the BH rotational energy (e.g. Blandford and Znajek, 19@7)nclude both of these mech-
anisms (Meiert al. e.g. 1997; Meier e.g. 1999, but see also Ohsetgal. 2005; Ohsuga
and Mineshige 2007). Although the MHD simulations of thatigistic jet production are
considered a good approximation, for the realistic reprsion of these mechanisms rel-
ativistic effects should be considered. The relativisiiddodynamic mechanisms were in-
vestigated previously by e.g. Wilson (1972) and Marti andlét (2003), but surprisingly
full general-relativistic MHD has been considered only fie tast decade (Koidet al.,
1998, 1999; Leismanat al,, 2005). Moreover, one of the important aspects of the jet pro
duction mechanisms is their ability to effectively collitaahe outflow. Without adequate
collimation the jet will not survive the interaction with &ment medium once it had trav-
elled further away from the central engine. Aspects suchheget pressure (e.g. FR Is
usually have under-pressured fetsee e.g. Ferragt al. 1995), the strength of the magnetic
field, and the overall speed of the outflow are important, @sfig that the outflow must
re-collimate once it travelled few parsecs (the reconfirmgnsbock in Figure 2.1). Jets of
FR Is are believed to be collimated to a smaller degree thasetlof FR lls; the former
sources will eventually develop instabilities and becannbulent flows. For more detailed
discussion including concepts which are not considered (eeg. the jet stability) see e.g.
Blandford and Pringle (1976), Eilek and Caroff (1979), Badal. (1990, 1996), see also
Ferrari (1998) and Perucho (2011) for short reviews. For@dgeview on the nature of
the extragalactic radio sources see early work of Begeletah. (1984), and for a recent
review specifically on the jet production mechanisms seekegari (1998), Meier (2001)
and Meieret al. (2001).

Synchrotron radiation. The process responsible for the non-thermal radio emissien
servable in large scale extragalactic radio sources isopngdhntly synchrotron radiation —
emission radiated by the relativistic charged particlésaiimg in and accelerated by mag-
netic field. Synchrotron radiation as the mechanism for producing siorisfrom radio

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

4The continuum radio emission may be created by either tHernmon-thermal mechanisms. The thermal
emission depends strongly on the temperature of the emittiject. The black body radiation is caused by
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sources was first proposed in the 1950s by Alfvén and Hentof$950). The polarised op-
tical emission of the M87 jet observed by Baade (1956), whiovi@d the observations of
the Crab Nebula polarised emission and conclusions onntshsgtron emission origin pro-
posed by Oort and Walraven (1956), provided strong evidémrcihe earlier proposal (see
also Burbidge, 1956). The current understanding of theatewfi process assumes that the
fields are purely magnetic and are assumed to be homogen€bedotal radiated power
depends solely on the particles (their chaggmassmnand velocity) and the strength of the
magnetic fieldB. Specifically, the average radiated power per electron ektmchrotron
emission is

2
P= %GT(W)ZUB, where Ug = 8B—n, (2.1)

or is the Thomson cross-section apdenotes the Lorentz factor. Considering an ensemble

of electrons that occupy volumé and which number density is described ) given

that their Lorentz factors are withipandy + dy, the total emitted synchrotron power per

unit frequency is

1 v
P, = —orcUg—n(y)V. 2.2
V= 50T N(Y) (2.2)

In order to produce the observable synchrotron emissionnégmmim energy contained
in the relativistic particles and the magnetic field is regdi The minimum energy is often
referred to as the ‘equipartition energy’, because themmimn occurs when the particle and
the magnetic field energies(r andUg respectively) are almost equal. That is

Utot = Upar‘|‘ Ug (2-3)
and it can be shown that the minimum occurs for

3

Many authors attempt to verify the minimum energy requiretsdrom the large scale
outflows and their imprint on the ambient medium (e.g. But®79; Alexander, 1987,
Carilli et al,, 1991; Hardcastlet al, 2002; Dunn and Fabian, 2004; O’'Deaal., 2009,
among others) since it will help to establish adequacy oftlie®ry to the extragalactic
large scale radio sources and/or any deviations. For ddtainchrotron theory see e.g.
Rybicki & Lightman 1979, Longair 1994,

random motions of electrons. Further, the free-free emis@diremsstrahlung) created by colliding ions and
electrons will contribute to the overall radio emission.e™ynchrotron radiation (magneto-bremsstrahlung) is
referred to as non-thermal emission. The vast majority efrttdio emission, especially at lower frequencies,
comes from the synchrotron mechanism.
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Figure 2.1: Sketch of FR Il class radio source large scale structureeasiésn For expla-
nation seg2.1.2. Credits: Kaiser and Alexander (1997).

2.1.2 Dynamical evolution of powerful extragalactic radiosources

In the following theoretical models of an FR Il radio sourgewth (i.e. KA97/KDA97,
BRW99 and MK02) only the large scale structure of the radiarses is considered. It is
assumed that all of these sources produce well collimatdtbans and further physics close
to the BH is omitted. It is not my intent to compare the exigtinodels, hence | will only
briefly summarise the main features of the aforementionad-aealytical approximations
of the FR Il radio source growth. The BRW99 and MK02 model$ofelthe dynamical
evolution of radio sources as described by KA97, which | ¥attus on in this work. For
detailed discussion and derivation of the quoted equatlomseader is referred to adequate
models’ original publications.

The following picture of the dynamical evolution of a relagiic jet is sketched in Fig-
ure 2.1. The outflow is ejected ballistically from the AGN dadhnitially characterised by
a half-opening anglée;. At some critical distance from the nucleus a reconfinemientls
develops passing through which an initially ballistic jegtrtsforms into an outflow which
becomes pressure confined, that is the outflow is in presguitbeium with its immediate
surroundings — the growing cocoon. At this point it is assdri®t the jet radius is con-
stant. The input rate of energy that is deposited into thecgsicocoon is also constant;
this input rate is referred to as the power of the jet or samegi the jet kinetic luminos-
ity, and is denoted a®. Furthermore, the rest-mass transport rate in theMg}, (the bulk
motion within the jet and so its velocity are also assumecetadnstant. The environment
into which the source expands is described by a density erafiproximated here by the
generalised King’s (1972) profile
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-B
r
Px = Po <%> forr > a,, (2.5)

wherer is the radial distance from the AGN core, gmgls a constant central density within
the core radius,. The indexf is usually constrained by the observations, although some
restrictions may apply in the case of certain assumptiogs {ee self-similarity assumption
requires < 2, see Falle, 1991). Note however, that the model dependsearombination

of (poag) and not the parameters separately. The approximationit aatlistances of at
least few core radii.

Given the characteristic quantities discussed above jgt@t M, and(poag ), one can
define a characteristic length scélg (Falle, 1991)

1

(poag )ZQ w2

Do = (2.6)

Once the jet becomes significantly larger than this chanatitelength scale, its flow no
longer is dependent on the rest-mass transporiaté/oreover, as Falle (1991) and KA97
show, the source expansion problem can be solved purelyawiitinensional analysis where
the source growth depends purely on the jet of the sourceowitbtant power®, hereafter
referred to as the radio source’s kinetic luminosity), ge &) and the environment in which
it self-similarly expands. The linear length of the radibdoD qne) Of the radio source is

hence )
ﬂ
Diobe = C1 (%) tﬁ, (2.7)
Poo

where thec; parameter depends solely @ adiabatic indices of the radio lobe and the
external mediumI{; andl' respectively), and the source aspect r&io(i.e. the ratio of
the radio source length to its width, sg23.5), and is given by

LT[R\ (Mt 1)(M —1)(5—B)° |57
Cl_[<9_;> N+ 2R (T —1)]—4-B| 28)

As the outflows drill their paths in the ambient medium thegrdually terminate form-
ing hot spots at the end of the jets. The hot spots, oftenrezf¢o as the ‘working surface’,
are situated at the ‘head’ of the strong shocks generatetiebjets and are much larger
than the cross section of the jet. Specifically, through tiiks@on between the jet and the
external medium two shocks form, one in each of the collidiredium. These are the bow
shock, which propagates into the external medium, and amialt shock which propagates
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into the cocoon. Additionally, the so-called contact digdauity forms in between the two
shocks (Figure 2.1). The dynamics of the bow shock is tiglitlged to the mass of the
shocked ambient medium. The contact discontinuity defimesdcoon of the radio source
where the transported jet material and energy is storedcifgadly, the shocked jet ma-
terial is diverted back towards the source’s radio corenfllin the cocoon (the process is
often called a ‘backflow”), the visible part of which is defihas the radio lobe. Although
the shocked jet material is separated from the shocked aiiedium by the contact dis-
continuity, any mixing of the two materials may occur closettis border. KA97 assumes
at this point that the pressure at the working surfaig: époj is completely balanced by the
pressure of the surrounding shocked external medipy&iy6hock 1-€. Phot spot= Pbowshock
Based on the above scenario and the assumption that thigis@laparticles of the out-
flow and the magnetic field pressure are balanced by the rassyreof the IGM, the lobe
pressure fione) Of a radio source at a given agean be found with

Pove O (P02 2 Q% *Djgye 7. (2.9)

Note that the dependence on the age of the radio source isrhiddhe expression on the
linear size of the radio lobBghe. Also, it is important here to stress that the assumption
on the jet being confined by the cocoon pressure implies tieafet pressure (after the
reconfinement shock) equakne. Furthermore, KA97 assume that any gradients in the
lobe pressure are smoothed out; such an assumption doegpigtoaly in the regions
close to the working surface. For the full equation and itsvdéon see KA97 and Kaiser
and Best (2007).

One of the important consequences of the KA97 model is thieswnilarity of the radio
source growth. The rate at which kinetic energy is tranggbmto the bow shock in the
KA97 model is

Iabowshock: 0.5 prgowshoclgAbowshock (2-10)

Apowshock
where Apowshock iS the bow shock surface area,wshockis the velocity perpendicular to
it, and px is the gas density of the external medium as defined in Egn. ThBough the
geometrical analysis KA97 shows that this can be expressed a

dt

and is constant. Further, they also show that the volumeeofatiio source, assumed to be
cylindrical, expands according to

2 p (Diope \ ®
Phowshock! Dlobe ) (2-11)

Diobe 3
Viobe [ a ) (2.12)

Egn. 2.11 and 2.12 indicate that both, the cocoon and the hoeksof the growing radio
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source must expand self-similarly.

The BRW99 and MKO02 maodels follow the formalism of KA97 for thdgnamics of a
growing radio source. The only difference lies in the intetation of the hot spot and head
region of the source structure; BRW99 (and so MK02 who foldarmalism of BRW99)
assume that hot spot region is not equivalent to the headrgijie latter being much larger.
Material transported by jets gets backflowed into the codomm the hot spot (where the
particles may be re-accelerated) via the head of the jeb, ey argue that radio sources
do not expand self-similarly. Such an interpretation wiflilence prescriptions on the radio
luminosity density evolution of the sources’ lobes and s&edssed in more detail in the next
section §2.1.3).

2.1.3 Luminosity density evolution of powerful extragalatic 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 volumeatisdV. Each of such
volume elements depends on the particles’ injection tim&he internal energydU) of

dV is expected to change as

d(8U) = Qd(dti) — probe(ti)d(dV ). (2.13)

That is the internal energy @V depends on the rate of the energy being deposited less the
work done on the adiabatic expansion of the volume elemeamthé&r, KDA97 assume that

the energy density of the particles is in equipartition with magnetic field energy density
(Egn. 2.4). Given this, the volume elements are summed upisind Eqn. 2.2 for the total
power of the synchrotron radiation KDA97 find the radio lobminosity density at a radio
frequencyv (note that.,, = 471P,) of the radio source to be

1
L, = fLQpm V4 / Cx)dx, (2.14)
Xmin

obe

wheremdenotes the injection spectral index of the energy didinbwof the relativistic par-
ticles (52.3.4), the tern€(x), wherex =t; /t, depends on the energy losses of the relativistic
plasma, and

2(m+1)(2Ry)41-N)/T §3-m¢
fL:<GTC> (m+1)(2Rr) y_n (2.15)

v 3(m+5)
The termsf, and f, are normalisations of the Lorentz factor of the relaticigtarticles
radiating at frequency in the evolving magnetic field and of the particle energy spec
changes respectively. The energy losses depend on theh@patticles have spent in the
radio lobe. This means that the losses are not only depenadleoaget of the radio
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source, but also on the injection time of particles, giveat th< t. The following losses
will affect the radio lobe luminosity density: adiabatigpaxsion, synchrotron and inverse
Compton losses. The adiabatic energy losses occur duegotinee expansion, while losses
from the synchrotron emission and inverse Compton lossesraiue to the (decreasing)
magnetic field and the constant scattering of the cosmicaw&ve background (CMB)
photons respectively. In particular, the synchrotron eiois losses dominate mainly at
the very early stages of the source’s life when the magnetid i the strongest. As the
magnetic field decreases with the growth of the source, terse Compton losses will
replace the synchrotron losses at the very late stages sbtlree life. The adiabatic losses
affect the source evolution during its whole lifetime. Siribese processes are incorporated
into the model they allow to follow the source luminosity it@n more accurately.

In the derivation of Egn. 2.14 it is assumed that the relstiviparticles are initially
accelerated at the timteand their energy distribution(y;) can be described by a power-
law relation depending on their initial Lorentz factgrgsee also Eqgn. 2.22). Furthermore,
one cannot neglect the type of particles involved in thefiaiteof the cocoon. Synchrotron
radiation requires charged particles; electrons are thtctiodoe the typical constituent of the
relativistic jets. However, to obtain neutrally chargeduMlsome sort of positively charged
particles must accompany electrons. Most commonly pasitiar protons are invoked,;
however given fixed kinetic luminosit§) the choice of the positively charged particles in
the flow will have profound influence on the resulting radibdduminosity density. This
issue is further discussed §2.3.6.

For the full derivation of the radio luminosity density etjoa see KDA97 and Kaiser
and Best (2007, 2008). It is interesting to note here thastueked jet material, which
radio lobes are filled with, is still hot and relativistic @sriay be re-accelerated in the hot
spot region; the particles are believed to undergo thedndtr Fermi process that accel-
erates them (Fermi, 1949). However, the surface brightob#se radio lobes may decay
in the direction towards the radio core mainly due to adiadasses in the magnetic and
particle energies, hence the visible radio lobes are muelianthan the expected cocoons.
Nevertheless, the lower energy particles remain as heheindcoon 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 densitpletion of the sources deter-
mined by the way the relativistic particles are injectedhfrthe jet to the radio lobe, and
the particle transport. The original KDA97 model concludiest for the assumptions they
adopt, the working surface, cocoon and bow shock of a soutst expand self-similarly.
This implies that the working surface grows proportionatiythe size of the radio source.
Note also that in the KDA97 model emission from hot spot ioigal, and a constant factor
by which pressure in the cocoon differs from the pressuredmtorking surface is assumed.
BRW99 argue for the importance of the hot spot region pointiat the over-simplicity
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Figure 2.2: TheP, — D diagram for the 3CRR sampl&3.2) of FR Il radio galaxies and
radio-loud quasars.

of the KA97/KDA97 model and its assumption of source satfikir expansion. They as-
sume that hot spots do not grow self-similarly, and show ¢batribution of hot spot emis-
sion to the total radio luminosity density is, on averaggragimately 004 per cent. The
authors also argue that inverse Compton losses from the &@M radiation field cannot
be neglected in the calculation of the total radio luminosiénsity. Given this, BRW99
follows the formalism of KDA97 but with two additional imp@nt modifications. Firstly,
they assume that the injection index (that is the slope oditeegy distribution of relativistic
particles, se§2.3.4) is governed by the break frequencies of the energgitaison in the
hot spots. Secondly, BRW99 assume that adiabatic expaluseas are controlled by the
hot spot pressure which ot equivalent to the head region pressure.

Further, MK0O2 expands the KDA97 and BRW99 models incorpogatietails on the
particle transport mechanisms. In particular, insteadsigging distribution to the particles
which are deposited in the cocoon (which is the case in the &D&nd BRW99 models),
MKO02 consider the actual first-order Fermi acceleratiorcpss occurring at the termination
shock (the hot spot) that governs the particles’ distrdwuti Further, they show that there
must develop a re-acceleration process which occurs inghd hegion, after the particles
pass through the termination shock. It is worth noting trestuanptions of BRW99 and
MKO02 lead to much steeper evolutionary tracks of the souircéise radio power — linear
size P, — D) plane as compared with the predictions of the KDA97 model.
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More recently Barai and Wiita (2006, 2007) attempted to tigva more accurate model
by testing and modifying the three leading theoretical niedEhey report that none of the
existing models can give fully acceptable fits to all of thepgarties deduced from the radio
surveys (especially the synchrotron spectral indg&xhowever, according to their findings
KA97/KDA97 give the best overall results as compared to tteeiotwo 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 sourceutianl has been investigated
through theR, — D diagram (Shklovskii, 1963, see al§d.5) presented in Figure 2.2 for
the 3CRR sample (for the sample description $&&), which in recent studies has been
extended into radio lobe spectral index)(and redshift £) parameter space. Here, an
alternative approach is incorporated and instead of ipegtitg [P, — D —z— a] space radio
luminosity functions (RLFs) are used in the analysis. Anaadage of doing so is the direct
link to the results of other source population studies wisid most commonly expressed
in terms of luminosity or mass functions. Due to degenerasiyvben the fundamental
properties it is impossible to infer the source kinetic lnosity, the central ambient density
and the source age directly from the observables of the fed@alone, and hence Monte
Carlo simulations are necessary in order to generate sietblRLFs.

To construct a single virtual sample in totak few x 10° virtual radio sources are gen-
erated. The subsequent prescription is followed.

1. For each source of the virtual sample | assign a set of phlysarameters summarised
in Table 2.1. Each of the parameters is either drawn fronegpective distribution or is
the same for each source; the details of these physicaltipptameters are presented
in §2.3.

2. Based on the theoretical model of KA97/KDA97 the souravved and its linear size
D is calculated.

3. The linear size of the source is checked for its relighithat is whether the source ex-
pansion exceeds an assumed fraction of the light speedfmaxallowed head advance
speed, se§2.3.7). If it does, the source is rejected. Otherwise, thecis accepted
and its linear size is corrected for the projection ang®3.9).

4. The radio lobe luminosity density, of the source at a frequeney= 178 MHz and its
randomly generated redshift are calculated.

5. The radio luminosity density is subsequently randomiseddding a Gaussian variable
of standard deviatiod\L¢,; = 0.08 x L, to account for any instrumental/systematic er-
rors. Moreover, since the source is evolved in its rest-&aecorrection of1+ z)¢



32 Chapter 2. Application of Semi-Analytical Models of Ra@alaxy Evolution

transforming the calculated radio luminosity density te tommon frequency must be
included. The common frequency of 178 MHz is used. Thesesctons are discussed
in detail in§2.3.4.

6. Steps 1 -5 are repeated few x 10° times.

7. The radio lobe luminosity density histograms for eactshét range and linear size
bin are generated as discussed®2. The binning of the virtual sample histograms
matches exactly the one used for the real observed data sarhjgiwever, to ensure
that the probability density functions of kinetic luminss (Eqn. 2.19 and Eqn. 2.20)
are represented by reasonable number of sources at theohsi@xponentially falling
ends, the virtual population is initially generated asswgrihat their kinetic luminosities
are drawn from a uniform distribution, and later a weightfagtor is applied to each
source (se§2.3.1).

8. Atthis stage the histograms represent the total numtmmotes in the simulated sample
since we have not determined yet the fluxes of the generatedeso In this sense,
those are the ‘true’ numbers of the entire source populatidowever, to be able to
compare the simulated sample to the observed data theiselettects arising from
limited flux sensitivity must be taken into account, whichaishieved by using radio
luminosity functions. RLFs are an ideal tool when dealinghweoupled selection effects
such as limited sensitivity of radio surveys. They are defias number density of
sources per unit co-moving volume per unit luminosity. Thigial histogram of the
entire simulated population is therefore transformed Rit& (¢sim) by using the survey
volumeVsyrvey

A n,

Gimi = ——

, 2.16
41T Vsurvey ( )

whereA is the area of the sky that the survey covers, andepresents the data counts
in luminosity density bind;. Further, the RLF is transformed back into a histogram of
number of expected sources for each linear size and luntyndsisity bin using/im —

a maximum co-moving volume in which a source in a given lursityodensity bin and
with the flux limit of the survey would be included in the sampEchmidt, 1968),

amn
N Sim = K(Psim,ivlim- (2.17)

The two transformations simplify to

VIi m
Vsu rvey

NG Sim = N (2.18)

Note that flux densities of the simulated radio galax®&g,() are not examined directly,
and hence no radio sources are rejected based on the lineitesitigity bias (i.e. re-
quirement thatsimi > Sim). Instead, a correction factoVi, /Vsurvey), Which indicates
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the probability of radio source occurrence at a given flwitlilm employed. The effect
of the limited flux sensitivity is an average for each consdebin. To ensure greater
accuracy we perform the flux correction on much finer bin wsdtran those of the final
histograms. In particular, in this step we use 20 times fimes than used in the final
histograms. These are later summed to match the initiathgtrocted distributions.

9. So far, the number of progenitors becoming active andrtgiinto FR 1l sources have not
been discussed. To ensure a reasonably large statistinplesathe simulated sample is
generated with a much larger number of virtual radio soutitas the observed data sets
contain. Instead of introducing a corresponding distidmufunction the full simulated
sample is used. However, since both the simulated and dissamples must be of a
similar size, that is of a similar number of sources congidethe data counts, which
are found with Eqn. 2.18, need to be normalised in the virsaahple. | use the binned
maximum likelihood method (MLM, seg§2.4.1) together with Brent's method (Brent,
1973; Presst al, 1992) to do so. The normalisation is set as a free paramuaier,
represents an average for the considered redshift range.

10. Finally, the goodness-of-fit test is performed. Theisdtas used, normalisation of the
sample and the goodness-of-fit test are discussgd.4h

2.3 Monte Carlo Simulation Input Parameters

2.3.1 Kinetic Luminosity Distribution

The kinetic luminosity of each generated source is drawloarty from a distribution
function that acts as a probability density function. Therf@f the distribution function of
sources’ kinetic luminosities is not known, and variousrierhave been assumed in previ-
ous works ranging from a simple uniform distribution betwaginimum Qmin) and max-
imum (Qmax) Kinetic luminosity (e.g. Wang and Kaiser, 2008), throughvpr-law scaling
asQ* (e.g. BRW99) to more complex functions as used by Willottle{2001, discussed
below).

Two models for the initial distribution functions of the kitic luminosities are consid-
ered. In Model S the kinetic luminosity distribution furartiis assumed to be modelled by
the so-called Schechter function (Schechter, 1976) ofra for

T Q oo _Q
Y(QdQ=y" | = exp| == | dQ (2.19)
Qs Qs
where the slope of the function for the kinetic luminosityues below the kinetic luminos-
ity break @Qg) is described by the exponeat, and drops exponentially for the high€x
Y is a normalisation constant, which in our case is negledi¢disstage 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
—ae
vQdo-u () en( ) (2.20
Qs Q

and where the exponent, describes the function for kinetic luminosities higherrtl@s,
while for lower kinetic luminosities the function drops exgentially, andyp* is used as in
the Model S. In their original paper Willo#t al. (2001) use a combination of Eqn. 2.19 and
Egn. 2.20 to describe the whole population that consistsghf &nd low radio luminosity
sources. Eqn. 2.20 was introduced to specifically model thke radio luminosity sub-
population of radio sources. Since currently | do not caamsieR | type sources in this
study Eqgn. 2.20 alone is used to describe the consideregsuidation of powerful radio
sources as opposed to the original method of Wikotl. (2001).

These functions and the effect the parameter has on their shapes are plotted in Fig-
ure 2.3. Both functions describe the distribution of kiodtiminosities betwee@min and
Qmax. Which are set in such a way that contribution to the RLFs offees with kinetic
luminosities outside this range is negligible. To ensueséhprobability density functions
are represented by reasonable number of sources, whatssilleagood statistics at the
functions exponential ends, the kinetic luminosities aigally generated from a uniform
distribution betwee®@min andQmax. Each of these kinetic luminosities is assigned a proba-
bility of its occurrence (a weighting factor) according e tconsidered probability function
(Egn. 2.19 and Eqgn. 2.20). This weighting factor is appl@ddch source while construct-
ing histograms at a later stage.

2.3.2 Ambient Density Distribution

The central density valueo§) for each generated source is randomly drawn from a log-
normal distribution with the mean value lg@gom) and standard deviation @gg, (p,) =
0.15. The standard deviation is not introduced as a free paeaniwever, it is tested how
strong an effect it has on the results (see discussi@B.itD).

Since the type of the surrounding environment (clustersatéddes or field galaxies) is
tightly linked to the core radius of the source, these shoeleer be discussed separately.
Here one value o0&, is set for all the simulated sources (2 kpc). The choicemmay
determine the most likely environments found in our simalgtthis issue is discussed in
detail in§3.7. The exponeng of the density profile (Eqn. 2.5) is randomly chosen from a
uniform distribution betweefmin = 1.2 andBmax= 2.0. Although many authors use a con-
stant value of3 (e.g. 3 = 1.5 is used by Daly 1995; BRW99; Kaiser and Alexander 1999;
B =19 andpB = 2.0 by KDA97; Wang and Kaiser 2008), some observational edden
suggest that the parameter may vary between sources (shyndlet al. 2010).
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Figure 2.3: Examples of the Schechter functiotop, model S) and its modification
(bottom model W). Both functions are plotted f@g = 10°° W, and for normalisation
which has been arbitrarily chosen to & = 10° for model S andp* = 107 for model W.
The functions are plotted for a sample of differeqtparameter values as detailed in the
plots. The change in thes parameter will change predominantly the slope of the fuomcti
In model S {op) the as parameter shapes the slope bef@ge where for positivexs the
slope becomes negative (more low luminosity sources atedad) and for negatives
the slope becomes positive (i.e. less low luminosity saiege included). In model W
(bottom) parametens governs the shape of the post break part of the function. ,ldeee
lower the value ofxs, the flatter the slope becomes allowing more high luminasityrces
to be included. It is also worth noting thatdf is the only parameter being changed, all
plots (separately for each model) cross at the kinetic lasity break value.
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Table 2.1: Overview of a source physical parameters and default bigtans from which
they are drawn. Details on the assumed distribution or vefuke 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 62.3.1

Oo distribution mean central density in which source ex%2.3.2
pands

o value core radius §2.3.2

B distribution power law index of the radial density distri$2.3.2
bution

t distribution source current age §2.3.3

tmax distribution source maximum age §2.3.3

a calculated value radio spectral index §2.3.4

m distribution power-law exponent of the relativistic parti§2.3.4
cles’ energy distribution

Ymin value minimum Lorentz factor of relativistic parti-§2.3.4
cles

Ymax value maximum Lorentz factor of relativistic par<$2.3.4
ticles

Rr distribution aspect ratio §2.3.5

9 distribution projection angle §2.3.9

I« value adiabatic index of the IGM 62.3.8

e value adiabatic index of the radio lobes §2.3.8

My value adiabatic index of the magnetic field energy?2.3.8
density

k value ratio of thermal to electron energy densitie$2.3.6
in the jet

Vimax value maximum allowed head advance speed §2.3.7

DISTRIBUTIONS PARAMETERS

Qs value kinetic luminosity break §2.3.1

Os value exponent of the kinetic luminosity distribu$2.3.1
tion

Ng value strength of the kinetic luminosity break red§3.4.2

shift evolution

continued on next page
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Table 2.1: Continued.

Parameter Assumed Description Discussed
distribution in

Pm value mean of log-normal distribution of radiog2.3.2
sources’ central densities

Op, value standard deviation of log-normal distribu§2.3.2
tion of radio sources’ central densities

Ny value strength of the central density redshift evd:3.4.2
lution

tmax, value mean of log-normal distribution of radio§2.3.3
sources’ maximum ages

Oty value standard deviation of log-normal distribu§2.3.3
tion of radio sources’ maximum ages

Nt value strength of the maximum source’s lifetimg3.4.2

redshift evolution

2.3.3 Age distribution of the simulated sources

It is assumed that radio sources live up to a certain maximgentaax) after which they
instantly die. This may seem to be an oversimplification asrafic radio galaxies are
going to be neglected; however, from previous work of KDA®d 8RW99 for instance,
one can see that the luminosity tracks of radio sources extegpidly at the late stages of
the source’s life, quickly dropping below detectable fluels.

Here the age of a source is randomly drawn from a uniformidigton betweent = 0
andtmax The expectation that all radio sources have the same maxiage seems to
be slightly unrealistic, hence a log-normal spread of th&imam ages around the mean
tmas,s 1-€- Ology(tmay = 0-05, is introduced. | also investigate the effect of the wiolthhis
distribution in§3.10.2.

2.3.4 Injection and radio spectral indices

The energy distribution of the relativistic particles ially follows a power-law relation
with exponenim, the injection index,

N(E)dE 0 E™dE, (2.21)

which can be expressed in terms of the Lorentz facgabthe particles, that is
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n(y)dy Oy~ "dy. (2.22)

The exponenm assigned to a source is drawn from a uniform distributiorhlie mini-
mum and maximum value allowed by the theoretical model of@growth used in this
study, that ismmin = 2 andmyax = 3. However, theoretical studies of the particle accel-
eration in the relativistic shocks suggest a universale/éhu~ 2.2 — 2.4, e.g. Kirket al,
2000; Spitkovsky, 2008), while studies based on obsemstaf gamma-ray burst after-
glows favour a Gaussian distribution of this parameter (@uet al,, 2010). Also, Machal-
ski et al. (2007) conclude that the distribution af is rather narrow withm € [2.0,2.4]
according to their modelling, and Meli and Mastichiadis@@Preport on good fits of the
spectra by a power-law with inder= 2.0 —2.3.

Moreover, the power-law of the relativistic electron ernyedgstribution extends between
Ymin and Vmax i-€. between the Lorentz factors of the least and most etierglectrons of
the outflow. | assumgin = 1 andymax = 1019, KDA97 stresses thagtnin < ymax | decided
to use much higher maximum Lorentz factor than KDA97 who ugggl = 10°. Lorentz
factors of ymax ~ 10° — 1P have also been measured by Meisenheigteal. (1989) and
Massaro and Ajello (2011), while BRW99 favouhax =2 1014, | decided to use the inter-
mediate value as a default one. Further, Blundedl. (2006) report a new estimate for the
low-energy cut-off of the energy distribution of relatititselectrons in FR |l type sources.
Based on the observations of Cygnus A they estimate a ratpenialue of ymin = 10%.
On the other hand, investigations of hot spots done by Mhisareret al. (1989) suggest
that the minimum Lorentz factors, below which the synctmottosses are unimportant,
are typically ymin ~ 10?, but may reach values of-110*. Values of 18 for the minimum
energy cut-off are also supported by, for example, Barai\afiith (2006) and Meli and
Mastichiadis (2008). Since there is a large discrepan@gasilly in the estimations of the
Lorentz factors, the possible effects of these differestiagptions on the simulated radio
source populations are investigated;310.4.

To find the radio spectral indes, a measure of the dependence of the source’s flux
density on the frequency, one needs at least two data pthiatss two radio lobe luminosity
densities of the same source measured at two differentdreigs. A simple power-law is
employed betweeh,,., andL,, to find a, which is finally used to correct ths,,,, (See also
Appendix E); the radio lobe luminosity density estimatedhvthe modelL,,,,, is in the
source rest-frame and one needs to convert it to the comraqoéncy usingl+ z)?. For
consistency and to mimic behaviour of the 3CRR sample- 750 MHz is chosen (after
Kaiser and Alexander, 1999). Note that BRW99, Jarvis andliRge/ (2000) and Jarvis
et al. (2001) argue that this most commonly used relation (i.e pEmower-law) may be
too simplistic, and instead, curved radio spectra shoulddmsidered. On the other hand,
Bornanciniet al. (2010) report that the radio spectrum of their sample is isterst with
a single power law between 74 and 4850 MHz. See &Bs® for more discussion on this
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issue and a few examples.

2.3.5 Aspectratio and self-similarity

One of the consequences of the KA97 dynamical model of thees@xpansion is its self-
similar growth. Instead of measuring or introducing thegjeéning angle, the aspect ratio
(Rr) is used. The aspect ratio is the ratio of a source lengthstwidth. In the KA97
modelRy is linked to the jet opening angléé;) throughRr 0 1/6e; based on the assump-
tion that the radio lobe pressure is balanced by the extgraslram pressureRr stays
constant through the source lifetime. The BRW99 model, enother hand, assumes that
Rr increases with the source growth, and their results suggeate dependence on the
source kinetic luminosity and/or its age, while Machaleskal. (2004a,b) suggest that the
self-similarity may not hold for old sources.

Mullin et al. (2008) present a detailed investigation of aspect ratic3®&ources of
z< 1.0. The observedr values are found to fall in a range oi1Rr < 8, with a median
within (Rr) € 1.6 — 2.6 (which depends on spectral class). Mullin et al. (2008preghat
higher aspect ratios seem to occur for larger sourseB00 kpc) which may suggest a non
self-similar source growth, or a self-similar growth oaing only in the early stages of a
source life. However, the aspect ratio has a predominanieinfle on the radio source linear
size (hence its age). In particular, the smaller the aspgict gets, the wider the opening
angle of the jet becomes, and thus a higher pressure of tieelcde is needed to account
for the faster sideways expansion of the lobe. This in tuthl@ad to smaller head advance
speeds of the jet, as well as larger synchrotron losses, dingsult in smaller linear sizes
as compared to the sources with lardg&g. This may be one of the reasons why larger
sources seem to have larger aspect ratios. Similarly, BRS\§8ested that the aspect ratio
might be higher for more powerful sources. However, one maste that for a given age
and environment of a radio source higher kinetic energyledt to larger linear size, and,
according to our argument above, larger aspect ratios mayiected.

Since the distribution oRy is not yet well constrained; | decided to assume a uniform
distribution of the aspect ratio with.@> Rr > 1.3, which translates to the range of jet
opening angles of 13° < B¢t < 63° (values based on Leahy and Williams 1984; Daly
1995; Machalsket al. 2004a; Mullinet al. 2008), and to follow the original KDA97 model
which implies self-similar growth of a radio source. A dilstition of aspect ratios allows
for a variation in growing rates of radio sources and hengaage realistic than a single
value. In the application of the model in this study, the aspatio is used as the ‘true’ one
which describes radio source real geometry (that is gegnuetffected by the projection
effects). The projection angle correction is applied to filnend linear size of the radio
source, and not the aspect ratio (con§@l8.9). For this reason, one must bear in mind that
the ranges of the resulting final aspect ratios (that is tfteby 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 enemgysiiies of the
electrons at the time they are injected into the cocoon igailyi assumed to b&' = 0.
Important to note is that this definition &f differs slightly from typical assumption&)(in
such a way that relativistic and non-relativistic electramne already included evenkf= 0
(this already implies that the typically assumed ratik 35 0).

There is much debate on the particle content of the radixggdss. Some argue that the
FR Il jets are lightweight (electron-positron dominatedhile FR | jets are heavy, that is
they may possess a significant proton content (e.g. CeludtFabian, 1993; Wardlet al.,,
1998; Kino and Takahara, 2004; Dunn and Fabian, 2004; Qrasttal., 2005, 2008a).
Moreover, Hardcastle and Croston (2010) based on the igagish of Cygnus A report
that FR Il radio galaxies may be more proton dominated (L — 4) if they reside in very
rich environments. KDA97 showed that heavy FR Il jets wijuére significantly higher jet
powers to reproduce the same radio luminosity density asldwron-positron dominated
jets, hence they concluded thHdimust be close to 0. Initially, in my simulations | followed
the conservative KDA97 assumption, but the effect of chakfi (to allow a proton content
in the jets) on the whole population of simulated sourcesvestigated ir§3.10.5.

2.3.7 Maximum head advance speeds

The head advance speeg.{y) is the speed with which the jet propagates through the am-
bient medium. It is dependent on the density and pressuteedambient medium, and the
density and pressure of the outflow. As noted earlier the jettrbe over-pressured with
relation to its surroundings in order to drill its path thgbuthe ambient medium, hence the
head advance speed will strongly depend on both density msdyre of the two compo-
nents.

In the simulations it is at first assumed that.x at the time of observation may not
exceed Odc, all sources that surpass this limit are rejected at theesthgyenerating the
population. Such an upper limit is consistent with the speefitrred from the synchrotron
spectral ageing of high luminosity double radio sourceg. (eiu et al,, 1992; Bestt al.,
1995), and supported by the estimation of dynamical agedRoifl Bources by Machalski
et al. (2007) who reportmax < 0.3c. However, there have been discussions on the possible
overestimation of the lobe advance speed upper limitsjteeshtained through the analy-
sis of lobe asymmetries and the steepening of radio spaaggest that the head advance
speeds do not exceedl8c (e.g. Arshakian and Longair, 2000), or even 0.05c (Scheuer,
1995). The effect of different assumptionswafax on the results is discussed§8.10.3.
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2.3.8 Adiabatic indices of radio lobes, magnetic field, andxernal medium

After KA97/KDA97, the adiabatic indices of the radio lob&sagnetic fields and the ex-
ternal medium is assumed to be= I, = 4/3 andl'y = 5/3 respectively, that is a non-
relativistic equation of state for the closest external imedof 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 chosereaptigsical parameters of each
source in the generated population (see steps 2. and3.2nand Appendix E) is the source
true size, and is further randomly oriented in the sky as dthiserved at some projection
angled. It is assumed that the projection angle is distributedarnify in [1— coq39)]
plane. Therefore, the size beconi®s,; = DyuesSin(?). For simplicity | will refer to this
projected size aB, and the true size is not considered from now on.

Also, note that Eqn. 2.5 is an approximation and is valid fetathces greater than few
core radii. As argued by Alexander (2000, 2006), Eqgn. 2.58Hersmallest radio sources
should take a form opx = p with B8 = 0, which represents a flat atmosphere in which the
radio source expands. Hence sources of the projected kimzs smaller than 10 kpc in
the samples, either the simulated or the observed onespamomsidered. Radio sources
affected by this limit are the so-called GHz-peaked spett(GPS) and compact steep
spectrum (CSS) sources (their linear sizes readl®— 20 kpc), which are believed to rep-
resent the youthful stages of the FR | and FR |l populatiotts (@arvalho, 1985; Mutel and
Phillips, 1988; Fantet al., 1995), and/or are frustrated by their high density envitents
(e.g. Bicknellet al,, 1997; O’'Dea, 1998).

2.3.10 Redshift distribution

It is assumed that sources are uniformly distributed in sphetween minimumv,;,) and
maximum ¥max) comoving volume depending on the considered redshifteafgom this
a radio source redshifg)is found. Redshifts fromm= 0 toz= 2 in steps ofAz= 0.001 are
considered in this work. The evolution of source number il not initially modelled
in the construction of the simulated population; howeveparmalisation (scaling), which
is a free parameter in each redshift range (step %2i8, §2.4.1), is applied before the
maximum likelihood method and goodness-of-fit test arequeréd. Hence | obtain an
average in radio source number density for eabim considered.
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Figure 2.4: The goodness-of-fit test. The synthetic log-likelihoodrilisition of the 2x

10° synthetic data sets generated from the model average rastq@onsul§2.4 for term
explanation). The red arrow indicates the position of thiaadata set log-likelihood.
The dashed line (black) marks the.B®er cent containment (from the minimum value of
—In(£), note that the distribution is one-sided), and the dot-édsine (black) the 98
per cent containment. The histogram of the synthetic Ikglihood distribution of the
lowest redshift data of Model S is shown. The data is consistéth the model at the
90 per cent confidence levgd{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 inviglig statistical tests, | use the
binned maximum likelihood method (MLM; e.g. Cash 1979). &-likelihood is found in
fitting each of the simulated samples to the observed datadiog to
—5sN (Y)Y _ 1
Ing =3N, [x.ln (n> ! In(x..)] (2.23)
whereN is the number of bins, each with an expected number of soyraasd with the
observed number of counss, andn is the normalisation constant discussed in step 9. in

§2.2. For the mathematical derivation of this equation amdl&imentals 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 Carldyaimis used. The final his-
togram of the simulated radio sources is in fact the meanl gloakible realisations of the
underlying ‘true’ population, which I refer to as the ‘mod@eferage histogram’. The Monte
Carlo procedure undertaken here is to randomise each bireshibdel average histogram
within the Poisson regime to obtain a ‘synthetic data sesingle realisation of the ‘true
population’. Further, | apply the binned MLM method to finatlog-likelihood between
the newly created synthetic data set and the model averatmgtam. The procedure is
repeated multiple times(2 x 10°) to obtain a distribution of the possible log-likelihoods
of the true population, which I refer to as the ‘synthetic-lixglihood distribution’. Finally,
the log-likelihood of the observed data histogram is coragdo the generated synthetic
log-likelihood distribution. The & level of consistency requires the actual data set log-
likelihood to be placed within the 68.3 percentile of the-lisglihood distribution, i.e.
between 0 and 68.3 per cent since the distribution is oredgjEigure 2.4). The GoF test
results are quoted in terms pf-value, which is the probability that the test statistic is at
least as extreme as the one observed and assuming the nothégs is true. & is equal
to 0.317 in terms ofp—value. The null hypothesis is rejected if the-value is less than
the significance levetsig; a conservative value afsig = 0.1 = 10 per cent is adopted. The
choice of the number of synthetic histograms allows me t@kliee agreement up tocd
level (p— value= 2.3 x 10~%). It is important to remember that the confidence levels ob-
tained in such a way are nominal only as the synthetic logjitibod distribution is not
Gaussian here.

Although this technique tests whether a model fits data \itel, incapable of distin-
guishing the best-fitting models. To compare these bestefithodels one needs to perform
the so-called likelihood ratio test the statistic of whish i

A = —2 [ 10g(£ (Hmo)) — 109(£ (Hm)) | (2.24)

and wherel denotes log-likelihoodHmg is the null model andHy,; an alternative one. The
p—value of thed r statistics may be obtained to find which model should be mexde
However, the models must be nested and if this requirementitulfilled, the likelihood
ratio test is invalid. For the modeld,o andHpy1 to be nested it is necessary thdt,,
contains the same parameterddag, and has at least one additional parameter.

2.4.3 Confidence intervals

The source physical parameters that are the main focussirstindy aremay, (62.3.3), om
(82.3.2), andQg and as (§2.3.1). To obtain the confidence intervals of these parasete
grid minimisation searching their broad ranges is perfatrfi@ble 3.2 and Table 4.3); |
follow the method of Cash (1976). For each parameter seters¢farched grid there is a
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corresponding log-likelihood. From these, the gloBaky is found, indicating the best fit
to the observed data (Egn.2.23). Furthermore, as pointeblyoQash (1976), one may find
the difference betweefimax andL for all the other sets of parameters in the evaluated grid,
the so-called\C statistic, which is defined as

AC = [—2In(Lmax) +2 In(L)]. (2.25)

L is the log-likelihood of the sub-grid, which is extractedrfr the global grid by setting
each point of a parameter which we are focused on as nonagaayid the corresponding
set of log-likelihoods of these points are listed based enalhthe other parameters that
vary. TheAC statistic is distributed ag? with Ng..x — Ne degrees of freedom (dof), where
Ng..c denotes degrees of freedom associated with the glogal andn; denotes the dof
of restricted sub-grid (do& 2 in all presented here plots). The confidence intervals are,
therefore, defined such that contours encircle parametenstfich their log-likelihood is
above a certain valuel(> Lo), and levels ofx? distribution may be used. Note that this
may lead to disconnected regions in the case the likelihoodtion is highly irregular. For
an in-depth description of constructing contour plots isesasuch as this one the reader is
referred to Lamptoet 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 highlgutes. In such cases, the well
known optimisation techniques in function minimisationaamisation), such as downhill
simplex method (often referred to as amoeba method, e.gsEtral. 1992) may fail by
converging to non-stationary points (that is local minimaxima). However, although not
used here, a special class of Monte Carlo methods existsl lmsthe so-called Markov
chains, which may bring solution to such cases, especiafiprding highly dimensional
parameter spaces. Markov chains are mathematical systentsch a transition from one
state to another occurs independently from the past sequtice transitions. The Markov
chain Monte Carlo (MCMC) methods require probability disitions of the searched pa-
rameters which are sampled instead of performing multiesisional grid minimisation on
the full parameter set. In this sense the MCMC methods sathplposterior probability
distribution of the searched parameters; in Bayesiarstitatithe posterior is the probabil-
ity distribution assigned after the relevant evidence iwioled (see below). The specific
MCMC algorithms search for regions of high probability oEtpharameter space avoid-
ing low probability regions and thus being significantlytéashan a standard grid search.
The well known algorithms include Metropolis-Hastingsalthm, Gibbs sampling or slice
sampling among others. The reader is referred to e.g. N8aBj1 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 carsce
model selection. That is, ideally one would like to know whaf the tested models, given
the data, is preferred. In the frequentists approach, whiekie been following in this work,
the likelihood ratio test§@.4.2) is the method which can be used to distinguish between
best-fitting models which are being tested. However, thairement for the models to be
nested is a great limitation of this method. One way arounsl ithto use the Bayesian
approach. In the mathematical formalism of Bayes’ theoreenpiosterior probability for
the searched paramet®;q,(0|data), is given by

Pprob(data ’

Poron(6|data) = (2.26)

wheref is the adopted model (set of parameters to be estimadggl)datdd) is the likeli-
hood,Pyron(8) is theprior probability function, that is one’s prior knowledge or le¢labout
the parameters which are to be estimated, Ryyi(data is the Bayesian evidence. In the
discrete case the Bayesian evidence is expressed as

k
Pprob(data) = z Pprob(datae. ) Pprob( 6), (2.27)

and one can use this to distinguish between models via tlcaltes Bayes factor. For two
different modeldH,; andHp», which do needhotto be nested and which are parametrised
by parameter set8y,, = (64,...,6) and6my = (64, ..., 6,) respectively, the Bayes factor is
defined as

Pprob(dataHml) _ 2:( Pprob(datdelaHml) I:)prob(el |Hm1)
Pprob(dataHmZ) ZT Pprob(datdej ,Hm2) IDprob( 6; IHmz2)

Kstat= (2 : 28)

The higher the value dfgis the stronger support for modely,; develops. Consult e.g.
Heavens (2009) and Feigelson and Jogesh Babu (2012) fordismession on the subject.
One must bear in mind, however, that, as phrased by Feigalsordogesh Babu (2012),
while regarding Bayesian interferencetfifie priors are not correct, the estimation process
can lead to false conclusions

My future plans on the simulation optimisation through engiag my current work into
sketched here methods is further discussed in Chapter 7.
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2.6 Summary

In the chapter | briefly discuss the fundamentals of the ivg$ét jets, and in particular |
discuss one of the semi-analytical models of FR Il radiogatane evolution developed
by Kaiser and Alexander (1997) and Kaisaral. (1997). Further, | describe the newly
developed algorithm of multidimensional Monte Carlo siatign through which the fun-
damental parameters of radio galaxy populations can be@egl Unlike previous studies,
the method compares radio luminosity functions found witithithe observed and sim-
ulated data to explore the best-fitting sources’ paramet&re method incorporates the
maximum likelihood estimator to find the best-fitting paraene, and may be applied to
small data sets (within Poisson regime). For further aimalye method for generating the
confidence intervals of the estimated fundamental paras)ete developed by Cash (1979),
is presented. The semi-analytical model’'s assumptiored) as the particle content of the
relativistic jets or the particle energy distributions, vesll as assumptions for the multi-
dimensional Monte Carlo simulation, e.g. the distributafrkinetic luminosities or radio
source lifetimes allowed, are extensively discussed.

The method presented in this chapter is applied to the obsenal data, flux-limited
samples of radio galaxies and radio-loud quasars, and dilgsas of the following best-
fitting parameters are presented and discussed in Chapter Glaapter 4.



Research is what I'm doing when | don’t know what I'm doing.

WERNHER VONBRAUN (1912 — 1977)

Redshift Evolution of Powerful FR Il Radio
Galaxies and Radio-Loud Quasars

In the following chapter | present and discuss in detail tbgults on the fundamental prop-
erties of the most powerful FR Il radio galaxies and radiodaguasars and their evolution
across cosmological epochs. The study is done through thiécafpion of the multidimen-
sional Monte Carlo method presented in Chapter 2. | alsoudisahe possible influence
some assumptions set in the semi-analytical models of wliocce growth may have on
the results. The content of this chapter has been submittéidet Monthly Notices of the
Royal Astronomical Society (A.D. Ka&gka, P. Uttley & C.R. Kaiser, ‘Fundamental proper-
ties of Fanaroff-Riley Il radio galaxies investigated viasMe Carlo simulations’, MNRAS,
submitted).

47
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3.1 Objectives

| present and discuss results on the fundamental propeftte most powerful FR Il radio
galaxies and radio-loud quasars and their evolution aaossiological epochs. Some of
the best known and most secure samples of radio galaxiesadiwloud quasars are con-
sidered here; these are one of the most powerful FR Il radicces and they extend to high
redshifts. The study is done through the application of tewly developed multidimen-
sional Monte Carlo method presented in Chapter 2. The useadbf & secure, but of high
flux limit, radio sample has both advantages and disadvastagirstly, since the sample
has been used in many population studies it may provide ddesihe newly developed
method. Also, given that our analysis provides a signifiéaprovement in exploring the
fundamental properties of these extragalactic radio ssucf. Chapter 1£1.5) it may
present our comprehension of these radio sources as wéek @sdoretical models used to
model them in a new light. If a radio sample is very well knovima ghoroughly inspected it
can be used as a secure representation of the whole soub}pdgsulation. However, high
flux limits mean that only the most powerful radio sourcepeegally at higher redshift, are
included. This may limit what one can deduce from the resditsoughout this chapter |
will highlight when this is the case. In addition, to complemh this study, radio sample of
lower flux limit is also investigated; this part of the studypresented in the next chapter
(Chapter 4).

3.2 Observational data sets

Complete flux-limited radio samples which contain all egaiactic radio sources in a given
sky area and above the sensitivity limit specified for eaalvesuare used in this study.
Currently, | concentrate only on sources of the FR Il morpbgldue to the availability
of semi-analytical models of their time evolution; howevitre approach presented here
may be extended to cover the whole radio source populatioe treoretical models for
FR Is are developed. | use both radio galaxies and radio-tpuasars as it is assumed,
following the unification models, that the only differencetlween these types of sources
is their inclination angle (e.g. Barthel, 1989). Additilgadue to the sparse population of
sources at high redshifts, and hence poor representatietided to limit the analysis to
sources with redshifts up = 2. Due to the nature of the theoretical models that assume
that most of the radio luminosity density comes from theaddbes of the sources, one
should use samples observed at low radio frequencielew x 100 MHz) to avoid core
radio emission that dominates at GHz frequencies. Therdear&commonly used low-
frequency radio catalogues. Here, | present the work dotie twio such radio samples,
namely the well known Third Cambridge Revised Revised ©gta (Lainget al., 1983,
3CRR), and the complete radio sample of Batsil. (1999, hereafter BRL).

The 3CRR radio sample is very shallow (its flux limit equalLly defined at 178 MHz),
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Figure 3.1: Radio lobe luminosity density vs redshift plane for the 3CgRsses) and
BRL (diamonds) samples used in this work (sources of FR llphology with flux densi-
ties above the limiS= 10.9 Jy at 178 MHz (solid line) and with< 2.0 are shown). The
shaded area shows the part of luminosity-redshift plarteghaaccessible due to the flux
limit.

but covers a large area of the sky43d sr); it contains some of the most powerful radio
galaxies. To ensure the 3CRR catalogue of extragalactio sadirces to be as complete
as possible, the 3CRR sample was based on the measurenuentthfee catalogues (all
composed at the observing frequency 178 MHz), namely the 8@&&ogue, the Fourth
Cambridge catalogue (hereafter 4C, Pilkington and Scé@b1Goweret al., 1967), and
the pencil-beam survey catalogue (hereafter 4CT, CaswdlCxowther, 1969). 3CR, 4C
and 4CT catalogue measurements were used for sources af siizes smaller than 10 ar-
cmin. The beam size of the 3CR catalogue observations wasyapyately 136’ x 4.6°,
of the 4C catalogue observations wa$15°, and 23 x 23 of the 4CT catalogue observa-
tions. Further, the measurements of these three catalegaressupplemented by a separate
observations of radio sources of large angular sizes>.£0 arcmin. For more details see
Lainget al. (1983) and references therein. Total of 146 sources of FRotphology are in
the sample; however, 3C 231 (M82) is excluded in this stuslyyell as, following (Blun-
dell et al,, 1999, hereafter BRW99), two additional sources, 3C 34530d54.5 (due to
the Doppler boosting). Of the remaining sources 23 are of BRd, and all are found at
very low redshifts, not exceedirgr 0.25.

The BRL sample is defined at an observing frequency of 408 MHiz fhux limit of
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Table 3.1: Demography of the observational data from the 3CRR and BRliorsam-
ples. Quoted numbers of sources valid after certain cait@ré met $7gun, > 10.9 Jy,
D > 10 kpc). FR | type sources are listed for reference only (&ais se€3.2).

Redshift No. of sources
range 3CRR BRL
(2) FRI FRIl FRI FRI

2€[0003 23 40 7 31
2, € (0.3,0.8] 45 35
23 € (0.8,2.0] 50 26

5 Jy. The sample has been created to complement other radpesa and with the 3CRR
catalogue it provides a coverage of the entire sky abe®@ in declination. Its flux limit
translates te- 9.7 Jy at 178 MHz assuming a typical radio spectral index 0.8 and where
the relation between the flux density of a sourgg @t a frequency, and its radio spectral
indexa, is defined as

S, Ova. (3.1)

The sample is constructed based on the Molonglo RefereneéoGae (Largest al., 1981).
The beam size of the Molonglo telescope observations is amge from 263 x 2.87 ar-
cmin for d = —30° to 263 x 4.87 arcmin ford = 18.5°. The BRL sample is 100 per cent
spectroscopically complete (Besttal., 2000, 2003). In total the BRL sample contains 178
sources of which 124 are of FR 1l morphology.

The two samples are analysed together and both are broutfie tmmmon observed
frequency of 178 MHz. In the case of both samples the measarid spectral index of
each source is used. The spectral indices of the sourceaimeatin the 3CRR sample is
measured between 178 and 750 MHz, while in the BRL sampledsstwti08 MHz and
1.4 GHz; the latter is extrapolated to 178 MHz based on the rapestral indexa;3°.

It has been shown before that radio spectra of FR Ils may shwwature, where spectra
steepening are observed at both very low and high radio émgjes (e.g. Laing and Pea-
cock, 1980; Carilliet al, 1991; Eilek and Arendt, 1996, among others). If the steimgen
is significant between the frequencies which | use here fectsal index estimation, the
extrapolated flux densities of the BRL sample may be over deuestimated (depending
on which frequency end the steepening is more severe).liGardl. (1991) report that for

the most powerful FR IIs the steepening of the spectra mayragiceady at frequencies
below 1 GHz; for Cygnus A they find that steepening occursadlyeat 750 MHz. However,
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Cygnus A may be a somewhat special case. Laing and Peacd®®) (tf@asured spectral
curvature of a sample of FR lIs between 10 MH#.9 GHz, and they report that at the in-
termediate frequencies they considered, between 750 M#i5 &Hz, a simple power-law
relation holds, while the curvature of the spectra occurfsegiuenciesy < 200 MHz and

v > 5 GHz. As pointed out by Blundedit al. (1998) the spectral curvature is a common but
not universal characteristics; in the two examples showthbge authors 6C 0032412
radio source can easily be fitted with a power-law betweenMBi2 and 10 GHz, while
6C 0032+ 412 requires curved model to be fitted over the same frequemme. One of
the issues one needs to consider at this point is what fracficthe BRL sources can be
affected by such flux density extrapolation. Gopal-Krisl{h@88), for instance, consid-

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 fatt(#) the spectral indices of the
BRL radio sources are measured below 5 GHz, and (b) the fnegiue which the flux den-
sities of the BRL sources are extrapolated is not at the meidew radio frequencies where
sources may be self-absorbed to a significant degree, | asthahthe curvature problem
of the spectra is rather minor, but it is not non-existent mray influence the extrapolated
flux densities to some degree.

The redshift distribution of all sources included in thelgsia is presented in Figure 3.1.
Further, the population is divided into size and luminosignsity bins in given redshift
ranges. Due to the number of available sources from theotates only three redshift
ranges are considered,

21<03, 03<2<08 and 08<z<20, (3.2)

the borders of which are chosen to ensure similar source etser redshift bin. Inciden-
tally, these redshift ranges span over similar relativitligavel time intervals, i.e.

taz, = 3.370GYyr  tn, =3.361Gyr and 4, = 3.364Gyr (3.3)

These subgroups of different redshifts are consideredratgha unless otherwise stated.
Sources are grouped in size bins in the following manner:

in z; the size ranges are 10245 kpc, 245 kpce-1 Mpc and> 1 Mpc,

in z, the size ranges are 10208 kpc, 208 kpc-1 Mpc and> 1 Mpc, and

in zz they are 16- 100 kpc, 100 kpe-1 Mpc and> 1 Mpc.
The size ranges were chosen to contain similar number o€ssim the case of the smallest
and medium sized sources, while the last bin tracks giant rgalaxies more accurately
(giant radio galaxies are defined as sources of total lineas ®f more than 1 Mpc). For
each of these size bins a radio lobe luminosity density idigion is constructed. The
distribution is constructed at an observing frequency & WMHz from logio(L17avnz) =
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22.0 to logio(L17aunz) = 35.0 in steps ofAlogio(Li7aunz) = 0.5. Such a division of the
population allows one to track the relative number of thecesiwith a given size, and later
to construct radio luminosity functions of the sources atdlven redshift ranges and of the
given sizes. The counts of sources used are summarised I 3dh 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 apufation study may
result in inevitable biases while interpreting results.isTis due to the strong luminosity
density — redshiftl{ — z) dependence (Fig. 3.1). It is important, therefore, toegithclude a
few radio samples that will supplement each other in thehasity density — redshift plane,
or to be very cautious with interpreting results. For theeagive discussion on this and also
frequency related issues the reader is referred to thenatiBRW99 paper. Commonly used
catalogues include 6CE (Eales, 1985) and 7CRS (based omrtieats Cambridge Redshift
Survey Catalogue, McGilchrigt al, 1990; Grimeset al, 2004; Wang and Kaiser, 2008)
besides 3CRR (e.g. BRW99, Willott al, 2001). The BRL sample has also been used
along with the other three by Wang and Kaiser (2008). Howéwe, no attempt is made
to reconstruct the previous population studies of the D — Z] plane, but rather to analyse
binned distributions of the sources, hence the presentekligzbased on only two samples.
Because of considerably different flux limits of various géa&s 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 pararmevhich are the main focus
of this study, that is the maximum radio source lifetithgy,,, the central density in which
the radio source expangs,, and the kinetic luminosity breas and the slopears which
define the initial distribution of the kinetic luminosities grid minimisation was performed.
The ranges of the parameters searched are given in Tabl@32semi-analytical models
of the radio source growth, the Monte Carlo simulations, tedstatistical methods used,
are described in Chapter 2 of this thesis.

The best-fitting model histograms are presented in Figu8e-Figure 3.5. The cor-
responding RLFs are shown in Figure 3.6 — Figure 3.8. Theeguohcertainties on the
RLFs are the Poissonian errors only. The simulated RLFsaapebe consistent with the
observed data. Moreover, it was possible to reconstruduthaosity density distributions
of the observed samples for their given linear size sub-tzsras well as for the redshift
ranges. The match in the linear size distribution is of pal#r interest, as it has been noted
previously that not all previous work succeeded in recaasitig the linear size distribu-
tions and often too many large sources have been creatdgbfef. and Wiita, 2006, 2007).
It may be possible that such an effect might not be due to teeifép models used, but
rather is due to restricting the model parameters, whichyrcase were kept free. | have
not tested analytical models other than KA97/KDA97 in thisrkv
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Figure 3.2: The observed radio luminosity functions of the analysed &CRR and BRL
catalogues) for each of the considered redshift rangestemhés drawn in blackz in
blue, andz; in green. Each of the redshift bins is further divided in $ies, where solid
lines correspond to smallest sources, dashed to mediunsaizees, and dotted to giant
sources (seg3.2 for the exact values).

3.4 Evidence for the cosmological evolution of the intring and
extrinsic source parameters

In the simplest case that has been tested, it was assumetiehzrameters which are the
main focus (that i$max,, om, Qe andas, see§2.3) do not evolve with redshift within each
redshift bin. The redshift ranges are analysed indepelyldmnce separate sets of best-
fitting parameters for each redshift bin are found; if thexad redshift evolution of the
intrinsic and extrinsic parameters, the results for eadshift range should not be signif-
icantly different. These are referred to as the independstshift fits and are presented
in §3.4.1. Subsequently, the strength of the cosmologicalutieol of the source physical
parameters has been investigated by allowing for contimuedshift evolution ofyay,,, Om
and Qg within each redshift bin, and fitting all the redshift bingnsiltaneously using the
same parameters to describe the evolution. This latterisaséerred to as the combined-
redshift fits, and the results are presenteti3r.2.
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Table 3.2: Searched ranges and steps of the distribution parametrs grid minimisa-
tion.

Parameter Model Searched range Step Unit

INDEPENDENTZ

Qs S [ 3690, 4410 0.15 logo(W)

as S [-1300, 170 0.1

Qs W [ 3560, 4200 0.15 logo(W)

as W [ -045 950 0.15

Po S,W (-2600,-1680 0.2 logokgm2)

tmax S,W [ 518 1000 0.15 logo(yr)
COMBINED-z

Qe(z=0) 3500, 4070 0.3 logo(W)

[

[ -1.20, 160 0.2

[ 3470, 3950 0.3 logo(W)
[ 000, 4.00 0.2

[ 000, 1200 05
(
[
[
[

QO
vs]
~N
|
o
S=ovwn

Ng S,W

Po(z=0) S,W (-2600,-19.40 0.3 log(kgm3)
Ny S, W 0.00, 1200 0.5

tmax(z=0) S, W 658 958 0.3 logo(yr)

N S,W 0.50, —5.00 0.5

3.4.1 Independentz fits

The confidence intervals of the best-fitting parametersifestmple Model S in the respec-
tive redshift bins are shown in Figure 3.9 — Figure 3.12, andlarly for the Model W in
Figure 3.13 — Figure 3.16. The best fits and the GoF test seaudt listed in Table 3.3,
although it is once again stressed that the best-fittingnpeters maximise the likelihood
but are not the standard means of their respective disoiimiand the inspection of the
associated confidence intervals is very important.

The following can be deduced from the results regarding botdel S and model W
(consult Figures 3.9 — 3.12):

(i) A very strong degeneracy occurs fiaf,,, andpm, where for short lifetimes (0yr)
low gas density environments-(10-2° kg m~3) are estimated, while for longest radio
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sources’ lifetimes (19yr) very dense environments-(10-2° kg m~2) are preferred.

(i) Degeneracy occurs also betwe®g and pm, and betweei@Qg andtmay,. For higher
kinetic luminosity breaks lower gas densities of sourcesirenments are preferred
and the estimated sources’ lifetimes are relatively shxmt.lowestQg dense sources’
environments and long lifetimes are favoured.

(i) The as parameter is well defined at redshifts: 0.3, but becomes highly uncertain at
redshiftsz > 0.3.

(iv) The confidence intervals span approximately 2 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 emwients.
This issue is further discussed below.

(v) The confidence intervals of joint probability betwe@g— pm, Qg —tmax, andQp — ds
shift towards higheiQg, denserpm,, and shorter lifetimes with increasing redshift.
However, one must be careful while considering this shifaasevidence for cos-
mological evolution of the investigated parameters asehotervals overlap. Inter-
estingly, joint confidence intervals tfay, — pm for different redshift ranges do not
overlap. This issue is discussed in detail below.

The confidence intervals span a wide range of the possibleesdbr each of the pa-
rameters resulting in relatively large uncertainty in tlestdfit. One must bear in mind that
these confidence intervals are based on the underlying fiyeee of freedom allowed in
the simulation, and any visible degeneracy or shift may Baenced by a change of other
parameters. Indeed, some degeneracies are seen, egpsomf in the case of the maxi-
mum source age and the corresponding central densityuglththe degeneracies seem to
be also present for th@s — tmax, andQg — pPm results. The degeneracy issue is discussed
separately ir$3.5.

The confidence intervals do not converge for the high kineticinosity break values
(> 10*2 W) in the case of Model S, and for the low kinetic luminositgaks & 1037 W)
in the case of Model W. It is accompanied by negative slopegppfoximately & — 1.5 in
both cases. At this stage the function becomes a power-lagpii2 the fact that the kinetic
luminosity break indicates values of 10*> W, the number density of jets with kinetic
luminosities close to this break is so low that the ac@glx contributing to the simulated
population is~ 10" W. Similarly, in the Model W the kinetic luminosity break &isito
very low values and only the high kinetic luminosity end oé wistribution, which at this
point is approximated by a power-law, contributes to thesoled data counts. In previous
studies, authors have assumed such power-law distrisutigsuming that

$(Q)dQ =Q"dQ, (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), amxi~ 0.9 — 1.3 (Wang and Kaiser, 2008) have been found. Here, slopes
of x~ 05— 1.5 (Model S and W) in the power-law extremum can be observedaritbe
concluded here, therefore, that the hypothesis that kihatninosities follow an unbroken
power-law distribution cannot be ruled out at a confidengellef more than 93! per cent.

To ease the investigation of the possible cosmologicalughesl of all the searched pa-
rameters Figure 3.12 and Figure 3.16 show super-impose@©9€ept intervals of all red-
shifts. Itis found that the kinetic luminosity break shiftshigher values for higher redshift
ranges in the case of both Model S and Model W. Furthermortd, Bigure 3.12 and Fig-
ure 3.16 clearly show that there is no common solution fowndife maximum source age
and the central density for all three redshift ranges. Caqunesetly, the hypothesis that there
is no evolution oftmay, and pm is ruled out with probability of> 99 per cent. One may
notice, however, that it is possible to fiQ} to be constant for all redshifts (Model S only),
but this would imply unrealistically strong evolution pf,. To avoid such a strong evo-
lution more than one parameter would have to undergo an tamolwith redshift. As an
additional test, | have attempted to fit the three redshif$ Isimultaneously with one set of
parameters that would be valid for all redshift sub-sampiassatisfying results have been
found for the latter test case, the consistency of the hysighwith the data was ruled out
at the nominal & level.

3.4.2 Combinedzfits

It has been attempted to investigate the strength of thea@ogital evolution of the intrin-
sic and extrinsic source parameters. The results of the@erientz fit suggest evolution of
more than one parameter, and bearing in mind the possibkndeacies (see discussion in
§3.5), it was attempted to restrict as few parameters aslges#\ simultaneous evolution
of the following parameters has been allowed: (i) the kinktininosity break was allowed
to evolve with redshift aQg(z) = Qg (z= 0)(1+2)", (ii) the central density of the environ-
ment aPm(z) = pm(z=0)(1+2)™, and (iii) the maximum age of the sources was assumed
to undergo evolution according t@ax, (z) = tmax, (2= 0)(1+2)"™. However, due to limited
computing time and power, | was forced to compromise on thelution of the grid of the
parameters searched over. For instancenghe. andn; exponents were searched in steps
of 0.5 only, andQg, pm andtmay, in steps of 0.3 in a logarithmic scale.

The results are displayed in Figure 3.17 (Model S) and Figut& (Model W). The
best agreement between the simulated populations and gesveld samples is listed in
Table 3.3.

[Continued on page 9P.



Table 3.3: The best-fitting parameters for the all tested cases of M8dald W for each redshift range. Due to occurring degener§&e3)

one should always consult the corresponding confidencevaige(see Figure 6 — Figure 13). The following standard at@ms of logo(om)

and logo(tmax,) log-normal distributions are used: lafo), )

=0.15 and logo(t,,,,)

=0.05. 90 per cent uncertainties are quoted.

Model z  109:0(Qs/W) Ng as  10go(pm/kgm—3) ny 1091 0(tmax, /Yr) Mt p—value

Model S 7z 39157239 - 0693 -234758 - 723753 - 0.234

independentfits  z  39.00792 - -0.9"13 ~20.428 - 7.8370:52 - 0.639
7z 39 90+8 &2 - 1741 -20. o+§g - 7137982 - 0.925

+(<0.3)% +(<O 5% +(<0.2)f +(<0.3)F +(<0.5)% +(<0.3)F +(<

Model S all 38073 105" 0.6 05 ~2307 Soy: 00" Tomr 78 gy: 40T C 0.380

combinedz fits

Model W 7z 38257092 - 180755 —234198 - 7237092 - 0.251

independentfits 2 4060532 - 7.307 250 —226+98 - 7081939 - 0.674
7z 4135758 - 350" Lo —230"52 - 6.08"0.1° - 0.885

Model W all 3801 (503 pgt{0%F  HgF(0DF_pppt(0IF o508 7509 o509 g g7

combinedz fits

+(<0.3)%

Notes. The resolution of the results 8409, 4(pm) =
Alogyo(Pm) =

Alog;(Qs) =

1091 o(tmax) =

0.3, andAn; =

0.2, Aloglo(QB) -
Anr =

0. 15, Aloglo(tmax) =

Ang = 0.5 for the combined:fits.
T For errors which may be extending beyond the searchedsdrege Table 3) value up to the range border is quoted.
¥ If errors are smaller than their respective resolutioa Mdlue of< A is quoted.

0.15, andAas = 0.1 for the independerfits, andAas = 0.2,
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Figure 3.3: Histograms of the observed radio sample (black solid lind)samulated ones
created with the best-fitting parameters of the indepenrdétstof model S (black dashed
line) and model W (black dotted line), and the combirzdds of model S (blue dashed
line) and model W (orange dotted line),an< 0.3. In each redshift range there are three
separate size bins as described within the subplots (sed-gare 3.4 and Figure 3.5).
Each redshift bin is simulated independently, while the FERlihear sizes within each
redshift range are simulated simultaneously, that is a dibdd all linear sizes simulta-
neously at the same redshift is required. The simulatedcegquopulations created with
the best-fitting parameters are consistent with the dataes®® per cent confidence level
based on th&C statistics (for exacp—values see Table 3.3).
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Figure 3.4: Same as Figure 3.3 but for the intermediate redshift range; @, < 0.8.
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Figure 3.5: Same as Figure 3.3 but for the highest redshift ranges0z; < 2.0.
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Figure 3.6: Radio luminosity functions of FR Il type sources from 3CRRIBRL cat-
alogues (solid) and the simulated populations generatddthe best-fitting parameters
for smallest redshift rangezy( < 0.3) and for each model tested (independefits of
Model S drawn as black dashed line, independdiis of Model W as black dotted line,
combinedzfits of model S as blue dashed line, and combiréts of model W as orange
dotted line). Each redshift bin is simulated independentlyile the FR IIs linear sizes
within each redshift range are simulated simultaneousdy,is a good fit to all linear sizes
simultaneously at the same redshift is required. The sitadlsource populations created
with the best-fitting parameters are consistent with tha dathe 90 per cent confidence
level based oAAC statistics (for exacp—values see Table 3.3).
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Figure 3.7: Same as Figure 3.6 but for the intermediate redshift ran§e; @, < 0.8.
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Figure 3.8: Same as Figure 3.6 but for the highest redshift randge<s < 2.0.
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Figure 3.9: Joint confidence intervals for the independefits of Model S inz; redshift
range are showrg{ < 0.3). 68.3 per cent (solid, black), 95.4 per cent (dotted, set)
99.7 per cent (dashed green) contours, basefiatatistics (se§2.4), are shown. The
best-fitting parameters are consistent with the data at thpe® cent confidence level
(p—value=0.234).
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Figure 3.10: Joint confidence intervals for the independefits of Model S inz, redshift
range are shown (B8 < z < 0.8). 68.3 per cent (solid, black), 95.4 per cent (dotted, red)
and 99.7 per cent (dashed green) contours, baséCastatistics (se§2.4), are shown.
The best-fitting parameters are consistent with the dataeadd® per cent confidence level
(p—value= 0.639).
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Figure 3.11: Joint confidence intervals for the independefits of Model S inzz redshift
range are shown (8 < z3 < 2.0). 68.3 per cent (solid, black), 95.4 per cent (dotted, red)
and 99.7 per cent (dashed green) contours, baséCastatistics (se§2.4), are shown.
The best-fitting parameters are consistent with the dataeadd® per cent confidence level
(p—value= 0.925).
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Figure 3.12: Overlaid 90 per cent confidence intervals basedA@nstatistics §2.4)
for the three redshift ranges considered drawn in black,z in blue, z; in red) of the
independentfits of Model S.
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Figure 3.13: Joint confidence intervals for the independefits of Model W inz redshift
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per cent (dashed green) contours, based@statistics (se§2.4), are shown. The best-
fitting parameters are consistent with the data at the 90qrerievel p — value= 0.251).
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Figure 3.14: Joint confidence intervals for the independefits of Model W inz, redshift
range are shown (8 < zz3 < 0.8). 68.3 per cent (solid, black), 95.4 per cent (dotted,
red) and 99.7 per cent (dashed green) contours, bas&Castatistics (se€¢2.4), are
shown. The best-fitting parameters are consistent with #te dt the 90 per cent level
(p—value= 0.674).
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Figure 3.15: Joint confidence intervals for the independefits of Model W inz; redshift
range are shown (8 < zz3 < 2.0). 68.3 per cent (solid, black), 95.4 per cent (dotted,
red) and 99.7 per cent (dashed green) contours, bas&Castatistics (se€¢2.4), are
shown. The best-fitting parameters are consistent with #te dt the 90 per cent level
(p— value= 0.885).
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Figure 3.16: Overlaid 90 per cent confidence intervals basedA@nstatistics §2.4)
for the three redshift ranges considered drawn in black,z in blue, z; in red) of the
independentfits of Model W.
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Figure 3.18: Continued
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The following can be deduced from the results regarding botdel S and model W
(consult Figures 3.17 — 3.18):

(i) As in the case of the independenfits, a degeneracy occurs betwe®@p(z = 0) —

Pm(z = 0), betweenQg(z = 0) — tmax,(z = 0), and betweettmay, (z= 0) — pm(z =

0); however, here, in the combinerfits these parameters are evaluated at redshift
z= 0. Similarly, for higher kinetic luminosity breaks lowergdensities of sources’
environments are preferred and the estimated sourcesiiée are relatively short.
For lowestQg(z= 0) dense environments and long lifetimes of the radio sources a
favoured.

(i) The as parameter is well constrained, although the parametesisaad to not evolve

with redshift.

(i) As in the case of the independenfits, the joint confidence intervals span approxi-

(iv)

v)

(Vi)

mately 3 orders of magnitude in kinetic luminosity break; 2 orders of magnitude in
the estimated maximum lifetimes of sources, and 5 ordersagiitude in the possible
gas density of the environments.

If lower values (from within the confidence intervalgeassigned to the main param-
eters(Qg(z=0), pm(z= 0),tmax, (2= 0)) then their stronger cosmological evolution
is required, whether positivdor Qg (z= 0) andpm(z= 0)) or negativgfor tmax, (2=

0)). For instance, if kinetic luminosity break is taken to®g(z = 0) = 10*°* W its
corresponding evolution with redshift(s-+z)4, while if lower luminosity break value

is consideredQg (z= 0) = 10°¢ W, then its redshift evolution is estimated to be much
stronger,(1+ 2)0.

A strong degeneracy occurs betwagnn, andn,, and the parameters seem to com-
pensate for each other; for high values (strong lifetime evolution) high values of
ng and low values of, are favoured (that is strong kinetic luminosity break evolu
tion, and weak gas density of the environments evolutiopesterred). Such a strong
degeneracy causes that thgn; andn; parameters cannot be easily constrained, and
additional constraints on the parameters are necessag/isldiso discussed §8.5.

An interesting result emerges for the kinetic lumingdireak cosmological evolution,
for which the trend with redshift seems to be unavoidahlex 3). These results are
discussed in detail i3.8.

3.5 Central density — maximum age degeneracy

The degeneracy between central density and maximum age seett extra attention as it
seems to be often overlooked. The calculated radio lobenlosity density of a radio source
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Figure 3.19: From top right: (a) the joint confidence intervals of the H#tihg Qg andpm
for population of sources with fixed maximum lifetime taf., = 8.5 x 1CP yr is presented,
(b) With tmax, = 1.2 x 107 yr, (C) With tmay, = 6.8 x 107 yr, (d) With tmax, = 1.3 x 10°yr, (e)
With tmax, = 5.4 x 168 yr, and (f) with the maximum source agetgfy, = 1.1 x 10° yr. In
each castmay, is drawn from log-normal distribution witl, ., = 0.05 (se€§2.3.3). The
independentHits of the Model S in the lowest redshift range € 0.3) is presented. For each
sub-plot the solid (black) line corresponds to 68.3 per oétihe best-fitting parameters for
the particular choice of fixethax,, the dotted (red) line corresponds to 95.4 per cent, and the
dashed (green) contours contain 99.7 per cent of the bebgftd on th&C statistics. It is
clearly visible that the assumption on the maximum allowgel af the sources will strongly
determine the density of the environment in which sources/e(predominantly), as well as

their jet powers (less strongly).
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depends on its kinetic luminosity, central density and the af the source. However, one
must be aware that restricting one parameter will yield gnsdichent in another. In partic-
ular, the maximum age of the sources and the central densiiich sources evolve seem
to be the most strongly correlated. From Eqgn. 2.7 — 2.14 (seekaiser and Best, 2007,
2008) one can deduce that

1242m—B(3+m)

12¢2m-p(3+m) 3iom  6-4m—pE+m) 1
L,O0Q 256  (pyah)2sht 2P / C(x)dx. (3.5)
Xmin

Assumingm = 2.5 andf = 1.5 (most commonly assumed values) and ignoring for a mo-
ment the energy losses term, one will see that

L, O Ql‘25p3.‘15t71.75. (36)

Clearly, the radio lobe luminosity density, kinetic lumgity and all the other values are
kept the same for a radio source, and a change is made onby d¢eritral density and the
age, the two latter parameters will compensate for each.dtoe example, a change in the
central density by a factor of 10 (reaching less dense emviemts) will yield a change in
source age by a factor of 7 (implying younger ages) to mairtta¢ same radio lobe and
kinetic luminosities. Of course this is an approximatiofyas such a change will also yield
changes in the source linear size and in the loss processe€({®) of Eqn. 2.14 (where

X =t;/t) since both depend on the stage of the source life. Note trat¥E6 cannot be used

as an approximation for simpls, finding because the energy losses cannot be neglected.
Egn. 3.6 is used here solely for pictorial purposes.

One may also argue that the kinetic luminosity may compenfeatthe change of the
source age instead of the ambient density (Eqn. 3.5). Trsepted results suggest that the
Pm — tmax, degeneracy is dominant. The effect of this degeneracy is iseEigure 3.9 —
Figure 3.16, and additionally in Figure 3.19 where resuitthe Qg — pm plane for source
populations of different assumed maximum ages are displaye

3.6 The lifetimes of radio galaxies

The estimated maximum lifetimes of radio galaxies may seerbet rather low, espe-
cially given that sources of the observed ages of order of & yr are known (e.g.

~ 1.8 x 108 yr of B0319-454 reported by Saripatt al. 1994, ~ 1.4 x 1C® yr in the case

of B0313-683 reported by Schoenmaketsal. 1998). However, the presented here results
are in agreement with other estimates of observed ages taidifietimes of, specifically,
3CRR radio galaxies evaluated by either numerical sinaratior multi-frequency radio
observations (e.g. Alexander and Leahy, 1987; Machaski., 2007; Wang and Kaiser,
2008; O’Deaet al., 2009). Our results are also consistent with work of Bitdal. (2008)
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based on an independent low redshift sample, who deterntigatiaximum lifetime of the
galaxies to be B x 10’ yr. Further, the ages estimated by Machalskal. (2004a) reach
1—2x 10° yr, but only for giant radio sources, and for most normal sagklaxies they
analysed, i.e. the ones with linear sizes smaller than 1 Mges few-10 times smaller
were estimated. As a sanity check one can find that for theahigd (in the simulations)
maximum head advance speed ofdla source of 1 Mpc in size may live for a maximum
of 4 x 10° yr, while to increase the total lifetime ta6lx 108 yr, the source head advance
speed would have to be of order 0blc. Such a low head advance speed may be treated as
a lower limit because the jet must be supersonic during tthe surce lifetime to maintain
the FR Il morphology, and also classical double sources older than the infegedee not
observed. The model of Falle (1991) predicts that the socadsance speed changes, i.e.
decreases, with the age of the source. This would suggdssdheces that initially have
high maximum head advance speed, slow down as they get aidéremce they reach older
ages and smallef,ax are measured (e.g. Machalsdtial., 2007).

The radio samples which are currently been used contain ds¢ mowerful FR 1l radio
galaxies and quasars, and the bias originating from the iftoit iis particularly strong at
high redshifts. This causes that only the youngest and novgtful sources are observed.
Blundell and Rawlings (1999) suggested an explanationeohtiiceable decrease with red-
shift in source lifetimes. The term “Youth-Redshift deger@y’ has been coined to describe
the effect. Due to the luminosity density — redshift degaogroriginating from the radio
flux limits, at high redshifts one can observe only the mostgréul objects. They seem to
be also of smaller linear sizes as compared to the radioigalaxthe local Universe (Ka-
pahiet al,, 1987; Barthel and Miley, 1988). The leading theoreticallele of radio galaxy
time evolution (e.g. KDA97, BRW99) predict a short initidhgse of radio source growth
where the radio lobe luminosity density increases (uptew kpc), after which the radio
lobe luminosity density decreases as the radio source agegraws bigger (this behaviour
is often depicted through the so-called evolutionary tsacee e.g. KDA97). Therefore,
to be able to reproduce linear sizes and radio lobe lumiegsés observed at high red-
shifts, the radio galaxies must be younger than their lowh#dequivalents. Based on the
3CRR and BRL samples the results indeed suggest a trend tot&theadio source lifetimes
decreasing with redshift. The best-fitting parameters dolan the combined=fits of the
Models S and W indicate; € [—3.5,—4.5], slightly stronger as compared to the results
obtained by Wardlet al. (1998) who foundh; = —2.5 and Wang and Kaiser (2008) who
reportn; = —2.4. However again, due to the degeneracy betwggp andp, the strength
of the possible evolution is not strongly constrained asay ine easily compensated by the
redshift evolution of the central densities of the galaxystérs or the kinetic luminosity
break. Interestingly, a constant maximum lifetime for aliishifts is allowed, i.en; ~ 0O,
but this would require the cosmological evolutiongf to be unfeasibly strong (s&8.7).

1The typical sound speed in a cluster medium is of order.@®D— 0.004c since the sound speed in the
ICM must be similar to the velocity dispersion of the clugteabian, 1994).
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Unfortunately, at the current stage one is unable to vertigtiver the decrease in the maxi-
mum lifetimes of these radio sources is genuine, or whettigid just an observational bias
due to the flux limit. Deeper high redshift radio samples aeded to resolve this issue.

3.7 Ambient gas densities

Some fraction (but note that not all) of the central gas diesséstimated here are consistent
with recent X-ray studies (e.g. Belsai¢al., 2007; Crostoret al., 2008b; Sandersoet al.,
2009). It can also be observed clearly that higher densatiesavoured for earlier epochs.
Redshift evolution of the source environments is expecebsast, due to the expansion of
the Universe. Invoking textbook physics (see also Appegdiit is known that

H2(z) = H3(Qm (14 2)° + Qu(1+2)2 4+ Qqp), (3.7)

whereH is the Hubble parameteky is the Hubble constant, and the paramefegs Qa
andQy define the matter density, the vacuum density and the spatighture respectively.
From the above equation one can deduce that the criticaltdewslves ¢) with redshift
as

2
pe(2) = o8 [y (1+2+ Q] (3.8)

whereG is the gravitational constant and assuming a flat Univefie=£ 0). Since the
radio galaxies are often found in clusters and galaxy groops may expect that their
immediate environments will undergo similar evolution e one predicted by models of
cluster formation (see e.g. Arnaud, 2005, for a review anteudsion on the accordance
between predictions from the theoretical models and therghtonal constraints on the
evolution of clusters properties). Structure formationdels predict that the mean dark
matter density (the predominant constituent of galaxytehs$ scales as the critical density
of the Universe, that is again,(z) O pc(z) 0 H?(2). The critical density will, therefore,
change between redshifts, andz,; by a factor ofpc(zn2)/pc(zn1)- If zv1 =0 andz,, =2
then the density would be expected to be highexaby a factor ofz,,/z,1 = 8.8, equivalent
to ~ 0.94 in logarithmic scale, and to the redshift dependence pfaqimately (1+ z)2.
Similar trends have been recently found by Poggiantl. (2010), and, as they point out,
it can be also deduced from previous observational stuéigs Dressler, 1980; Dressler
et al, 1997). On the other hand, O’'Ded al. (2009) do not observe any density evolution
up toz= 0.5. The best-fits for the combinetfits of the tested models (Figure 3.17 and
Figure 3.18) clearly show that, is degenerate and strongly dependentnpandng; the
value expected by the galaxy cluster cosmological evolutimdels and the effect of the
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expanding Universe is possible for certain valuesyohndng, but is not unique. Some
may argue that environments of FR Il sources may depend ocabmological epoch.
That is, beside the argument of the evolution following tkpamsion of the Universe, at
low redshifts weak clusters and galaxy groups are favouseBm Il sources, while rich
galaxy clusters are preferred at high redshifts (e.g. Dekbal., 1997; Zirbel, 1997; Wold
et al,, 2000). If this is the case the effect will be convolved in thgparameter resulting
in evolution stronger than the expected~ 2.0 — 2.5. The possible values of and their
consequences are discussed furthe3id.

As it is shown in§3.10 the spread of the log-normal distribution of the denkds a
rather small effect on the results. This is highlighted by fiict that when a delta function
is employed the final results are still in good agreement thighobserved samples. It may
be concluded therefore that at the current stage it is ndilglesto constrain the shape of
the population ambient density distribution. Further, thean central density value will
depend on the assumegd and 3, and hence if this study assumptions for these values are
incorrect one may simply scale the fitted densities With(mﬁag) relation. It is currently
assumed that there is no redshift evolution of the core saditthe density profile slope.
If there is any intrinsic change this will be subsumed by tteamdensity value, possibly
resulting in a stronger trend with redshift.

3.8 Kinetic luminosities of powerful FR Il sources

The kinetic luminosity functions (KLFs) of the radio sourpepulations generated with
the best-fitting parameters for all redshift ranges and hscale presented in Figure 3.20,
while in Figure 3.21 the kinetic luminosity distributionadatheir corresponding underlying
parent populations from which the observed samples otigiiage plotted for each redshift
range, size bin and model. There are two main conclusiomsthyithe higher the redshift
the more powerful the jets are that are included;a0.3 the highesQ are of order 16/ W
(Model S), while in the highest redshift rangg, the most powerful sources seem to have
jet luminosities reaching ¥® W (Figure 3.20). Secondly, the larger the radio sources are
the more powerful AGN on average they host (Figure 3.21). Sduond effect seems to be
much milder than the dependence on redshift, but it is ptesesimilar pattern has been
already observed by Gopal-Krisheaal. (1989).

3.8.1 Differences between results of Model S and W

As can be seen from Figure 3.20 and Figure 3.21, althoughattenppopulations of Model
S and W are different, the predicted flux-limited sampleheftivo models are very similar.
More interestingly, one would expect kinetic luminosit@fssources of FR Il type to be at
least 167 W. Indeed, although radio sources of kinetic luminositie$03° W are generated
in the Monte Carlo simulation, these do not contribute todhserved populations. Some
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Figure 3.20: Kinetic luminosity functions generated with the bestifigfiparameter sets
of the independerttits of Model S (solid line, green) and Model W (solid line, &
for all redshift ranges, and combinedits of Model S (blue) and Model W (orange). The
combinedz fits of Model S and Model W show their best fits (solid blue, darange
respectively), and two restricted cases whgrparameter is set to, = 2.5 (dashed) and
n, = 4.0 (dash-dot-dot-dotted).
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Figure 3.21: Functions showing kinetic luminosity distributions (natised for each red-
shift range separately) of the observed, that is flux limislirces (solid lines) and the
corresponding underlying parent populations from whiaghdbserved samples originate
(dotted lines). In each plot, for each redshift range andehodnsidered, kinetic lumi-
nosity distributions for separate linear size bins (as usditting) are plotted. The exact
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[..continued on next page
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Figure 3.21:[Continued] Colours denoting linear sizes of the radio galaxies arellad.
The distributions change for different redshifts as welfadifferent radio galaxy linear
sizes, where larger radio sources on average seem to be atsopowerful. Note that
these distributions of parent populations depend strooigiyre slopexs which forz > 0.3

is associated large uncertainties. Here, for pictoriappses, only the best-fits for each
redshift range are presented.
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Figure 3.21: Continued
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Table 3.4: The best-fitting parameters for the independefitis of the model which uses
bending power-law as the initial distribution of kinetiainosities §3.8.2) for each red-
shift range. Due to occurring degeneracig3.%) one should always consult the corre-
sponding confidence intervals (see Figure 3.22). 90 perarenits are quoted.

z 10g;(Qs/W) Os l0g10(Pm/kgm~3)  l0g;o(tmax,/yr) p—value

z 387001 0.2799 ~234'39 7.237042 0.223
0.30 0.9 .8 0.60

2 39.15;8_%? —0'4;525.3 —20.4%(25 7.83J_f84 s 0.787

7z 411073 —25M22 ~236105 5 5.930°0,5;  0.784

Notes.The resolution of the results &s= 0.2 for log;o(pm), A = 0.15 for log; o(Qs) and

1001 o(tmax), andA = 0.1 for as for the simple cases, ad= 0.2 for as, A = 0.3 for [0g;o(om),
109,(Qgr) and log o(tmax), A = 0.5 for g, n, andng for the continuous evolution cases.

T For errors which may be extending beyond the searchedsdsge Table 3) value up to the range
border is quoted.

¥ If errors are smaller than their respective resolutioa Milue of< A is quoted.

consideration is also needed of the lowest redshift bin fiesstor Model W, where the
kinetic luminosity break reaches somewhat low values aadkbpe is flatter compared to
the other redshift ranges. The kinetic luminosity disttitw function of Model W has been
used by Willottet al. (2001) as their initial kinetic luminosity distribution fiation but for
the most powerful sources only. In their work the populatidmadio galaxies and radio-
loud quasars was divided based on the emission line chasdicte rather, that is high- and
low-excitation radio galaxies (HEG and LEG respectivelyraoduced in1.2.3), than the
historical FR I and FR Il classes. HEG include powerful FRritdldhe most powerful FR |
sources, while LEG include most FR Is and low-luminosity FRbjects. As mentioned
before Model W may not be able to reproduce the faint end oflisteibution. Contrary to
Willott et al. (2001) low luminosity FR IIs are included in this study andhas this is the
cause of the observed shift @ andds.

3.8.2 Bending power-law as the initial distribution of kindic luminosities

The thin, dotted lines in Figure 3.21 represent the posgllent populations generated
according to the assumed distribution functions. The flmitliof the radio catalogues
used is very high, and hence only the most powerful source®lagerved; as estimated
in performed here simulations their kinetic luminositiesribt drop below 1¥ — 1038 W.

In such a strong flux limit regime either of the kinetic lumsity distribution functions
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Figure 3.22: Joint 90 per cent confidence intervals for the independéts-of the bending
power-law model§3.8.2, orange fory, pink for z,, red forzz) and Model S (black for;,
dark grey forz, light grey forz) for all redshift ranges are shown. Contours are based
on AC statistics (se§2.4). The best-fitting parameters of the bending power-laxdeh
(Table 3.4) are consistent with the data at the 90 per ceet lev
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(Models S and W) will shape the faint power end of the lumityo&inctions on the basis
of a good fit to the high power end. However, with the lack ofeslied sources witkQ <
10%8 W the faint end of the function is highly unconstrained esBcat higher redshifts
where, given currently used radio samples, only the mosepiodvsources are considered.
To investigate this issue pre- and post- kinetic luminosigak slopes were attempted to be
fitted separately. To do this the so-called curved powerdestvibution has been tested

W(Q) dQ =y’ [(%) gt (%) ] dQ. (3.9)

whereds; describes the pre-break slope of the function, aggthe post-break slope. To
avoid introducing more free parameters it has been decalsettthe high power end of the
kinetic luminosity distribution function tos, = 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 thilimitstribution function of
source Kinetic luminosities, are in good agreement witls¢hifound with the Model S. The
faint end of the kinetic luminosity function is well constrad in the lowest redshift range,
but since now it is not dependent on the high power end of thetilon it becomes highly
unconstrained at higher redshifts. It is necessary, tberefto include lower luminosity
radio samples in such an analysis to investigate the faohbéthe kinetic luminosity func-
tions. The best-fitting parameters found are listed in T8bleand the confidence intervals
are displayed in Figure 3.22.

3.8.3 Cosmic downsizing

The concept of cosmic downsizing, as an anti-correlatidwéen the stellar mass of galax-
ies and the epoch of their formation, was introduced by Catial. (1996). Since then,
the term has been broadened to include the AGN evolutionhthstmanifested similar
anitihierarchical trends. The suggestion that the lowihasity AGN X-ray luminosity
functions seem to peak at lower redshifts than those of timnlous quasars (Ueds al.,
2003; Hasingekt al,, 2005) has been interpreted as implying black hole anitinidi-
cal growth, and hence seems to be analogous to the stamipmgailaxy downsizing (e.g.
Merloni and Heinz, 2008). Furthermore, since the growthhef black hole and its ki-
netic luminosity may be linked, Merloni and Heinz (2008) abalttaneo and Best (2009)
suggested that the kinetic energy density of these actikexiga undergoes a similar cos-
mological evolution such that the most powerful jets arentbat earlier epochs. Merloni
and Heinz (2008) based their findings on the analysis of realie kinetic luminosity func-
tions, while Cattaneo and Best (2009) analysed imprinthefextended radio emission
on the X-ray emitting plasma. It should not be surprisingréfiore, if such an effect is
seen in the presented here results. The results of the indepk fits already suggest a
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redshift evolution of the kinetic luminosity break. Mor@wythe results of the combined-
z fits of the fitted models confirm that this trend with redshifayrbe rather strong. Of
course, the strength of this cosmological evolution depesrithe assumed evolution of
the sources’ maximum lifetime and/or environment in whiclirses grow due to previ-
ously discussed degeneracies. One of the most plausibds,cabere the galaxy cluster
central environments evolve with the expanding Universkatording to the galaxy clus-
ter evolutionary models, would requirg = 2.0 — 2.5, and this will lead tang = 9.5 and
n, = —3.0. Given thaiQg(z = 0) =2 2 x 10°® W, such a strong redshift evolution would im-
ply Qg(z= 2.0) = 6.8 x 10*> W. This value is rather high, the highest kinetic luminesiti
of FR Il radio sources estimated in other works are of ordet@t W. Moreover, if one
assumes that all these radio sources power their jets viatamt at their Eddington limits
then the most powerful objects inferred herez at2.0, would host black holes of masses of
~5x 10 M, while the most massive AGNs’ black holes do not exceetD!° M, (e.g.
McLure and Dunlop, 2004; Natarajan and Treister, 2009n&teidt and Elvis, 2010, 2011).
Yet, equivalently to the independenfits, at these high redshifts tli@s values are of such
small number density that the highest kinetic luminositiest contribute to the population
do not reach 1% W (Figure 3.20).

Energy extraction from black hole spin is an attractive wagxplain high jet luminosi-
ties and efficiencies (e.g. Penrose and Floyd, 1971; Bladdfod Znajek, 1977; Rees al.,,
1982; Meieret al,, 1997; Meier, 1999). After Meier (2002) | denote

QO j*Bhoi(Mer/Mo)?, (3.10)

where j is the black hole spin anB is the poloidal magnetic field. In such a case, for
a given kinetic luminosity the higher the spin is, the lesssha the black hole must be.
However, one must bear in mind that the strength of the palaithgnetic field will have a
direct effect on the efficiency of the BH rotational energyrastion (for discussion on this
issue see Meier, 2002). A combination of accretion and sy play a significant role
in producing the kinetic luminosities estimated here. Hasvethe presented here results
suggest that also environments and lifetimes of radio gedaxave a direct influence on the
radio luminosity density of large scale structures of reghtaxies. It is worth considering,
therefore, whether it is possible to reduce the redshifiugiem in Qg based on the interplay
between the environments and radio galaxy lifetimes in #salts. For instance, th@g
cosmological evolution afiy = 7.0 will yield milder evolution of the radio source maximum
lifetimes, n; = —1.0, and the trend with redshift of the galaxy cluster centealgities can
be as strong ag; = 10.5 (Model S) or evem, = 11.5 (Model W). With this pattern of
cosmological evolution the kinetic luminosity break wousghch~ 1 x 10** W atz= 2.0,
which further implies maximum black hole masses of®ld ., if the sources accrete close
to their Eddington luminosity, and jets are predominanttgration powered. However,
this causes, to be unfeasibly strong. One may get more realistic resutisevassuming
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n, = 4.0, as then the results show tmgt= 8.0 andn, = —2.5, which leads t@Qg(z= 2.0) =
6.6 x 10M W, tmax, (2= 2.0) = 3.9 x 1P yr, andpm(z= 2.0) = 4 x 10?°’kgm~23 (Model S).
The redshift evolution of the central densities may seenetmakher high, since at = 4.0

it would exceed the effect from the Universe’'s expansionyéeer, as discussed §8.7
such a strong evolution may be realistic if some intrinsiarde in the environments, or
other effect such as evolution of core radius, takes pladeratively, radio sources may
be allowed to reach older ages than the ones found with thditizsy parameters (but kept
within the confidence intervals as found in this work). To émwhe kinetic luminosities the
sources would have to be younger or reside in higher densityomments than the best-
fitting parameters suggest, or undergo a combination oftbesffects. For instance, if one
attempts to match the kinetic luminosities and ages estidnay Rawlings and Saunders
(1991) for 3CRR sources, the lifetimes would have to be afbwo reach 1®yr, and
hence sources would have to reside in very high density @amvients. Finally, there is a
possibility that, contrary to what has been assumed solfarintrinsic source parameters
are not independent. Scenarios wh@rendt, and/ort andRy are correlated are sometimes
considered, but are beyond the scope of the current work.

It is necessary to point out that as the cosmological exaiubif the source parameters
is certainly real and is not an effect of an observationas loiae to high flux limit of the
observed samples, the location of the kinetic luminosigakrcan be only constrained in
the highest redshift bin. From the results it seems thataridwer redshift bins th€g must
be at the lower end of the luminosities that still contribid@econstruction of the observed
samples, but its exact location is uncertain (Figure 3.2d)addition, one may notice in
Figure 3.21, that the independenfits predict lower number density of sources than the
combinedz fits at intermediate and high redshifts. The reason for telsaliour lies in
tying the as exponent of Eqn. 2.19 and Eqgn. 2.20 in the case of the comizifies] where
as is required to stay the same for all redshifts (unlike foritigependent fits where the
exponent may vary freely between redshift ranges). Thefliestf both model S and W of
the combinedz fits predict much flatter slopes of the kinetic luminositytdigitions than
the independerrfits. This will cause the existence of low radio luminosityndity sources
that are not observed due to the high flux limit of the sampdesare unveiled in the KLFs.
Both of these issues this may be verified with larger samplitfslawer 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, whrehtypical hosts of powerful
radio galaxies, are known (e.g. Wolfe and Burbidge, 1970;eival., 2002; Dunlopet al.,,
2003; Gadotti and Kauffmann, 2009). Hence, once numberitiEshand kinetic luminosi-
ties of the sources have been estimated, one can set cotsstoai the AGN duty cycle
which defines the fraction of black holes being active at si@qdar cosmological epoch.
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The duty cycled(Mgh, 2), is defined as

®(MactivesH, 2)

OMer:2) = = Mop, 2

(3.11)

where @(MactiveBr, 2) IS the space density of active AGN with magsand at the redshift
z, while ¢(Mgy, 2) analogously defines the space density of all AGN (see alsly Kehl.,,
2010). Since in this work other types of radio-loud AGN areleded, e.g. FR Is and
blazars, | shall refer to the duty cycle of FR Il radio galaxanly in this discussion; this
will be denoted byderii(MgH, 2).

A typical FR Il source can be assumed to have a black hole niass6® M., and ini-
tially it is assumed that there is no evolution in the BH massith the cosmological epoch.
If one assumes that these are the most typical sources deatigepoch, then the typical
kinetic luminosity of these black holes is around the valti®g of the considered cosmo-
logical epoch. For the lowest redshifts, wiflz ~ 10°° W, the space number density is ap-
prOXimatelyq)(MactiveBw Zl) ~107dN Mpc_3AIOQlO(Q)_l (Figure 3-20);§D(MactiveBHa Z)
is found analogously for the other two redshift bins. Theseies are compared with the
local black hole mass functions compiled by Shangiaal. (2009), which give approxi-
mately@(Mgy = 10°M,,z=0) = 10~* dN Mpc3Alog,o(Mgn) 1. Assuming that, around
10° M., the average fractional accretion rate and efficiency ofewmion to kinetic power
are independent of black hole mass, we can inferAthag, ,(Q) = Alog;o(Mgn). Then, ne-
glecting redshift-evolution of the black hole mass funatiduty cycles o®rr)(MgH,2z1) ~
1073, &ri(MgH,2) ~ 1074°, and &rri(MgH,23) ~ 10> are found. Although in the
analysis ranges of redshifts are used, the measuremestasmianeous, and hence can be
compared to other results for a single redshift; here thesoreanent will be an average for
the redshifts within each range which is considered.

The estimated duty cycles can be compared with the maximfetimies of radio galax-
ies obtained from the fits to determine whether all or justatfon of 1 M., black holes
are likely to spend some time as a powerful FR Il radio galatere ‘powerful’ is defined
to mean ‘at the break luminosity’, i.e. the most powerfupigal’ objects in the observed
epochs. From the fits, it is found that the sources live for aimam of approximately
10”8 yr in the lowest redshift range, and sinte, = 10>° yr, then each radio galaxy is on
for 1.6 per cent of this epoch, compared to a duty cycle of @rlcpnt. If one assumes that
an AGN goes though the FR Il stage only once, if at all, durtadifetime, then around 10
per cent of ‘typical’ radio galaxy hosts are likely to speidé as a powerful FR Il in the
most recent epoch. Moreover, if it is assumed that theseigalaan go through their FR 11
episodes multiple times throughout this epoch, then thaifna will be even smaller. For
the higher redshifts the inferred duty cycles are smalleromspared to the local Universe.
From the fits, the radio sources at higher redshifts are faarige for a shorter time; the
lifetimes of 102 — 10”° yr for redshift rangez, and 16 — 1072 yr for z3 are found, while
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the time spanned by each epoch remains clogkzio However, the reduction in lifetimes
is not sufficient to explain the drop in duty cycle at high tafts: the most powerful FR lls
become rarer, and a smaller fraction of potential FR 1l heptnd time as powerful FR IIs
(perhaps< 1 per cent foizy, and< 0.1 per cent foizs).

These apparent reductions in duty cycle may result fromgbaraption of no evolution
in the number density of #0M ., black holes from the present epoch. In fact, based on
the evolution of X-ray luminosity functions, Merloni and ide (2008, see also Natarajan
and Treister 2009) estimate that the black hole number tyfeoSiSMBHs declines from
®(Mgy = 10°M,,,,z= 0.3) ~ 10~* to (Mg = 10°M,,,z= 2.0) ~ 10~>8, This reduction
in number density at higher redshifts could account for nobshe apparent drop in duty
cycle which can be inferred from the presented here fits. dlde important to note that
since the break luminosity of the kinetic luminosity fulectiincreases by 2 decades fram
to z3, the active fractions quoted here are tracing significadhifferent populations in terms
of kinetic power, and if lower-power radio galaxies are ua®d (e.g. the FR | population)
the total duty cycle of radio-loud AGN may be much greatenttre values given here.

Itis interesting to compare these estimates of powerfubrgdlaxy duty cycles with es-
timates of AGN duty cycles based on radiative luminosityctions. In the higher redshift
ranges, the duty cycle estimates given here are at leastaal@ldnwver than those inferred
for 10° M., black holes by Shankaat al. (2009) and the lower bounds estimated by Kelly
et al. (2010). This discrepancy may be understood in terms of tt® daud fraction of
AGN, since for the high kinetic powers observed at higheshéts, the accretion rates are
expected to be large fractions of the Eddington rate andehemirespond to the underlying
quasar population, which is known to be predominantly raylieet. Hence at these red-
shifts, the lower duty cycle inferred from kinetic lumintiss may reflect the small fraction
of high accretion-rate, radio-loud objects. However, atdoredshifts, the situation turns
around, and the inferred here duty cycle foP M., may be up to a decadarger than that
estimated from radiative luminosities by Shankaal. (2009). This difference may reflect
the evolution of the FR Il kinetic break luminosity to loweslMes, which may correspond
to a lower typical black hole mass at low redshifts than tHeNMQ assumed here, for which
the duty cycles predicted by Shanketral. (2009) are higher. An alternative possibility
is that the reduction in break luminosity corresponds toangke to a lower accretion rate
(as a fraction of the Eddington rate), where a kineticatiyathated accretion mode domi-
nates over radiatively efficient accretion (e.g. see Mémal Heinz, 2008, and references
therein).

3.10 Influence of the assumptions on the results

Although, one can easily estimate how strongly a given maysnodel assumption influ-
ences a single source, such predictions may not be triviehvelonsidering the whole pop-
ulation of radio sources. Here, | discuss the possible infleeof the model assumptions
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introduced in52.3 on the simulated source populations and the resultscdtiesponding
confidence intervals for each case are plotted in the Apgehdi

3.10.1 Core radius and the shape of the central density digtsution

The central density is tightly linked to the core radas and, it is stressed again, the
parameterpéoag) should not be considered separately in termggdinda,. In the current
simulation the core radius is kept fixed at a value of 2 kpc, thiedcorresponding values
of the mean central density are searched through. Any chartpe value ofa, will affect
the result ofp, only, where for lower values of the core radius the mean akdansity will
compensate shifting towards higher values, and for laagdess dense environments will
be preferred (assuming no change is madé)to

The initial log-normal distribution of central densities assumed to be quite narrow,
With Gjog,o(p,) = 0.15. It was tested how much the results will be affected if diena a
broader central density spread. As discussegBiB, the change in density will have very
strong effect predominantly on the maximum allowed age efdburces. Moreover, since
both radio luminosities and linear sizes depend on the teoatthe medium, allowing for
larger standard deviation of thm, distribution will affect the distributions of kinetic lumi
nosities of the sources and their ages as these will haveripeasate for the environment
change to reproduce the observables (as compared to tiaé maitrow gjog, o)) Indeed,
the results show that the kinetic luminosity break shiftslightly lower values as the cen-
tral density standard deviation gets broader. The meamatatgnsity and the maximum
age of the source of the best fits seem to oscillate aroundbsiwgilues for the tested cases
(see Figure A.3 and Figure A.4), whetgy,,,) = 0 (delta function),jag,.(p,) = 0.15,
Oiogio(po) = 0-50 @andoigg,,(p,) = 0.75 [in units of logo(po)]. However, a significant change
for Oiog,,(p,) = 1.00 can be observed, when the confidence intervals of all peeasbe-
come more defined, in particul§g drops to values of 8§ W and the maximum age of
the sources oscillates aroundl x 10° yr in the case of;, while for z3 there are only
very specific regions of the parameter space allowed. Farfitkasg parameters consult
Table A.2.

3.10.2 Distribution of the maximum source lifetimes

The initial log-normal distribution of the maximum sourdfetimes is assumed to be very
narrow, with Ologio(tmax) = 0.05. It was tested, however, how much the results will be af-
fected if one allows for greater variety in the maximum lifes within one population
of the sources. The simulation has been re-run twice, wjg&o(tmax) = 0.3, and with
Ologio(tmay) = 0-6- Similarly to the case of the standard deviation of there¢density distri-
bution, no significant changes in the confidence intervalngfof the searched parameters
has been observed; however, in the case vdgp, ..., = 0.3 for the lowest redshift range
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the intervals seem to be slightly broader. The confidenaials are presented in Fig-
ure A.11 and FigureA.12, and the best fitting parametersistezllin Table A.6.

3.10.3 Head advance speeds

Since there is much discussion on the value of maximum heeahad speed of the FR I
jets (sees2.3.7) the simulation was re-run withyax = 0.05¢, Vmax = 0.15¢, and further
with vmax = 0.8c, to investigate how strong an effect such an assumption mdyce on
the whole population. As seen in Figure A.1 and Figure A.2ltheer vinay allowed the
more constrained confidence intervals become. Althougte tiseno significant difference
between the confidence intervals, stronger constraingsytieg from lower allowed/max
assumed, indicate that higher central densities, oldecs@ges, and slightly less powerful
sources (the latter seems to be the case only in the smadtisttift range) from the initial
broad contours are indeed preferred.

Such results come from the fact that the energy density ijetheead (hot spot) is
Uns = DxVdy: (3.12)
wherepy is the external medium,gy, is the head advance speed, and

Vadv = Vi/[1+ (0x/0)*?] (3.13)

with the jet speed); and jet density; (see Martiet al, 1997, for a relativistic extension
of this calculation which leads to very similar results). the case of this speed being
constant throughout a source life, this would imply thgf, O px_l/2 (see Scheuer, 1996).
Thus, the smaller the head advance speed is, the higher thierardensity of the sources
must become to reproduce their observed linear sizes arwlwwinosities. If the external
density changes then adjustment in thg, and Qg must develop to again ensure that the

observed., andD are reproduced. This is indeed what is observed.

Note, however, that since from the KA97 model it is known ttiet expansion speed
decelerates with the source age, the maximum head advaeed 8gat we refer here to is
in fact the maximum expansion speed a source may have atrieeofiobservation. Since
there is a higher probability of observing an old source tgmmung one, thesénax may
not be the highest possible expansion speeds during a ddatitee as at the earlier stages
of the source life its early,gy (NON observed) may be higher than the decelerated/jate-
(observed, at the later stages of the source life). The latbdy, is compared tomax.

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 assumech distribution on the results has been investigated, anditin@ation has been
re-run twice assuming thatis set to a single, universal valua & 2.3), and further tham
follows a Gaussian distribution witlyean= 2.4 andoy, = 0.3 (refer t0§2.3.4 for details).
Note that this normal distribution is asymmetric here sihenot allowed to extend beyond
the minimum and maximumvalues. Curramt al.(2010) findsMpean= 2.4 andoy, = 0.6;
however, sincen is restricted by its minimum and maximum allowed value irs tsiudy,
such a distribution would be nearly uniform foy,;, = 2 andmyax = 3. For this reason a
smaller standard deviation of the distribution has beersehan the tests. The confidence
intervals are presented in Figure A.9 and Figure A.10, ardotkst-fitting parameters are
listed in Table A.5. No difference between results founchvéither of the Gaussian, the
uniform distributions or a single value of the injection éxdhas been found. | conclude
here, that most plausibly the currently used data and/arétieal model are not sensitive
enough to distinguish between the underlying distribitiofim at this point.

Furthermore, since there has been discussion on the lowpenat-off of the energy
distribution of relativistic electrons present in the @it we tested the following cases to
investigate the possible changes to the results:

(i) Yimin = 1 andymax = 10°,

(i) Ymin = 1% and Ymax = 100,

(iii) Ymin = 10* andymax = 10°.

All of these were compared to our initially assumed case &gk = 1 andymax = 10'°.
The confidence intervals are presented in Figure A.7 andr&igLB, and the best-fitting
parameters are listed in Table A.4. As expected, there idffeyaehce between the initial
assumptions and case (i), indicating that indeed the exaae\of the maximum Lorentz
factor is not crucial as long 3sin < Ymax 1N case (iii) a significant change of the kinetic lu-
minosity break confidence intervals is observed, whergfar= 10* the kinetic luminosity
break is smaller by- 1.5 decades, as compared to the other cases. Such a drastje éhan
confidence intervals in case (ii) is not observed, deggitebeing significantly larger than
the initial case. Therefore it can be concluded that chandke minimum Lorentz factor
for the whole source population will significantly affecethkinetic luminosities only.

Ymin» Ymaxandmdirectly influence the initial energy density distributiofthe relativistic
particles. The minimum Lorentz factor indicates how relatic are the least energetic
particles. The lowewmin the more cold material is included. For cold plasma higQer
is required in order to obtain the observed radio luminodipsity because a fraction of
the kinetic luminosity will be lost for particle accelemi. However, if this material is not
included, less power is required to reproduce the obsdryadd hence significantly lower
Qg are observed in the resultsyii, is allowed to be as high as 40The maximum Lorentz
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factor characterises the cut-off at the high energy endeptrticle distribution; particles
can only be accelerated up to a certain frequency above Wdgshrates take over (see also
Markoff et al, 2001). The indexn defines the slope of the energy density distribution, and
hence determines the relative fraction of low and high estargarticles, where the flatter
the distribution is the more energetic particles are inetudAlthough the change ofi may

be significant for a single radio source, it does not seem ¥e ladramatic effect on the
whole population of sources, and it is the low energy cuttiéit influences the average
properties of the population.

3.10.5 Jet particle content

As discussed ir32.3.6 there is much debate on the particle content of the ljats. Ini-
tially, in the simulation the conservative KDA97 assumpti®’ = 0) is followed, but to
test the influence of this assumption on the whole populatiosources three additional
assumptions have been tested, that is it was assumed thaartide content of radio jet
is drawn from a uniform distribution in a randge < [0,10], and further als&’ € [0,100.
As an additional test the case whi€n= 100 was also investigated. The confidence inter-
vals are presented in Figure A.5 and Figure A.6, and for tis¢-fitting parameters consult
Table A.3. A significant change in the fitted source pararsei&s observed only in the
two latter cases. While assumikge [0,100 (higher redshifts) ok’ = 100 the best-fitting
kinetic luminosity breaks shift significantly to higher uak by~ 1.5 decades. The other
parameters do not seem to undergo any significant change.

Indeed, the addition of protons in the relativistic jets Woequire these particles, simi-
larly to electrons, to be accelerated to the relativistieesls. As already shown by e.g. Bell
(1978), relativistic protons store much more energy thactedns typically do, and this
in turn will give rise to the radio source kinetic luminosityhe argument may be turned
around: to maintain the expected kinetic luminosity, theesteed radio lobe luminosity den-
sity is much lower for proton dominated jets than for lighigle, electron-positron jets (see
also KDA97). However, many authors favour proton-elecjein. Istomin and Sol (2011),
for instance, draw a hypothesis that some low-luminosityNAtave proton dominated jets,
which are supported by extracting energy from black hola.sBikoraet al. (2005) report
that jets of radio-loud quasars are also most likely heawytdihe positron-electron kinetic
energy being too small to support energetics of radio loHesvever, Bicknellet al. (2001),
extending the work of Celotti and Fabian (1993), show thah@case when jets are proton
dominated the following criterion occurmin = 10?. This is not required by positron-
electron jets, but the results are still consistent whem sugalue forymi, is adopted (see
§3.10.4). Indeed, if one considers the net effect of the tvgumptions tested, that is the
jet particle content and the minimum Lorentz factor, ond mdttice that their effects may
cancel out. Settingmi, = 107 or more one ensures that only initially highly relativispiar-
ticles are included in the jet material and these are lateghre-accelerated in the jet front;
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Figure 3.23: The predicted radio lobe pressures of the underlying pgreptilations,
unaffected by the flux limit, of FR 1l radio sources generatgith the best-fitting param-
eters (Table 3.3) of the independexrfits of Model S (green) and Model W (black) for
three redshift ranges, whezg (solid line),z, (dash-dotted line) ang; (dotted line). The
minimum allowed kinetic luminosity set for each presentistribution is set to 188 W.

it requires stronger momentum flux to affect the non-reigtiiv protons than relativistic
ones, hence the change in kinetic luminosity in these twescas

Based on the results | present here it is currently impasdibldistinguish between
purely electron-positron jetk/(= 0) and those that contain modest numbers of protons
(K €10,10]). Very heavy FR Il jetsK ~ 100) consisting of an electron-proton plasma seem
to be unlikely, unless the minimum Lorentz factor is set tgdavalues fmin = 107 — 10%).

3.11 Distributions of parent population’s measured propeties

The content of this section is purely hypothetical due tdnlibeé unknown minimum kinetic
luminosity of the FR Il sources and the slope of the Schechter function (Egn. 2.19) —
guantities one is unable to set limits on with the radio cafaés used currently in this
study. Nevertheless, the method presented in this workaltme to reproduce the possible
parent populations of the analysed radio sources. Theawgcof these predictions depends
on the number of radio samples of different flux limits and heell the faint end of the
kinetic luminosity function is constrained.
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As it is known, the distributions of the observed paramefeush ad,, and D) vary
with redshift; the radio lobe luminosity density and lobegsure distributions shift towards
higher values for higher redshifts, while distributiongttod linear size tend to slightly shift
towards smaller sizes at higher redshifts. This has beeereds already by e.g. Kapahi
(1989); Singal (1993), BRW99. Here, the predicted distidns of these parameters of the
underlying parent populations (i.e. unaffected by the fionit) are found to undergo a simi-
lar change with the cosmic epoch. Of course, one must exXipatctitese parent distributions
do depend on the allowe@nin and the slopears, and since these have large uncertainties
(especiallyas) the estimated parent populations must be taken with caaglioRuminos-
ity density in particular will be dramatically affected Hyetse two parameters, while linear
sizes seem to undergo a smaller degree of change. Intgfigstime lobe pressure distri-
butions do not seem to change with the different choices @hitmimum allowed kinetic
luminosity andas. Unfortunately, | am unable to estimate, with small undeties, the
two parameters at this point of the study due to the choicadibrsamples which are cur-
rently being used, and hence | will not discuss the highlyeutain radio lobe luminosities
of parent populations.

In the case of the linear size of extended radio sources, anenot expect such a
drastic change between observed and underlying distitsitbf the population because of
the much smaller effect that the flux limit has on these. Tlaeegtwo linear size ranges of
a particular interest. Since radio sources of linear sizesler than 10 kpc are not included
in the fitting, it is worth checking how many of these are peesli in the parent populations.
| find that for the best fitting parameters they make up not rttwae 5 per cent (Model S) or
2 per cent (Model W) of the whole parent population. Furthenen one may consider the
existence of old large sources which fall below the survegiigity. Given that the kinetic
luminosity stays constant during a source lifetime, the@grows in size as it gets older,
while its radio lobe luminosity density decreases. Evdhtudne source drops beyond the
flux limit of the survey, and hence is not detected by the radivey. This would imply
the existence of a sub-population of old low luminosity dignsbjects which are present in
the parent populations. Such populations are, howevese®t with either of the models
considered in this study.

The KDA97 model employs the minimum energy relation of thiatiestic particles
and magnetic fields which are responsible for the synchmotaoliation. As provided in
Egn. 2.9 the radio lobe pressure can be inferred from theasideage of the source. The
method presented here, given the semi-analytical modelttexefore constrain the most
likely distributions of the radio lobe pressures of FR Il sms (Figure 3.23). A strong
trend with redshift is present, where the average lobe pregs in the local Universe of
~ 3.4 x 10714 Pa drifts top; ~ 5.1 x 1011 Pa for the redshifts .8 < z < 2.0 of Model S,
and similarly fromp; ~ 2.1 x 10~%4 Pa in the local Universe tp, ~ 2.7 x 1012 Pa for the
highest considered redshifts in the case of Model W. Botheatsogredict similar results.
Interestingly, even at this hypothetical stage these lalessure distributions agree with
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previous numerical estimates (e.g. Wang and Kaiser, 2608)et as values deduced from
observations (e.g. O'Dest al.,, 2009).

As a final note, it is important to stress that beside the tamelerlying parent popu-
lations, other predictions can be also made. By setting aedkfux limit to the parent
population, one can produce catalogue predictions, whitghdr can be tested against ap-
propriate observed radio samples. The state-of-the-an-E@quency ARray radio facility
(LOFAR) is of a particular interest. Its large-scale deefragalactic surveys will provide
radio samples, with flux limits significantly lower than cemtly available catalogues, that
predictions can be verified with. | will focus on this aspecaifuture work.

3.12 Summary

Multidimensional Monte Carlo simulations are performethtestigate fundamental source
parameters (such as kinetic luminosity, age and ambierstitggnand their possible trends
with redshift of powerful radio galaxies and radio-loud saes of FR || 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 <10’ yr at low redshift
and decrease for earlier epochs. This is in agreement wihpendent studies on
the 3CRR radio sources, but may be specific to these most hidwadio galaxies
and quasars. With the current sample and its strong flux lianiid my collaborators
are unable to draw final statements about the evolution difdgtegnes of the sources
which is suggested by these current results.

(i) The results suggest cosmological evolution of one orersmurce parameters. In par-
ticular the mean density of the immediate source envirorsn@n thepoaf)3 parameter
if one allows core radius g8 to change with redshift) is found to undergo evolution
with redshift; the hypothesis that there is no evolutioruied out with probability of
> 99 per cent.

(iii) The central density of the FR Il environments is fourmdundergo redshift evolution
of approximately(1+ z)#; evolution stronger than the one expected from the Universe
expansion is possible if one considers additional effecisifchange of environment
or core radius evolution.

(iv) The function describing the initial distribution ofriétic luminosities modelled by the
Schechter function (or its modification) or smoothly brokmower-law is favoured
to simple power-law; however, the hypothesis of an unbrgd@mer-law distribution
cannot be ruled out at a confidence level of more than 95 pér cen
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(v) The estimated kinetic luminosities are within380- 10** W for FR Il type sources,
which is consistent with previous studies. It is observeat the kinetic luminosities
depend on the cosmological epoch and the linear size of tieeowhere larger in
linear size as well as higher redshift sources are more golwer

(vi) The FR IIs’ kinetic luminosity function undergoes coslogical evolution of the break
luminosities of at leastl +2)% and may be as strong &%+ 2)'°. The uncertainty
originates from the strong degeneracy betw€gn tmax and p,. Evolution stronger
than (1+2) is rather unlikely since as the consequence the black hatsesaf the
most luminous FR Il sources would have to be>ofl0'* M, assuming that there is
no strong spin powering of the jets.

(vii) The results suggest that, at least at high redshifs|ISources most probably accrete
at moderate/high Eddington ratios and the black hole spinptey a significant role
in the jet production, as both effects seem to be necessarptain the high estimated
kinetic luminosities of FR 1l sources at higher

(viii) An attempt has been made to estimate the duty cycldsPotl radio galaxies at the
break in the kinetic luminosity function, finding them to degse with redshift from
~103forz; <0.3,to~10%°at03<23<0.8,to~ 10 °>°at 08 < z3< 2.0. The
decrease in duty cycle at higher redshifts may be explaiyea cbmbination of the
reduction in the lifetime of FR Il radio galaxies togethetmeévolution in the number
density of massive black holes. The shift in kinetic lumitybreak to higher values
also indicates an intrinsic change in the population of tkinpowers. Interestingly,
at low redshifts the duty cycle of powerful FR lls exceedd tstimated for 1DM,
AGN based on radiative luminosities. This difference careXgained if the typical
black hole mass of FR lIs shifts to lower masses at2zoAiternatively, the lowz FR I
population may become dominated by a kinetically dominatadiatively inefficient
mode of accretion.

It is noted, however, that other theoretical models of ragditaxy time evolution, such
as those of BRW99, MKO02 (ség.1.3 for a short discussion on main differences between
the models), or the modified models of Barai and Wiita (2008,72, might yield somewhat
different results.
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Sample of Radio Galaxies

It has been postulated that the low luminosity density FRatlio galaxies are distinct
from their powerful equivalents, and thus the historicah&eoff-Riley classification may
be somewhat misleading. 3C extragalactic radio sourcesciwtine study in Chapter 3
of this thesis was focused on, are some of the most powedid galaxies known and
extend to high redshifts. But, the downside of catalogues s 3C is their high flux
limit which causes exclusion of any moderate and low poweioraources. The following
chapter contains analysis of fundamental properties of ma of low redshift and low
radio luminosity density radio galaxies. The study is doizetkie method presented in
Chapter 2 of this thesis, and a comparison with the resulth@fmost powerful and high
redshift radio galaxies, which were analysed in Chapters3pliesented. In addition, the
construction of the radio sample used in the Monte Carlo &tran is described. The
content of this chapter is to be submitted to the Monthly déstiof the Royal Astronomical
Society (A.D. Kagiiska, P. Uttley, P.N. Best & T.J. Maccarone, ‘Local low lugsity FR 11
radio galaxies: do they differ from their powerful cousind@NRAS, in prep.).
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4.1 Objectives

It has been suggested that the low luminosity FR Il radioxdgesamay be distinct from
their powerful cousins. 3CRR extragalactic radio souregsch the study in Chapter 3
of this thesis was focused on, are some of the most powerdlib igalaxies known and
extend to high redshifts. But, the downside of catalogues sis 3CRR is their high flux
limit which causes exclusion of any moderate and low poweioraources. | have stressed
before (cf. Chapter 3) the importance of including deepea dlaan catalogues such as
3CRR can provide for the investigations of the fundamenémbmeters of FR Il sources.
Here, | attempt to extend my work to include radio samplesaatly improved sensitivity
as compared to the 3CRR/BRL sample. Two of such deep all skp surveys are the
NRAO VLA Sky Survey (NVSS; Condoat al., 1998) and the VLA Faint Images of the
Radio Sky at Twenty centimetres survey (FIRST; Bealeal,, 1995; Whiteet al,, 1997),
both of which are discussed in detailjd.2. These are often matched to the Sloan Digital
Sky Survey (SDSS; Yorlt al., 2000; Stoughtoret al., 2002) which provides the optical
counterparts of the radio sources. Cross matching of thee thurveys provides a unique
opportunity for population studies; | will refer to the csasatched sample based on the
three surveys as the SDSS-FIRST-NVSS sample.

However, throughout this thesis | highlight the importan¢eising low radio frequen-
cies while dealing with extended radio emission from radigels (see also BRW99). The
theoretical models | consider assume that compact radisséoni from hot spots and radio
cores is negligible; this is often the case~atew x 100 MHz, but is not necessarily true at
GHz frequencies. Since both NVSS and FIRST were observedi&Hz, | do construct
a new radio sample by cross matching the SDSS-FIRST-NVS§8legicompiled by Best
et al, 2005; Best and Heckman, 2012, $de2 for all details) with publicly available low
frequency radio survey$4.2.3). This new sample of radio galaxies is further usedhén t
Monte Carlo simulations to investigate their fundamentabmeters, and comparison with
the results of powerful radio galaxies and radio-loud qrsaBam Chapter 3 is performed.

4.2 Observational data sets

| use optically selected, flux-limited radio sample of extet radio sources created as de-
scribed below. Currently, | concentrate only on sourcesRflFmorphology due to the
availability of semi-analytical models of their time evtitin.

Lvery Large Array (VLA) radio interferometer is operated ImgtNational 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 sediegalaxies and their radio coun-
terparts by cross-matching the SDSS survey with NVSS an&FIRhe current version of
this catalogue uses the SDSS Data Release 7 (Best and Heck@i&). A sub-sample of
the full Best et al. radio sample is used, which consists 6f2R 1l type sources with de-
clinations ofd > —10° and with redshifts @3 < z < 0.2. Although the full sample extends
up toz= 0.6, | use the lower bound on the redshift due to possible batstiay be relevant
in this study; at redshifts.8 < z < 0.6 only red luminous galaxies are included, while at
the lower redshifts the main galaxy survey spectroscopigpéa (Straus®t al, 2002) is
used. If the type of the host galaxy determines the type ofad&® source which resides
in it, this would cause a significant bias in the analysis. rétae no selection criteria on
the host types of the SDSS sources up to approximatel.2 apart from the radio cut-off
of 40 mJy and optical cut-offs of 18 < r* < 17.77, wherer* is the opticalr-band magni-
tude measured at the effective wavelength of &L6&e Fukugitat al, 1996; Ivezicet al,,
2002; Graharret al,, 2005, for the definition of the system and discussion on th8S
absolute calibration). In addition, although it is assunfetiowing the unification models,
that the only difference between radio galaxies and ramlio-Hlquasars is just their viewing
angle (e.g. Barthel, 1989), objects classified as ‘quasaeséxcluded from the main SDSS
galaxy catalogue, and so they are excluded from the Bestsadmple. Since there are very
few such objects at these low redshifts § per cent az < 0.1, see Beset 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 northdof —40° at 14 GHz. Resolution of the
NVSS radio maps is approximately 45 arcsec, and the detetitiot (the flux limit) is
2.5 mJy. The observations were performed with the VLA telesdopts D configuration,
and thus the largest angular scale measured is of order oEAGra.

The FIRST survey, at the current stage, covers declinatbris > —10° at 14 GHz
and is still not yet a complete project. Resolution of the FTRadio maps is- 5 arcsec,
and the detection limit is.@5 mJy. The observations were carried out with VLA in B
configuration, and thus the largest angular scale that candasured in the FIRST survey
is approximately 2 arcmin.

An angular size of 2 arcmin corresponds to a linear size ofeqimately 390 kpc at
redshiftz= 0.2. Radio galaxies are often larger than this, and hence tR&TFIsurvey
should not be used for flux density measurements of the eaxteratlio sources as simply

2Consult J.S. Ulvestad, R.A. Perley, & C.J. Chandler (ed&)e‘Very Large Array Observational Sum-
mary’, Jan 2009http://www.vla.nrao.edu/astro/guides/vlas/current/vlas.html.
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they will be resolved out (see Chapter §1.4). The largest angular scale measured by
the NVSS survey corresponds to a linear size 8B2Mpc; very few radio galaxies reach
such enormous linear sizes, but some of such radio galagiexidt (e.g. the well known
3C 236 with linear size- 4.5 Mpc: see34.3.4 for references, and the recently discovered
largest radio galaxy J1420-0545 which has a linear size df7 Mpc: Machalskiet al.
2008, 2011). Although 3C 236 is in the Best et al. sample, Basarements are treated
separately. Apart from 3C 236, the second largest FR |l rgdiaxy in the Best et al. FR Il
sub-sample at declinatiods=> +28.5° and up to redshifz = 0.2 (see§4.3 for explanation)
has an angular size of%arcmin. Therefore, the NVSS survey is considered perfarct f
the total flux density measurements as none of the radio sgare expected to be resolved
out.

4.2.1.3 Radio morphological classification

The radio morphological classification has been performeéiof. Philip N. Best (IfA,
Royal Observatory, Edinburgh) through his automatic reytiand has been visually in-
spected by him, and also partly by myself (see &4@.2). The proper morphological
classification of the radio sources has a profound influemcéhe accuracy of the radio
sample and any further analysis. Due to the good angulaluteso of the FIRST survey
(~ 5 arcsec) a detailed investigation of the morphology of tttereded radio sources can
be done. The most important distinctions between FR | andlERg$ses that are adopted
in such sample classification are: (a) the vast majority efrddio emission from FR |l
sources comes from the outer regions of the radio struciunde for FR Is this emission
is assumed to come from regions close to the radio core, €mttent of the FR 1l sources
can be defined by measurements of their hot spots — these daisioin FR | radio sources.
The demography of the full radio galaxy sample, with clasatfon based on the FR | /
FR 1l morphology is given in Table 4.1.

4.2.2 Radio sample completeness

A complete flux-limited radio sample is usually defined as watéch contains all extra-
galactic radio sources in a given sky area and above a séydithit specified for a survey.
The radio sample constructed by Bestal. (2005) and Best and Heckman (2012)nist

a complete sample of all radio sources within the specifiedhiét range and the NVSS
and FIRST sky area. This is due to three main reasons. Fitsdysources are optically
selected down to the magnituderdf= 17.77 and sources fainter than this are not included
in the main galaxy sample Secondly, even within the accepted optical magnitudegaag
galaxy may be missed by SDSS due to fibre-collision effectss @ffects~ 6 per cent of

all galaxies, but is expected to be a random effect. Finallyalaxy may be too bright for
the SDSS spectroscopy and so, again, is likely to be missednifimise this last effect

SFainter than this limit only luminous red galaxies are téegeas mentioned i§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)

FRI FRII 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 redshit ¥ 0.03) and the apparent optical magnitude % 14.5)
are adopted by Begt al. (2005). The distributions of the radio lobe luminosity déas
at 325 MHz of the sources, their apparent optical magnitagelsabsolute magnitudes (for
the Best et al. FR Il sample matched with WENSS) are present&igure 4.11 — Fig-
ure 4.15. No apparent bias is visible. The absolute magestadthe FR IIs’ host galaxies
seem to be randomly distributed in the radio lobe luminodéwpsity plane (Figure 4.13).
One may notice that in the absolute — apparent optical madmiplane (Figure 4.15) there
is a suspiciously empty region for faint apparent and stralpgplute magnitudes; clearly
it is redshift dependent effect. This further corresporathe bottom right corner of the
radio lobe luminosity density — apparent optical magnitptbne (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 souroe/thr which are used here and
which assume that most of the radio luminosity density cofr@a the radio lobes of the
sources, one should use samples observed at low radio freigag~ few x 100 MHz) to
avoid compact radio emission that dominates at GHz freqaend his flat spectrum com-
pact radio emission has its origins in the synchrotron aleffierbed emission at the base
of relativistic outflows, where Doppler boosting and/or degting effects may addition-
ally become significant (but cf. Merloni and Heinz, 2007)d am the regions of hot spots
where the jet terminates and particles are re-acceler@@atte the sample of Best et al.
is constructed at.4 GHz (both NVSS and FIRST were observed at this frequentys, i
attempted here to match it with publicly available low rafieguency catalogues, the VLA
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Low-frequency Sky Survéy(VLSS; Coheret al,, 2007) and the Westerbork Northern Sky
Survey (WENSS; Rengelinket al., 1997).

VLSS (formerly 4MASS) is a relatively shallow (detectiomit of 0.5 Jy) radio survey
measured at 74 MHz. It covers the entire sky north-80° in declination observed with
an angular resolution of approximately 80 arcsec. The sumas performed with VLA
in B configuration, and so the largest angular scale that eagiebected isv 37 arcmif.
WENSS is a radio survey covering northern sky of declinatidr> +285°. The survey
is measured at 325 MHz with a detection limit of approximate8 mJy and a resolution
of ~ 54 x 54 cose¢d) arcsec. The survey was performed with the standard set-tigeof
Westerbork Synthesis Radio Telescope, which has the shdr@selines of 36 m 96 m.
Therefore, the largest angular scales detected by WENSS ar&° for the baselines of
36 m, and 33 arcmin for the baselines of 96 m. For the desoniif the mosaicing tech-
nique used for the WENSS survey, and the details on the clodittee shortest baselines,
see Bremer (1994), and for discussion of the issue of thedaggale structures that can be
measured by WENSS see e.g. Schnitzeted. (2007). Following the discussion §4.2.1.2
on the largest angular sizes of the radio galaxies consldarthis study, both VLSS and
WENSS are considered to be adequate for the total flux dem@surements of the ex-
tended structures of the radio sources, and none of theesare 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 1l sulpkamith WENSS and (sepa-
rately) with VLSS was performed as follows:

1. Bestetal. FR Il sources that lie outside the sky coveraif¢ENSS @ < +285°) were
excluded, which caused the sample size to decrease to lib&mdces in this case. In
the case of the cross-match with the VLSS survey no sourcésedBest et al. FR Il
sub-sample were excluded.

2. An angular distance between two sourads ffom the Best et al. FR Il sub-sample and
either WENSS or VLSS, was found according to

“http://1lwa.nrl.navy.mil/VLSS/
Shttp://www.astron.nl/wow/

6Consult J.S. Ulvestad, R.A. Perley, & C.J. Chandler (ed&)e‘Very Large Array Observational Sum-
mary’, Jan 2009http://www.vla.nrao.edu/astro/guides/vlas/current/vlas.html.
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Figure 4.1: The image cutouts from the WENSS (327 MHift) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1713.0+64i@7both pan-
els the grey scale flux density is given in units of mJy/bedraft: the contour levels
are at 30 mJy/beanx(—10,-9,...,9,10), the peak flux density measured in the map
is 599 mJy/beam, and the map resolution isx380 arcsec. The SDSS position of the
source matched to the FIRST source is marked with a crBsght 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 ¥ % 5.4 arcsec.

d = arccogsin(&;)sin(d,) + cogd1)cog &p)coga — az)) , (4.2)

wheredy, a; are the spherical coordinates of a source from one catalegae,, a, of
a source from the second catalogue.

3. A match was accepted only if the angular separation ofwlesburces was not more
than the radio galaxy angular size as measured by Best @085 and Best and Heck-
man (2012), or the WENSS (or VLSS) beam size whichever waseréa fixed value of
54 arcsec for the WENSS survey, and 80 arcsec for the VLS ®pwas adopted). For
radio sources of angular sizes smaller than the WENSS (o1Syb8am size, | used the
former in the counterpart search. Although WENSS is expkicidave 15 arcsec posi-
tional accuracy (for strong sources only, and typically &ac for each field as declared
by Rengelink et al. 1997), extra uncertainty comes from tmedhat one deals with
extended emission here as opposed to point sources; tretéf® regions’ estimated
maximum brightness at 325 MHz may not correspond to the sagiens at 4 GHz at
which the radio galaxy sizes are estimated. The same apiplibg® VLSS survey. In a
procedure such as this one, typically a criterion of maxinanmgular separation ofd3
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Figure 4.2: The image cutouts from the WENSS (609 MHift) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1512.0+3021both pan-
els the grey scale flux density is given in units of mJy/bedraft: the contour levels
are at 10 mJy/beanx(—10,-9,...,9,10), the peak flux density measured in the map
is 194 mJy/beam, and the map resolution isxZb arcsec. The SDSS position of the
source matched to the FIRST source is marked with a crBight 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 ¥ % 5.4 arcsec.

whereo is defined by the positional errors of two sources tested fmagch, is used.

This is indeed what had been initially performed. HoweMee, tadio source positions
I am using to match with the low frequency radio cataloguégirate from the SDSS

survey, that is from the optical counterpart of the radicaggl Although this may be

well matched to the FIRST observations if a source’s coresgion is present, at MHz
frequencies these regions will coincide with the centrethefradio structures since the
core compact emission is not expected to occur. For thioneake offset may be of

scales of arcmin (corresponding to radio galaxy linearssidkpc in scale) and multiple

components are expected to be detected (see next step).

4. The WENSS survey has defined multicomponent sourceshvidjzarticularly relevant
to my current study due to the type of the sources which arsidered. | noticed,
however, that in our procedure some of the radio sources matehed only to a subset
of declared components in the WENSS catalogue. This issugreel additional visual
inspection, and is discussed§#.3.2.

The matching procedure and its criteria for accepting amatre tested, and validated,
with Monte-Carlo simulations. | constructed 1000 randortalogues of each the WENSS
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Figure 4.3: The image cutouts from the WENSS (609 MHift) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1428.0+30B9both pan-
els the grey scale flux density is given in units of mJy/bedraft: 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 isxZ8% arcsec. The SDSS position of the
source matched to the FIRST source is marked with a crBsght 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 .4 % 5.4 arcsec.

and VLSS catalogues over the same sky area as the respeatdlegries, and attempted
to match it to the Best et al. FR Il sub-sample. For the VLSS krsgvey on average
only 2.6 sources were matched for a possible total of 290 sourc@€d cent) while using
a criterion of the angular separation equal to the VLSS beaamanly, and 3 sources
(1.1 per cent) while using the actual radio galaxy angular sizéescribed in step 3 above.
For the WENSS mock survey on averagg dources of a total of 118 sources3 per cent)
were matched if using the WENSS beam size only, and 3 sou2cepér cent) if again the
actual angular size of the radio galaxy was used. Thesdseaerifirm the reliability of our
real catalogues’ cross-match.

4.3.2 Additional visual inspection

The final cross-matched sample is presente@4i3.3 and in Figure 4.6 — Figure 4.10.
Investigation of the observables’ distributions allow eméspect the credibility of the final

sample, and what follows, the credibility of the matchinggadure. However, | noticed that
in some cases not all components of the declared multicoemg@ources from the WENSS
catalogue were matched to the Best et al. FR Il sub-sampigesiigated this issue in more
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Figure 4.4: The image cutouts from the WENSS (327 MHift) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB0912.6+4140both pan-
els the grey scale flux density is given in units of mJy/bedraft: the contour levels
are at 10 mJy/beanx(—10,-9,...,9,10), the peak flux density measured in the map
is 778 mJy/beam, and the map resolution isx33ll arcsec. The SDSS position of the
source matched to the FIRST source is marked with a crBight 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 i4 & 5.4 arcsec.

detail, and based on a sample of radio map comparison of tid¥BEand FIRST surveys
| discovered that many of the WENSS multicomponent sourcegm@oneously marked.

A sample of radio maps comparing the WENSS and FIRST obsengais presented
in Figure 4.1 — Figure 4.5. Due to the resolution of the FIR&dio maps being at least
10x better than the WENSS observations at 325 MHz, the radiaccesumorphology can
be investigated in much more detail as compared to WENSS &®8NAs can be seen in
the provided here radio maps, some of the sources identifi8dENSS to have multiple
components (which may appear to be radio lobes) are furéisefwed into unconnected, of-
ten double radio sources by FIRST. Obviously, this is ond@efshortcomings of automatic
routines applied to large astronomical data, such as cpteto The list of erroneously la-
belled sources in the WENSS catalogue is presented in TableABpendix B). It is likely
that additional such misidentifications are present in tHeNSS 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 MHift) and FIRST (1.4 GHz,
right) surveys of a multicomponent WENSS source WNB1218.4+6356both pan-
els the grey scale flux density is given in units of mJy/bedraft: the contour levels
are at 15 mJy/beanx(—10,-9,...,9,10), the peak flux density measured in the map
is 461 mJy/beam, and the map resolution isx380 arcsec. The SDSS position of the
source matched to the FIRST source is marked with a crBsght 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.i$:55.4 arcsec.

4.3.3 The final cross-matched sample

Although the Best et al. sample reaches the NVSS detectioihdif 2.5 mJy, in the sub-
sample of the extended radio sources which | focus on, thedbimtegrated flux density of

a source is 40 mJy. In the original sample of Best et al. (2@@&)ntegrated flux limit of
NVSS sources was set to 5 mJy, which is above the survey’s letengss limit of 3 mJy

of the survey. However, at the faint flux densities the extended radio@unorpholog-
ical classification becomes ambiguous (P.N. Best, 2008atgricommunication). For the
brighter flux densities the morphological classificatiorradio galaxies is considered se-
cure, hence the NVSS flux limit of 40 mJy is introduced. Givieattthe WENSS survey
contains sources detected downtd.8 mJy | expect to find matches for all sources, espe-
cially given that FR Il sources are steep spectrum sourcésanypical radio spectral index
of o ~ 0.7—0.8. For 118 sources from the Best et al. FR Il sub-sample whielicaund at
declinations o > +28.5° at 14 GHz all the sources with their WENSS counterparts are
matched.

"The completeness limit of a survey is the flux density aboviehvhll radio sources are expected to be
detected, and so it differs from the detection limit whickiimply taken as & the rms noise of the radio image.
The completeness limit is often determined via simulatiang statistical considerations.
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A much worse situation arises in the case of the sample ena@ésh with the VLSS
survey. The lowest integrated flux density of a source in th8¥ catalogue is.@ Jy, which
indicates that sources with/J,, < 0.78 will be missed due to the survey sensitivity. Such
a difference in sensitivity of the two catalogues may lead gignificant bias in the cross-
matched sample since even the steep spectrum sources, avbiokither self-absorbed at
low frequencies nor Doppler boosted at GHz frequencies, undgrgo a selection. Indeed,
although the Best et al. sample and the VLSS survey sparesiariéas of the sky, for 290
sources from the Best et al. FR Il sub-sample only 134 VLS &ssuvere matched (46 per
cent). For that reason | do not consider this survey furthénis work.

The final observational data set is presented in Figure 4id the demography of the
sample is presented in Table 4.1. A total of 118 sources wittal sizes of more than
10 kpc are selected (none of the sources was excluded bagshis @niterion, but see also
§4.3.4 for discussion on exclusion of an additional two sesyc Since the flux limit is
defined at 4 GHz, | decided to scale it to 325 MHz of the WENSS survey. Aing
the simple power-law relation (Eqn. 3.1) and employing thpdal radio spectral index of
a = 0.7, at 325 MHz | find flux limit ofSim 325MHz = 110 mJy. Once applied to the matched
WENSS sample six further sources are excluded due to thtbir flax densities at 325 MHz
being less than adopted he®g, 325mHz. All of these sources have small physical sizes
(< 80kpc), and their & GHz radio flux densities are low, close to the introduced lilwit
of 40 mJy & 45 mJy). ltis possible that these sources were includecid thGHz sample
due to some additional compact emission from the hot spddésdrcompact radio cores.
These excluded sources do not display any obvious differantheir redshift distribution
as compared to the rest of the sample.

The sample is further divided into four linear size bins (€a%.2). The size ranges
were chosen to contain similar number of sources in the chseunces with linear sizes
of < 1 Mpc, while the last size bin tracks giant radio galaxies enaccurately (giant ra-
dio galaxies are defined as sources of total linear sizes o than 1 Mpc). For each of
these size bins a radio lobe luminosity density distributi® constructed. The distribu-
tion is constructed at an observing frequency of 325 MHz ftogio(L32aunz) = 20.0 to
log10(L32avnz) = 27.0 in steps ofAlogio(Lazaunz) = 0.5. Such a division of the population
allows one to track the relative number of the sources witlvengsize more accurately.

In Figure 4.6 the radio lobe luminosity density — redshitir@ of the sources matched
with the WENSS catalogue is displayed. 36 per cent of the meatsources (42 sources)
have multicomponent matches which are considered as tritecomiponent radio struc-
tures (see als§4.3.2). The radio lobe luminosity density — radio spectraeix plane of
the final sample is presented in Figure 4.7. To find radio spettdex a simple power-
law scaling between 325 MHz and41GHz was used. The errors on the calculated ra-
dio spectral indices are propagated in quadrature, andndasth deviation is quoted for
the average values af. The average radio spectral index of all the matched sousces
a2, = 0.71+0.09, where for the (true) multicomponent sources irf§,= 0.73-+0.08,
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and for single matched sourcesd%fgoz 0.70+0.09 (for all of these cases the average
error ona of each radio source is 0.003). Such values are expected for a population of
steep spectrum sources such as FR |l radio galaxies. It caotived from Figure 4.7, how-
ever, that lower luminosity density sources tend to haveeflaadio spectral indices than the
higher luminosity density ones. To investigate whethes ihan observational bias (coming
from the limited sensitivity for instance), the radio sasovere grouped in redshift, flux
density and linear size ranges (marked as different coloufggure 4.7). The redshift and
linear size do not seem to explain the visible tendency indibFibution. This indicates
that the radio luminosity density dependence on the spéettex may be intrinsic. Indeed,
while grouping the sources in flux density intervals it carséen that the sources of higher
flux density seem to have steeper radio spectra. Specifitadyaverage radio spectral in-
dex for the radio sources with flux densities<0fL50 mJy isa325, = 0.59, while for those
with flux densities of> 1.5 Jy the average radio spectral indexai&s, = 0.79. Such a
correlation between radio lobe luminosity density denaitg radio spectral index has been
previously noted by e.g. BRW99. In particular, BRW99 paatieilthat the initial energy
distribution of relativistic particles may steepen if thagnetic field in radio source’s hot
spots is particularly strong. The authors suggest thateifnttagnetic field in hot spots is
stronger for powerful radio sources than it is for less pdweames, then radio spectra will
be steeper for the former ones. Nonetheless, even if thendepee is intrinsic it does not
alter the completeness of the radio sample.

Finally, the radio lobe luminosity density — linear sizer@a and also linear size and
redshift and radio spectral index planes are plotted inrfeigu8 — Figure 4.10. No obvious
unexpected correlations, which would be a sign of a biagndeebe present in the final
cross-matched sample.

4.3.4 Excluded sources

Two radio galaxies were excluded from the final cross-matczanple based on other than
a minimum linear size or flux limit criteria, namely 3C 236 at@ 29.30.

3C 236 is one of the largest radio galaxies known in the Usielts linear size extends
to ~ 4.5 Mpc. Although the source has been extensively studiediéit al., 1974; Foma-
lont and Miley, 1975; Fomalort al., 1979; Schilizziet al, 1979; Barthekt 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’'[2e¢al., 2001; Tremblayet al, 2010)
which would classify it as a so-called double-double raditagy (DDRG; Schoenmakers
et al, 2000a, see also below), or whether its activity is contirsuStrom and Willis 1980,
cf. Schilizziet al. 2001). Nevertheless, even if the latter is the case, this imlirce with
its enormous physical size seems to act as an outlier (se€igue 4.8). The probability
of detecting such a radio source will be further discusseteright of the results i§4.4.

4C 29.30 (the FIRST source J0840+2949) at redghift0.0647 and of the maximum
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Figure 4.6: Radio lobe luminosity density — redshift plane of the mattBest et al. FR Il
sources with the WENSS survey.

linear size 640 kpc is a known DDRG (Jamraayal., 2007).

Although their existence has been noted before (e.g. Batld,, 1989; Clarkeet al.,
1992), the double-double radio galaxies have been defin&thygenmakerst al. (2000a).
These peculiar radio sources are generally defined as ekcdig radio sources which con-
sist of two (or more) radio sources with a common centre. Theri pair of radio structures
are always classical, edge brightened radio lobes. Brggksbal. (2007) discovered the
first known triple-double radio galaxy — a radio source thastiprobably carries evidence
of three cycles of activity. Schoenmakettsal. (2000a) discuss three possible scenarios that
may lead to such an observed radio morphology. These intheldirection change in the
jet outflow, the backflow instabilities, and the interrupietiactivity; the latter is argued to
be the most likely scenario. As showed by Kaiseal. (2000) and Brocksoppt al. (2011)
the standard models of FR Il growth can be applied to the datér lobes of DDRGs,
although some modifications are required. The ‘new’ pairadlio lobes, however, are not
well described by these theoretical models. Both of thesieocas used the KA97/KDA97
model in their analyses, which assumes that the relativiatiflow propagates through the
under-pressured IGM/ICM. Obviously, such an assumptiamotsvalid in the case of the
inner, newly restarted jets which propagate through thecotmbon, that is through a much
denser environment than the model predicts. Clarke andsB{i991) present numerical
simulations of restarting jets reporting that the resthaatflows are overdense as com-
pared to the old material, and their advance speeds are aisl higher than those of the
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Figure 4.9: Linear size — redshift plane of the matched Best et al. FRutses with the
WENSS survey.

original jets.

DDRGs are rare radio sources; currently only-1P7 sources are known (see Brocksopp
et al, 2011, and references therein). It has been suggested BDRGB are a brief{
10* yr), but expected evolutionary phase of the largest radiocss (Brocksoppet al.,
2011). Nevertheless, unless the original semi-analyticadel of FR IIs’ growth which are
used here is appropriately modified, | am unable to modektisesirces, so | decided to
exclude them from our radio samples.

4.3.5 Sources of particular interest

Apart from the two DDRGs discussed #4.3.4 six so-called X-shaped (winged) radio
sources (e.g. Ekerst al, 1978; Leahy and Parma, 1992) are found in the sample. Up to
10 per cent of FR Il radio galaxies are the X-shaped sourcgsl{eahy and Parma, 1992).
The following X-shaped RGs are found in our radio sample: viledi known 3C 233.1,
4C+32.25 and 4C+48.29, and three confirmed candidates 43362, J1444+4147 and
J1455+3237 (Cheung, 2007; Chewgtal., 2009). The origin of these sources has been dis-
cussed by, among others, Gopal-Kristatal. (2003), Saripalli and Subrahmanyan (2009)
and Gopal-Krishnat al. (2010), and it has been suggested that their morphology mgly o
nate due to the backflow (plasma flowing back from the sourtspuis, see Gopal-Krishna
et al. 2010 and references therein, and Hodges-Kluck and Rey26ItE), or even may be
the effect of the existence of twin SMBH in the AGN, and theseffof rapid jet reorien-
tation (Gopal-Krishnat al. 2003; Mezcuat al. 2011; see also Gopal-Krishre al. 2010
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Figure 4.11: Redshift distribution of the absolute magnitudes of theaimed! Best et al.
FR Il sources (th&/,+ magnitudes obtained from P.N. Best, see also Beat.2005 and
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for review). The former is currently the class of most poputedels explaining X-shaped
RGs. Nevertheless, none of these sources show signaturestarfied 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 galaxie’
fundamental properties

To obtain the confidence intervals of the fundamental pararsevhich are the main focus
of this study a grid minimisation was performed. The ranges of the pararssearched are
given in Table 4.3. The semi-analytical models of the radiarse growth, the Monte Carlo
simulations, and the statistical methods used, are destiibChapter 2 of this thesis. The
influence of some of the radio source growth model assungptoa discussed in Chapter 3
(§3.10); in the study of the current low redshift, low radio lmwsity sample of FR I
sources the initial assumptions as described in Chaptelyzaomused (a summary is given
in Table 4.4).

The best-fitting model histograms are presented in Figut@ &or simulation run 1
only, consult Table 4.5). The best fitting parameters of tikal run 1 of the simulation
are listed in Table 4.5. In the initial run of the simulatidgretsame assumptions and their
values have been adopted as in the case of the initial siimilamns of 3CRR/BRL samples
of Chapter 3. As can be clearly seen, the GoF test resultsatalithat the probability
that the investigated radio lobe luminosity density disttion originated from the parent
population parametrised by the best fit parameters liesm@852 per cent of all possible
realisations (see Chapter 82.4.2 for detailed explanation of the GoF test). This means
that the hypothesis that the observational radio samptgnatted from the found parent
population should be rejected on the grounds of the adop#thef conservative) level of
significance @sig = 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 distidns of the observed and
simulated data (simulation run 1). As can be clearly seersiimeilated data fail in the
reconstruction of the radio lobe luminosity densities @& thdio sources with the smallest
linear sizes. The simulation was run with the initial asstioms which were defined in
Chapter 2 (see also Table 4.4). The influence of these assunsn the results has been
discussed ir§3.10. Although only a few of these assumptions seemed to &avefound
influence on the confidence intervals of the powerful FR I&lysed in Chapter 3 (e.g. the
jet particle content, and the minimum Lorentz factor of thidal distribution of relativistic
particles), it is possible that some of them may be more itapbfor the population of low
luminosity radio sources. In particular, the choice of maxin head advance speed may
influence the sizes of radio galaxies. As discussegBi6 and§3.10.3 the loweNmax is

8The fundamental parameters are: the maximum radio sodetiretmay,, the central density in which
the radio source expangs,, and the kinetic luminosity brea®g and the slopeaxrs which define the initial
distribution of the kinetic luminosities.



138 Chapter 4. Low Radio Luminosity Density, Local UniveSample of Radio Galaxies

Table 4.2: Demography of the sample based on Best et al. FR Il sub-samgiehed
with the WENSS survey. Redshifts covered< 0.2. In our analysis sources of linear
sizes larger than 10 kpc only are considered.

Size rang€D) No. of FR Il sources
excluded,D < 10 kpc 0
D1 € [10,62] kpc 36
D, € (62,194 kpc 36
D3 € (194,100Q kpc 37
D4 > 1 Mpc ot

Notes. T 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 paramettrs grid minimisa-
tion.

Parameter Searched range Step Unit

Qs [35.0,410]  0.15 logo(W)

as [-4.0,25] 0.1

Pm (—26.0,-180] 0.2  logo(kgm3)
tmax, [4.4,10.2) 0.15 logo(yr)

allowed, the older the radio sources may become. On the btret, for a given lifetime
the lower the head advance speed is set, the larger the @aicesmay grow. Moreover,
other assumptions may also have stronger influence on thdatimm of low luminosity
sample than what was possible to verify with the powerfuiaaburces investigated in
Chapter 3; the effect of adopting higher values of the mimmiLorentz factors for the
initial relativistic particles and composition of the ootfls are of particular interest here
since these two quantities are not well constrained yetulResf these tests are listed in
Table 4.5. Based on the goodness-of-fit test no acceptatldtgere 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 peoftic sources
(that is wherD < 60 kpc).

Therefore, the second possibility is that the radio souacessimply misclassified. To
test this hypothesis | re-ran the Monte Carlo simulationsestricted versions of the initial
radio sample. The following cases are investigated: (iycsiof linear sizes smaller than
60 kpc are excluded (33 sources), (ii) sources of small angites are excluded (21 sources
if the smallest angular size allowed i, = 20 arcsec, 35 sources &, = 30 arcsec,
45 sources ifbsi;e = 35 arcsec), and (iii) sources of flux densities fainter th@m@y at
1.4 GHz (which corresponds to 167 mJy at 325 MHz assuming tygjpectral index of
o = 0.7) are excluded (20 sources). Results of these tests aed listTable 4.5. Based
on the goodness-of-fit test acceptable results are founydfmdurces of the smallest linear
sizes D < 60 kpc) are excluded from the sample. The fitted radio loberlogity densities
of the observed and simulated distributions for this casgegsented in Figure 4.17. This
result suggests strongly that a significant fraction of thaltest radio sources in this sample
may be misclassified FR Is; the lobed FR Is are most likely esttgl which may resemble
FR 1l especially at faint flux densities and/or small angudemes (cf. e.g. Laingt al,
2011). Distribution of flux densities and angular sizes @f inoblematic sources (that is
whenD < 60 kpc) are plotted in Figure 4.16. It is worrying, howevéattrestricting the
sample in minimum allowed flux or radio source angular sizesdwot lead to acceptable
results as this suggests that the problem occurs at varisxessfiand various angular sizes
of the radio sources. The only solution to this problem atcingent stage is to verify the
original morphological classification of the initial SDFBRST-NVSS radio sample.
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sources of linear sizes within 62 kpeD < 194 kpc. [..continued on next pape
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Figure 4.16: Continued. Topontains sources with 194 kpc D < 1.0 Mpc in lin-
ear extent, antbottomcontains giant radio sources. Shown confidence interval$aar
simulation run 1. These results are rejected based on the&soks p—value=0.0048).
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Figure 4.17: Histograms of the observed (black, solid) and simulatedgbdiash-dotted)
data, wheréopcontains the smallest sources (60 kpb < 144 kpc), andottomcontains
sources of linear sizes within 144 kpceD < 272 kpc. [..continued on next pape
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Figure 4.17: Continued. Topontains sources with 272 kpcD < 1.0 Mpc in linear
extent, andottomcontains giant radio sources. Shown confidence interval$oarsim-
ulation run 12. The results are consistent with the dataea®€hper cent confidence level
(p—value= 0.310).
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Figure 4.18: Joint confidence intervals for the simulation run 12 resfdts 0.2), where
68.3 per cent (solid, black), 95.4 per cent (dotted, red)@hd@ per cent (dashed green)
contours, based oAC statistics (se€2.4), are shown. The best-fitting parameters are
consistent with the data at the 90 per cent confidence lpveMalue= 0.310).
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Figure 4.19: 90 per cent joint confidence intervals of the results foundsimulation run
12 of the low luminosity sample considered in this chaptéadk) and the results of the
powerful FR Ils from Chapter 3 for redshifts< 0.3 (blue). Confidence intervals are based
on onAC statistics (se€2.4).
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Table 4.4: Summary of the initial assumptions for radio source phygieaameters. For
details on the parameters see Chapter 2.

Parameter Assumed Units
value distribution

PHYSICAL PARAMETERS

Q Schechter function (Eqn. 2.19) log(W)
Po log-normal:

meanpm, standard deviatiog,, = 0.15 log(kg n13)
t uniform: 10 € [0, 10max] log(yr)
tmax log-normal:

meantmay,,, Standard deviationy,,, = 0.05 log(yr)

ao 2.0 kpc

B uniform: 8 € [1.2,2.0] dimensionless
Rr uniform: Ry € [1.3,8.0] dimensionless
K 0 dimensionless
Vmax 0.4c light speedc

9 uniform: & € (0,{1—cog3)}| dimensionless
m uniform: me [2, 3] dimensionless
Ymin 1 dimensionless
Ymax 1010 dimensionless
s 4/3 dimensionless
M 4/3 dimensionless

My 5/3 dimensionless




Table 4.5: The best-fitting parameters found for different model agsiions. See Table 4.4 for a list of initial assumptions. Iy assumption differs
from the initial ones, it is highlighted in Column 1. 90 penterrors are quoted.

Simulation run logo(Qs/W) as 10g;0(Pm/kgm~3)  10g;o(tmax,/Yr) p—value
complete matched radio sample
1) initial 36457012 0793 -186'%2 9.337072 0.0048
2) Vmax = 0.15¢ 37401912 04122  —-2309% 7.537012 0.0043
3) Vmax = 0.15C, Yimin = 107 3830035 0.3703 —25.oj§-<20_2)T 66300 .,  0.0019
4) Vmax = 0.15¢, K’ € [0,100 3710935 04703  -200'}3 8.58"93° 0.0164
5) Vimax = 0.15C, ymin = 1%, K €[0,100 366523 0593  —186' 02" 018 2" 0.0133
6) Vmax = 0.15¢, K’ = 1000 3995030 04793  —228'07 6.78f?'<1315§,r 0.0030
0. 0.3 +(<0.2)T +(<0.15) 1
7) Vimax = 0.15C, yinin = 2x 10% K’ =1000 39351045 0403 —23.8_é<0_ ai 6780l 0.0057
8) Vmax = 0.01¢, K’ € [0,100 36957339 04793  -190%92 8.88"02> 0.0129
minimum angular sizefizemin) limits
9) Vmax = 0.15C, Bsizemin = 20 arcsec 3857059 0.3704 —24.8jz-<“0_2)T 6.782 0 5 0.1120
10) Viax = 0.15¢, Bsizemin = 30 arcsec 380522 0.03% —25.ojE fo_zﬂ 6.78' -jg_lsﬂ 0.0919
. 0.2 0.15
11) Vimax = 0.15¢, Bsizemin = 35 arcsec 3807 02795 —2527 000 6.78j§j0_15>T 0.0583
minimum linear size limits
12) Vmax = 0.15¢, D > 60 kpc 381503 06703  —244'57 7.087012 0.3082
minimum flux limits
0. 0.3 +(<0.2)1 +(<0.15) 1
13) Vinax = 0.15¢, St 4GHzlim = 60 mJy 3|59t 02703 24675071 678510 0.0586

Notes.The resolution of the results I40g;4(po) = 0.2, Alog;((Qg) = 0.15,Alog; o(tmax) =0.15, andAas = 0.1.
T For errors which may be extending beyond the searched sgsge Table 3.2) value up to the range border is quoted.

T If errors are smaller than their respective resolutiolyevaf < A is quoted.

6T Saluadoud jeluswepurxeeb oipel AlISouiun| Moj dyl JO SjeAIa)ul 82Uspliuo) 'y
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4.5 Are low luminosity density FR lls different from their
powerful cousins?

Furthermore, it is interesting to compare results of thetaetio samples considered in this
dissertation, that is the powerful FR Il sources and lowerihosity FR Il radio galaxies.
In Figure 4.19 the confidence intervals of the lowest retishiige of the powerful FR IIs
investigated in Chapter 3 are superimposed on the 90 percoefitlence intervals of the
low luminosity sample. Interestingly, the only differentt&at can be deduced from these
confidence intervals is the significant drop in the kinetimilnosity break, which indicates
that the low radio lobe luminosity density sources are sinigss powerful. The suggestion
that low and high excitation sources are intrinsically eliént have been discussed in the
light of FR | and FR Il morphology distinction if1.2.3 (Chapter 1). However, the LEG
class includes both FR | radio galaxies and low luminositysity FR IIs (e.g. Lainget al,,
1994). Differences in accretion rates and BH spins betwde@ Bnd HEG classes have
been suggested (e.g. Bawtnal,, 1992, 1995; Ghisellini and Celotti, 2001; Lét al,, 2010;
Best and Heckman, 2012). Specifically, the LEG sources dievbd to have lower accre-
tion rates and perhaps also lower BH spins as compared to H diass sources. If the
two radio samples of this study belong to different line &t@n classes, then this would be
reflected in the lower kinetic luminosity breaks allowedtfoe low luminosity sample. Also
interestingly, the radio lobe luminosity densities of adalaxies investigated in this chap-
ter are typical of FR | sources. Figure 4.20 displays theorémiie luminosity densities at
1.4 GHz of the sample versus the absolute optical magnitudeeafadio galaxy hosts. The
diagonal line marks the separation between FR | and FR licesuas proposed by Owen
and Ledlow (1994) and Ledlow and Owen (1996), where FR |l sesgitie predominantly
above the line and FR Is below. The fact that all of the souficea the low luminosity
sample lie in the FR | region suggest that they may indeed @d_Ehis result has to be
taken with caution.One cannot exclude the possibility that a fraction of theseces are
in fact lobed FR Is which are misclassified as FR |l radio gekaxTo resolve this issue the
original morphological classification of the initial SDFERST-NVSS radio sample must
be verified.

4.6 Summary

A new low frequency (325 MHz) sample of FR Il radio galaxiex@mstructed based on
the the cross match of the WENSS survey and the availaldleéGHz optically selected
SDSS-FIRST-NVSS sample of radio-loud AGN (Best and Heckr@@a2). The matching
procedure is detailed and any possible observational vmseinvestigated. The resulting
low frequency sample of radio galaxies is optically selécteence it is not radio complete,
but as it is argued the sample is free from any significantesiasid can be used in popula-
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Figure 4.20: Radio lobe luminosity density at4 GHz of the Best et al. FR |l sources
matched with the WENSS survey and the absolute magnitudibeivfhost galaxies (the
M magnitudes obtained from P.N. Best, see also Beat. 2005 and Best and Heckman
2012). The diagonal line was postulated by Owen and Ledl®84) to divide FR | and
FR Il populations.

tions study.

Multidimensional Monte Carlo simulations are further penfied to investigate the in-
trinsic and extrinsic fundamental parameters of this logshéft low luminosity sample of
radio galaxies. At first the initial assumptions for the Mo@arlo simulations and theoreti-
cal model parameters (as described in Chapter 2) only agedioBased on the goodness-
of-fit test no acceptable results are found for either thogel assumptions or their mod-
ifications; the influence of the maximum allowed head advaped, jet content and the
minimum Lorentz factor of the initial distribution of thetjgrelativistic particles has been
tested. Acceptable results are found only if sources ofifradiest linear sized) < 60 kpc)
are excluded from the sample. This result suggests thaatlie sample may be contami-
nated, and some FR | sources are misclassified as FR lls. Hyishiappen for lobed FR Is
in particular. Although the sample is discussed in terms$safdgsemblance of radio sources
of the LEG class, the morphological classification of thgiodl SDSS-FIRST-NVSS radio
sample needs to be verified before any conclusions can bendram this study.
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Kinetic Power — Radio Lobe Luminosity
Density Scaling Relation

Kinetic — radio lobe luminosity scaling relation is of a patlar interest to those who need
a simple approximate method for estimating kinetic lumiiress of radio galaxies. The

method presented in Chapter 2 is difficult and numericallpeesive, especially if to be
used often for sources of various radio lobe luminosity dess In this chapter | discuss

the theoretical predictions for the scaling relation beémehe radio lobe luminosity density
and kinetic luminosity. | compare these with estimates fXeray cavities, and attempt to
verify the reason for the observed scatter in the empinoalitained versions of the relation.
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5.1 The Search for Scaling Relations

A few approaches have been developed for determining thei&ituminosities of active
galaxies. Such methods include the estimation of the mécdlamork done on hot gas in
clusters (e.g. Begt al,, 2006; Birzaret al, 2008), and the analysis of the debeamed radio
core emission in terms of the fundamental black hole plamg Keinzet al, 2007; Merloni
and Heinz, 2008; Kordingt al., 2008, see also Merloeit al. 2003 and Hopkinst al. 2007a
on the fundamental BH plane). The first method is based oretttatfat the expanding jet,
and cocoon, of a radio source sweeps away the IGM/ICM gasuetex@d on its way. The
effect of this expansion can be observed in X-rays wherdieavand bubbles emptied from
the hot gas are often present, and both strong and weak shmksd the cocoons emerge.
The mechanical work done on the unshocked ICM can thereferestmated, and under
the assumption that only some fraction of the total kinaiimihosity of the radio source
is spent on thepdV’ work (that is work done against external pressure), thetignumi-
nosity can be estimated. However, it needs to be stressethéafficiency with which the
outflows deposit the energy in the cocoons has to be assunisd recently, Binnet al.
(2007) show, through their simulations, that the kinetimilnosities estimations based on
the typically assumed values of thgdV'’ work efficiency may be strongly underestimated.
The second method attempts to link the core radio emissigcivdriginates from the base
of the jet with the kinetic luminosity, and thus investigatée jet radiative efficiency. The
core radio luminosity is considered to be a good proxy forkihetic luminosity of a radio
source, but careful handling of possible (de)beaming tffewist be considered. In addi-
tion, as discussed by e.g. Ghisellet al. (1992), the assumption on the jet content will
have a significant influence on these estimations. See @attamd Best (2009) for a good
review on this topic.

Here, | use the theoretical models based on radio emittiagnph stored in radio lobes
of the radio source to find its kinetic luminosity; hencesthiethod is very similar to the
one investigated by Willotet al. (1999). Contrary to previous methods | examine here the
scaling relation between radio lobe and kinetic luminesitdy looking into the theoretical
model itself, and not the observed parameters of the papogatAs | will show and discuss,
any variation in the radio source’s physical parametersh s jet particle content or the
relativistic particles minimum energy cut-off, will cauaepread in th€ — L, relation; this
is indeed observed (e.g. Birzahal,, 2008). Also, the uncertainty in the slope predictions
of the relation will be influenced by the uncertainty in sonfgh® assumptions, such as
the age of radio sources or the gas density and its profileeogétiironments in which the
sources reside for instance. Both of these issues are dextiis detail ing5.3. Also |
discuss in detail the theoretical and observational inyaons of Willottet al. (1999) in
5.3
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Table 5.1: Overview of the fixed and investigated physical paramefgns.quoted values
of the investigated parameters refer to the 'standard’cb.2.1), and sections in which
these parameters are explored are given (Column 4).

Parameter Value Unit Reference

FIXED PARAMETERS

Ymax 109  dimensionless
My 5/3 dimensionless
I 4/3 dimensionless
s 4/3 dimensionless

INVESTIGATED PARAMETERS

t 100 yr §5.2.2
Po 102 kgm3 £5.2.3
ao 2 kpc 65.2.3
B 15 dimensionless §5.2.3
K 0 dimensionless §5.2.4
Ymin 1 dimensionless 85.2.5
m 2.2 dimensionless §5.2.6
Rr 2.0 dimensionless §5.2.7

5.2 Predictions from the semi-analytical models

The original model of KA97/KDA97 of radio source time evobn is used. | assume that
some of the radio source’s physical parameters are fixedlfthreacases considered in this
section. The list of the fixed parameters and the values aedape given in Table 5.1. In
total eight physical parameters are investigated herehtostrength of the effect they may
have on theQ — L, scaling relation; these are: the radio source &§e2(2), the central
density, the density profile slope and the radio core radjG2(3), the jet particle con-
tent §5.2.4), the relativistic particles’ minimum energy cuf-@f5.2.5), the injection index
(85.2.6), and the radio source aspect raip.2.7). All of these parameters are listed in
Table 5.1, and values adopted for these investigated pteesnaf a ‘standard’ source are
given. The ‘standard’ source is assumed to be a typical igalaxy to which all the inves-
tigations will be compared; the assumptions for the souncktlae resulting scaling relation
are given ing5.2.2.
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Throughout this chapter | will express the scaling relatiothe following form

L z
10g16(Q) = A logyg <%> +, (5.2)

whereA will be referred to as a slope add as a normalisation. The kinetic luminosity is
expressed in units of W, and the radio lobe luminosity dgrisitW/ Hz~* (note also that
Ly, = 4mP,). The units of radio lobe luminosity density as chosen so ithaatches the
form of scaling relation as reported by Willat al. (1999). In the following investigations
(85.2.2 —§5.2.7) only one parameter is varied at a time. The cumulatfifext of all factors

is discussed i35.2.8, and later i185.3. The scaling relation is calculated numerically with
Eqn. 2.14 (Chapter 2; see also Kaiser and Best, 2007, 2008\edull set of equations).

5.2.1 A ‘standard’ source

| define the ‘standard’ source to take the following paramsetthe age of the radio source
is assumed to be 1@r, and the source expands in an environment described tetiteal
density of 1022 kg m3, core radius of 2 kpc and the density profile slopgaf 1.5. The
injection index of the initial population of relativistideztrons is assumed to lme= 2.2,
the low energy cut off of the distribution i, = 1, and jet is assumed to be lightweight
(K = 0). Finally, the aspect ratio of the radio source is seRto= 2.0. Given this the
following scaling relation is found

log;(Q) = 0.909 log, ( "117 82"8”2> 13884, (5.2)

5.2.2 Effect of the source’s age

The age of the source will have a significant effect on both stbpe and the normalisation
of the relation, where the slope will become steeper anddhmalisation lower for younger
sources. In particular the following changes are observed

age of radio sourcd) A N
10° yr 0.921 3842
10° yr 0.915 3864
10" yr 0.909 3884
108 yr 0.906 3906
10° yr 0.875 3972
1010 yr 0.870 4113
25x 100 yr 0.870 4170

The radio lobe luminosity density of a radio source changemd its lifetime, where,
for a given kinetic luminosity, there is a rapid but shortrgmse in the radio lobe luminosity
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density during the radio source’s early life stages, afteictvthe luminosity density consis-
tently decreases. Hence the change in the relation foreiffeassumed age of the source.
Interestingly however, for the higher allowed ages (alsealistic) the slope of the relation
asymptotically reaches valué~ 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 tharenments of the radio source
will have an influence on both the slope and the normalisaifcthe scaling relation. The
slope become steeper for higher central densities, statgmrs of the density profile and
larger radio cores, while the normalisation become lowehigher central densitieflatter
slopes of the density profile and larger radio cores. Theviollg changes are observed

central densityd,) A N
102 kg m3 0.942 3836
1072’ kg m~3 0.909 3884
102 kgm3 0.899 3941
104 kgm3 0.898 4103

density profile slopef) A N

1.0 0.889 3848
15 0909 3884
19 0975 3926
2.0 1000 3943

core radius 4,) A N
2 kpc Q909 3884
10 kpc 0943 3832

The radio lobe luminosity density will depend strongly oe tiensity of the environment
in which the radio source expands. For a given kinetic lusityadenser environments will
cause higher radio lobe luminosity densities. All threeapagters, i.e. the central density,
the gas density profile slope and the core radius, will haveff@et on the relation. Note,
however, that foi3 = 2.0 the model equations take a special form and the solutioelfis s
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 laastrong influence on the
relation normalisation. In particular the following chasgare observed
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ratio K) A N
0.0 0909 3884
1.0 0909 3911

10.0 0909 3977
1000 0910 4067.

The addition of the thermal plasma to the jet would requies¢hparticles (protons) to
be accelerated to the relativistic speeds the same way asl#iwistic electrons are. As
discussed in Chapter 3 8.10.5) protons store much more energy than electrons db, an
because of this the kinetic luminosity would rise. Hence,dHlferent assumed values kif
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 distriloutt of the relativistic particles
in the outflow will induce an influence on the relation’s notisetion only. The following
changes are observed

minimum energy
cut-off (Ymin) A N

1.0 0909 3884
107 0.910 3854
10 0.909 3816.

The minimum Lorentz factor of this initial distribution if@ates how relativistic are the
least energetic particles that are forming the outflow. Asuksed in Chapter 3 8.10.5),
the lower the Lorentz factor is the more cold material is fimgrthe jet. For a given radio
lobe luminosity density the kinetic luminosity of a radiousce must be higher if more
cold plasma is present than in the case when this cold miaig@dsent. For this reason
the difference in scaling relation for different assumeti@a of ymi, will only be to the
normalisation.

5.2.6 Injection index

The choice of slope of the initial distribution of the relastic particles in the outflow seems
to influences both the slope and the normalisation of thengcaglation. The following
changes are observed

injection index () A N
2.0 0916 3894
25 0.899 3922
3.0 0.885 4020
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The slope of the initial distribution of the relativistic niales is tightly linked to the
minimum energy cut-off of this distribution. In particuldhe steeper the slope is the more
low energy particles are included in the outflow (unlggss is altered alongside). As pointed
out in previous section, if more low energetic material cosgs the outflow the kinetic
luminosity will rise. This is indeed what is observed herd¢hia scaling relation.

5.2.7 Aspectratio

The aspect ratio of a radio source seems to influence botHdpe and the normalisation
of the scaling relation. The following changes are observed

aspect ratioRy) A N

1.3 0916 3857
2.0 0909 3884
4.0 0901 3929
8.0 0.898 3978

It has been argued that higher aspect ratio are measurednpireghtly for older radio
sources (seg2.3.5) and some correlation between age of radio sourcesRg value may
hold. However, Gaibleet al. (2009) discuss that due to spherical expansion (WRgre 1)
young, and so small, radio sources may have lower aspegsrafihe authors argue that
there is a strong dependenceRyfon the cocoon and its balance with the external medium;
if radio source reaches pressure equilibrium with the antbieedium the sideways expan-
sion of the cocoon stops. This would cause the scaling oeldtr higher aspect ratios to
change similarly as in the case of changing the age of theso@ne must also remember
that these parameters change throughout the radio solifeg’and there will be a varia-
tion of these parameters (both aspect ratio and age) wittérpopulation of observed radio
sources.

5.2.8 Combined effect of the significant factors

Although each of the predicted versions of the scaling imadepends only on the change
of one parameter at the time, two conclusions can be drawreitrately. Firstly, the slope
A of the scaling relation vary only slightly between each stigated case and is relatively
steep. Secondly, the normalisatidhvary significantly implying change of a few orders of
magnitude between different cases. Furthermore, someegfahameters, such as the jet
particle content and the minimum energy cut-off of the jédtieistic particles are expected
to be similar for all radio sources of the same kind (here,ifigstance, for FR Il radio
galaxies, but these parameters may be different for FR I§)le/dther parameters, such as
age of the radio source, ambient medium or aspect ratio dogehBiom source to source.
Note also, that these some of these parameters may be aksodéep on the cosmological
epoch (cf. Chapter 3). For this reason if the relation isnaptied to be measured for a
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sample of sources then the resulting steepness of the slitijmwlifferent; the slope may
become flatter. The variation in the parameters will alsmohice scatter to such a simple
relation.

5.3 Comparison with existing empirical estimates

Below | outline three commonly used scaling relations, oaseld on a theoretical model
by Willott et al. (1999), and two based on estimations of work done on the amvient by
radio lobes of sources by Best al. (2006, 2007) and Birzaet al. (2008).

Willott et al. (1999) determined the scaling relation via theoreticalswgration of the
minimum energy density requirements for the radio lobe nelte The authors find the
following relation

Q= 3x 108132 15tz v (5.3)
10%8 ’

where f represents non-negligible but unconstrained factors.lowit al. (1999) stress
the importance of jet particle content as one of the ‘mostkettain values’, but volume
filling factor, the minimum Lorentz factor of the relativiistjet particles and deviations
from minimum energy conditions are of an importance. Thé@nst estimate that these
factors range between<l 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 pdawe and assuming radio
spectral index ofr = 0.7) takes the following form

log10(Q) = 0.86 logro <L11782”8H2> 43880+ 1.5 logo( f). (5.4)

The factorf term will vary from 0 to 195 for the suggestefiranges. The slope of Egn. 5.4
is barely flatter than the estimates | presentegbi. Although both theoretical models, that
is KA97/KDA97 which | use here and BRW99 used by Willettal. (1999), assume energy
equipartition of the emitting plasma of the radio lobessthmodels do differ in some on the
assumptions the relativistic particles are injected iattia lobes which will alter the radio
luminosity density predictions between the models (see @sapter 252.1.3). Therefore,
the similarity in the scaling relation estimated of these separate theoretical models is
of some importance and suggests that these predictions @steprobably not too model
dependent. To allow easy comparison between theoretiedigiions as investigated by me
in this thesis and by Willotet al. (1999), | set assumptions adopted by the latter authors
and | attempt to reproduce their predictions with the KAIJAQ7 model. In particular the
following values for the source parameters have been adofte- 1.5, Ry = 5.0, m= 2.0,
tmax= 107 yr, po = 2.8 x 10722 kg m3, and finally forf = 0: k' = 0 andymi, = 2 and for

f = 20: K = 20 andymin = 2. The results of this test are displayed in Figure 5.1. N,
the scaling relation is calculated numerically here, andesaations from the simple power-
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law relation betwee® andL, may occur (this can be observed in Figure 5.1). Fet 20
the agreements between models is striking. However, thegiesystematic offset between
the two models’ predictions fof = 0. The difference originates in the definition of tkie
ratio. In the KA97/KDA97 the ratio is defined as ratio of theeagy density of electrons to
the energy density of thermal particles, while typicalipdaalso adopted by Willotet al.
1999) the ratio is defined as ratkaof the energy densities of relativistic to non-relativisti
particles. Since in the KA97/KDA97 definition the non-rélatic electrons are included
even ifk = 0, then it follows thak’ # k, and ifk’ = 0 thenk # 0.

The kinetic — radio lobe luminosity scaling relation hasrbakso investigated by many
authors who attempted to determine the relationship thralig observations of X-ray cav-
ities. Since those cavities are the result from the AGN jeitirdy through the ICM and
the expanding radio cocoons formed by the jets, they aredenas to provide information
on the AGN’s engine that powers the jets. The method requieasurements of the work
done on the environment to displace the ambient IGM and ICMlyaexpanding jets via
‘pdVv’ estimates, wher@ is the pressure of the ambient gas ahés volume of the cav-
ity. Under the assumption that the cavity enthalpy (free@neis given by<%) pav
(e.g. Gittiet al,, 2012, and references therein), then the internal enertyeafadio lobes is
~ 4pdV (since for non-relativistic plasmigcay = 4/3). Assuming that 56- 70 per cent of
the total kinetic luminosity is spent on thpdV’ work (see also Gaiblegt al., 2009),Q can
be estimated. Incorporating this method Betsal. (2006) finds

. LlAGHz 0.40+0.13
Q=23.0(+0.2) x 10° ( 5 > , (5.5)

which, if again represented in the form of Eqn.5.1, will take following form

log10(Q) = 0.40(£0.13) logyo <L117 gggHZ) +37.43(+0.03). (5.6)
While Birzanet al. (2008) estimates

logao(Q) = 0.62(+0.08) logyo <L31282”4“2> +8.11(+£0.17), (5.7)
which is .

logio(Q) = 0.62(0.08) logso ( 11782“’5'3”2> +3848(+0.17). (5.8)

when transformed to the form of Egn.5.1.

It can immediately be seen that the estimates from the X-a&ities have much flatter
slopes than the theoretical predictions from the minimuergynrequirements. Predictions
from both methods are plotted in Figure 5.1 so that they caroh&onted with the theoret-
ical investigations of mine and with those of Will@t al. (1999).

Neither of these methods is free from criticism. The methHaodslving measurements
of cavities pdv’ work are known for being greatly dependent on the cavityay-obser-
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Figure 5.1: Kinetic power — radio luminosity density scaling relatios predicted by
Willott et al. (1999), where cases fdr= 0 (red, solid) and = 20 (red, dash-dotted) are
plotted, and two relations based on the observations ofX¢asities, by Besét al.(2006)
(cyan, solid) and by Birzaat al. (2008) (blue, solid). To allow easy comparison between
theoretical predictions as investigated by me in this gasd by Willottet al. (1999), | set
assumptions adopted by the latter authors to my predictioribe scaling relation, where
assumptions equivalent to settifg= 0 (black, solid) and = 20 (black, dash-dotted) are
adopted (see text for more details).

vations which may lead to discrepant results, as well asdtheen suggested that due to
its variability the ‘pdV’ estimator may not be robust enough for the energy measuntsme
(see Gittiet al, 2012, and references therein). For a list of potential lerob with the
cavity estimations of kinetic luminosity see O’Sullivahal.(2011). Furthermore, although
a vast majority of authors assume that the cavity enthalpyasder of~ 4padV, it has been
suggested that this value is highly underestimated (seeeBit al., 2007). Here, | also see
that the KA97/KDA97 model predicts the efficiency with whittte jets deposit material in
radio cocoon to be of order of few20 per cent. It is also very important to bear in mind
that the radio emission of these radio sourcesétaHz may be contaminated by compact
core, jet and sometimes hot spot emission which will enhaad® luminosity density and
may introduce deviations on ti@ estimations. This effect may significantly influence the
scaling relation by Bestt al. (2006). It worth noting that the slope of the relation repdrt
by Birzanet al. (2008) flattens tod = 0.35+ 0.07 if measured at.4 GHz.

LAlthough not presented in this thesis, this work is planreté expanded in my future work (see also
Chapter 7).
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Furthermore, an important difference between the X-raytga@and the theoretical pre-
dictions from the minimum energy requirements is the faat th those two methods dif-
ferent sources have been considered. In particular, | dsaw#Villott et al. (1999) consider
FR Il radio sources which can be modelled assuming near aditipn energy conditions in
their radio cocoons. On the contrary, the X-ray cavity mdsghconsider mainly FR | radio
sources. This has also been noted recently by O’Sullataa. (2011). Results of Chap-
ter 4 of this thesis strongly suggest that FR | radio souraesat be, even approximately,
modelled with the evolutionary models developed for FR FR Is are often referred to
as low luminosity radio sources. It is plausible that apantrf lower kinetic luminosity as
compared with FR IIs, FR | may also show significantly difféardependence betwe&h
and radio lobe luminosity density, which may be reflectechim steepness of the relation
slope. It will be of a great importance to attempt to carryikintheoretical investigations
for FR | radio sources to shed more light on this issue.

5.4 Summary

| revisit the KA97/KDA97 theoretical model to investigateetradio lobe — kinetic lumi-
nosity scaling relation. Through numerical exploratiortha nonlinear model equations |
find that the scaling relation is influenced mainly by the oagburce age, aspect ratio, the
injection index of the relativistic particles’ initial disbution, and the radio source envi-
ronment density and its profile. | contrast these resulthi@éoobservationally found radio
lobe — kinetic luminosity scaling relations reported in titerature. | discuss the possible
origin of the differences between the scaling relationgregtted through observations of
X-ray cavities associated with radio galaxies and thodeestd via theoretical models. A
detailed comparison between my theoretical predictiossthan the KA97/KDA97 model
and the theoretical predictions of Willadt al. (1999) is presented.






The aim of science is not the things themselves, as the digimat
in their simplicity imagine, but the relation between thsng

HENRI POINCARE (1854 — 1912)

Implications of Radio Galaxy Impact for the
Evolving Universe

Radio galaxies and quasars are among the largest and mostnfvsingle objects known
and are believed to have had significant impact on the evgliniverse and its large scale
structure. Their jets inject a significant amount of enemtoithe surrounding medium,
hence they can provide useful information in the study oflévesity and evolution of the in-
tergalactic and intracluster medium. The jet activity is@believed to regulate the growth
of massive galaxies via the AGN feedback. In this chaptee$gmt analysis of the ener-
getics of radio sources following the results obtained ira@tier 3. | investigate the total
injected power by populations of radio galaxies and radiad quasars at various cos-
mological epochs. The results are discussed in the scopeedfiginificance of the AGN
kinetic feedback. The content of this chapter is to be subdhtb the Monthly Notices of
the Royal Astronomical Society (A.D. Kapka & P. Uttley, ‘On the implications of radio
galaxy impact for the evolving Universe’, MNRAS, in prep.).

165



166 Chapter 6. Implications of Radio Galaxy Impact for theliing Universe

6.1 Clusters of galaxies and cooling flows

The following section is based on the review on galaxy chsstyy Sarazin (1988), the
review on cooling flows by Fabian (1994) and the review on @i@h of galaxy clusters
by Voit (2005), to which the reader is referred for relevaferences and derivations of the
quoted equations.

In a simple picture a cooling flow forms in massive systemsafdes or galaxy clusters)
when after the initial gravitational collapse of the systeome fraction of the gas cooled
slowly (slower than gas which formed stars) and created ddueatsi-hydrostatic’ atmo-
sphere. This gas can be directly observed in X-rays, andruhdeassumption that the
clusters are virialised systems and that the hydrostatidilequm holds, the temperature of
this hot gas is estimated to be®101® K. In particular, the following relation applies

M%GMRvir
Tyi = —— A
kB VIr 2Rvir 9 (6 )

where Ty is virial temperature of the hot gas of madlg, encompassed in the sphere
of a virial radiusRyjr, kg is the Boltzmann constant andis the molecular weight of the
gas particles. In the original models of the cooling flowse(&owie and Binney, 1977,
Fabian and Nulsen, 1977; Mathews and Bregman, 1978) thigdsdtas been assumed to be
homogeneous with well defined density and temperature atreaius. The density of the
gas is expected to decrease radially as defined by the gierdr&ling’s profile (Chapter 2:
Egn. 2.5, re-written below), which is often referred to asfh- model

-B
;
Px = Po <£> forr > a,, (6.2)

where again is the radial distance from the AGN core, gnglis a constant central density
within the core radiug,. Since the gas is densest in the central regions of the syistewls
there fastest. The cooling region of the system is definedhéysb-called cooling radius,
I'cool, Which is usually taken as a radius at which the cooling tisnegual to look-back time
at redshiftz= 1.0 (i.e. ~ 8 x 10° yr). Furthermore, clusters of galaxies are gravitatignall
bound systems; hence, due to the gravitational potengalvisight of the gas which lies in
the system’s outer regions will cause a slow inflow of thigdrofjas towards the cluster’s
centre where the faster cooling gas resides. Given the-ydsbstatic equilibrium of the
clusters and assuming spherical symmetry the followindiegpp

din(p)  dIn(T) 2kBTvir
dinry " din(ry ~ ~ T

wherer is the radius from the cluster’s core, which means that tinselst central regions of

(6.3)

clusters have low X-ray temperature, while the significalttiver density clusters’ outskirts
are composed of much hotter plasma. Such well defined systemmrticularly attractive
for cosmological studies of structure formation.
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6.1.1 Non-gravitational heating

However, as discussed §1.3.2 in Chapter 1, it was soon discovered that the theatetic
predictions for the cooling of galaxy clusters over-prédi® cooling rates (the so-called
overcoolingor cooling flow probleny if only the gravitational heating is included in the
models, too many baryons cool to form stars and galaxiesnhed¢oo luminous, while the
intracluster gas is heated to the virial temperature (Edi). 6r'he gravitational heating is
caused by the gas that passes through the cluster’s aocsétieks while entering the sys-
tem. The absence of cold gas at temperaturesbkeV (as observed by e.g. Petersbial.,
2001) points to the currently broadly accepted view thatethreust occur some additional
source of heating (see e.g. Petersbal,, 2001; Fabiaret al,, 2001; Kaastrat al,, 2004, and
references therein). Mechanisms that have been proposaglain this cooling flow prob-
lem include supernovae and AGN feedback (e.g. Porghah, 1999; Briiggen and Kaiser,
2001; Domainkeet al,, 2004; Ommaeet al,, 2004; McNamarat al., 2005; Nulseret al,
2005; McNamara and Nulsen, 2007), sub-cluster merging kéagkevitch and Vikhlinin,
2001), thermal conduction (e.g. Rosner and Tucker, 1989iaRa&t al., 2002; Voigtet al,,
2002) and thermal cooling (e.g. Voit and Bryan, 2001) amotigrs; these mechanisms
are often referred to as non-gravitational heating. It heenbsuggested that all of these
mechanisms contribute to the problem as none of them seeegowveerful enough to tune
the clusters cooling flows by themselves (see McNamara afmgeNW2007, for a review).
This is due to the fact that any effective heating mechanishich would be able to stop
or delay the cluster cooling flows, requires energies.bf3 keV; this issue has been dis-
cussed both analytically and numerically by many authoigs #&uet al,, 2001; Tozzi and
Norman, 2001; Bialelkt al., 2001; Voitet al,, 2002; Borganet al., 2002; Magliocchetti and
Briiggen, 2007; Sijackét al, 2007; McNamara and Nulsen, 2007).

Here, | will focus on the AGN feedback only, and on the impddtR |l radio galaxies
in particular. The main effects the AGN exert on its surrangdnclude removing cold
low entropy gas from the centres of clusters and groups toukekirts of these structures;
this process will also cause dimming of the cluster’'s X-taypihosity while its temperature
being kept roughly constant. Through the work done on thé&r@mnent by the AGN jets,
excess energy is transferred to the ambient gas, this wibecancrease 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 pytbiah system (the free en-
ergy) and the system’s change in temperature, while on aostopic level the gas entropy
is defined as a measure of the number of microstates of thismsyboth in units of J K1).

This quantity has attracted considerable attention duestessential importance; entropy
traces the thermodynamical history of the intracluster, gad as phrased by Voit (2005)
‘the gas density profile and temperature profile of the intrater medium (...) are just man-
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ifestations of its entropy distributionin classical thermodynamics entropy per parti&g (
is given by

S= Nkg[In(K??) +const, (6.4)

whereN is the number of particles, arklis the entropy index defined as

53 kel

HMp
The termp denotes the gas pressure and is giverpby pksT /(umy,). See for instance
Kaiser and Binney (2004), Voit (2005) and Gitial. (2012) for derivation and discussion.
However, in the galaxy cluster community a variant of the@my index is used and referred
to as ‘entropy’, namely

K=npp p %8, (6.5)

Kent=ksT @2/3 (6.6)

measured in units of keV ¢l will follow the popular convention and discuss the ‘enlyd
as defined in Eqn. 6.6.

The measurements of entropy are particularly importartiérdiscussions of the galaxy
clusters’ scaling relations; to be able to reproduce thecsire formation of the expanding
Universe one needs to understand both the observable wigsatf the ICM and the physics
governing the baryons during formation of galaxies. It sbeeame clear that idealised
models are not consistent with observations. In the presehgravitational processes only
acting on the ICM §6.1.1), the temperature and gas density structures of yalasters
obey self-similar scaling predictions (e.g. Kaiser, 1986)ypically anoverdensity(Ay)
parameter is introduced, which is the ratio of the dark mdtédo of the systemgpw) to
the critical density at the cluster’s redstiftocit(z), namelyA, = ppom/Perit(z). The critical
density of the expanding Universe is definegbag(z) = 3H (2)?/87G (see also discussion
in Chapter 3§3.7 and Appendix E). It is also assumed that the baryonicamdistribution
traces the distribution of dark mattethat isp 0 ppm O perit(2). All galaxy clusters are ex-
pected to hold the same properties when expressed (and)se@d,, if of course clusters
do evolve in the self-similar fashion. Any significant obsmt deviations from the self-
similar predictions point towards the non negligible inahent of processes in addition
to gravity. Indeed, similarity-breaking has been obserfged. Markevitch, 1998; Arnaud
and Evrard, 1999; Ettogt al., 2004; Maugharet al,, 2006). To explain these observational
results, models that invoke a non-gravitationally prebeantergalactic medium have been
proposed (e.g. Kaiser, 1991). The similarity-breakingss @onsidered as strong evidence
for episodic non-gravitational heating by supernovae a@iNAe.g. Cavalieret al.,, 1999;
Wu et al,, 2001; Tozzi and Norman, 2001; Bialelt al., 2001; Voitet al,, 2002; Borgani

IThis assumption is valid only if gravitational (shock) tiegtis the sole process contributing to the entropy
of the system (see e.g. Arnaud and Evrard, 1999, and refeseherein).
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Table 6.1: List of defining parameters for the radio source populat@assliscussed in
§6.2.2. The following parameter sets were used to represgrieal radio galaxy for
their respective data sets. For details §82.2 and;6.3.

Dataset Qg(z=0) ngy as  Pm(z=0) N tmag,(Z2=0)

[log(W)] [log(kg m~3)] [log(yn)]
la 38.0 8.0 06  -233 4.0 7.8 ~25
1b 380 105 06  —230 0 7.8 ~4.0
2 39.2 105 04  -251 4.0 6.9 0
3 37.4 8.0 06 215 5.5 8.7 -3.0

et al, 2002) and radiative cooling (e.g. Voit and Bryan, 2001; Wid Xue, 2002). The
relativistic outflows of AGNs can reach Mpc scales, and dedpieir radio activity being
significantly shorter than the lifetime of galaxy clustengyt reside in, radio galaxies are
powerful enough to alter the overall ICM properties, indhgdthe gas entropy.

6.2 Methods

The method presented in Chapter 2 allows one to narrow doevpaksible ranges of the
fundamental parameters of radio sources, yet degenerasisige Based on the results
of Chapter 3, | investigate here other physical parametsysecially the ones which are
relevant in terms of the scale of the radio source impactimimediate environments, and
which can be derived from the intrinsic and extrinsic funéatal parameters.

6.2.1 Source energetics

The total injected power by a radio galaxy over its lifetinguals f(t,"‘aXQ dt. Since in
the KA97/KDA97 model, which is used throughout this thettig kinetic luminosity of a
radio source is assumed to be constant over the radio seuifeg’'the total power of the
radio source is simpl® tmax. Neither of these quantities can be measured directly.isn th
work bothQ andtnax have been estimated via Monte Carlo simulations which gitém
fit radio luminosity functions of observed radio source gapans to the simulated ones
(for the method and results see Chapters 2 and 3 respettivdlis total power is used by
radio source, via its relativistic outflows, to (a) drillgepaths through the ambient medium
which will (b) displace the cold ambient medium gas and puigh the outer regions of
the clusters and (c) inflate these radio lobes with the ti@msg relativistic jet material. It
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is known that the kinetic luminosities of radio galaxiegasally those of the FR 1l type,
may be enormous<{ 10°° W) and that the radio structures of these sources may reach Mp
scales (this has also been presented and discussed in CBaytéhis dissertation), it is
likely therefore that these radio sources induce signifiedfiects on the environments in
which they reside. Here, | investigate the total injectedigoof FR Il radio galaxies, and
attempt to examine the resulting heating rate and entropgigeh of the ambient gas. Most
importantly, however, one of the questions one may raise isevhether the effects of the
radio source populations on their immediate environmemtsabust despite the wide range
of allowed parameter sets (which are due to occurring degeies, see Chapter 3, and
particularly §3.5), or whether constraints from X-ray observations ofigglclusters can
provide us with diagnostics that will break the degeneragyvben the fundamental radio
source parameters.

6.2.2 Tested data sets

The data sets considered here are: the best fit reported pte2i8a(data setti), one of the
best fits discussed alongside it (data s®t and two randomly picked sets of best fitting
parameters which are at the extremities of the 90 per cerfidemte intervals (Chapter 3:
Figure 3.17, data sets 2 and 3). Particularly, the two latises were specified to lie at each
end of the 90 per cent confidence intervals of Qg € pPm), (Qs — tmax,) and €max, — Pm)
plots of Figure 3.17, so that the cases where populatiorts (@)thigh kinetic luminosity
break, low central density, short maximum source lifetianeg (3) low kinetic luminosity
break, high central density, long maximum source lifetiraa be tested and compared to
the best fits. The parameters of the tested data sets atkitistable 6.1. The total injected
power of a typical source of the kinetic luminosity which atpQg is calculated for each
data set and for four redshift slices, iz< (0.1,0.5,1.0,1.5). These break luminosities are
typical luminosities of radio sources in the respectiveyatons, and hence only these are
discussed in the simplified picture presented here. It sadsumed that radio sources at the
break kinetic luminosity have maximum lifetimes and exétmas densities typical for the
population; these are also listed in Table 6.1. For consistavith the previous calculations
of this thesis the core radius is assumed taape- 2 kpc, while slope parameter of the
density profile is taken to b@ = 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 Il radio galaxies

The total injected power per baryo® tmax/baryor) has been calculated for a typical ra-
dio source of each data set, that is assuming the kinetionlosity of the radio source is
represented b@g. Since the best fitting ambient density and volume of theoradiurce

are known, and the density profile is given by Eqn. 6.2, thegdranumber density can
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Figure 6.1: The total power of FR Il radio galaxies produced during tliggtimes. Each
data point marker refers to different data set considerbdre(i) data setd(filled circles)
represents the case when the gas density redshift evolstest ton, = 4.0 (Chapter 3:
§3.8), (ii) data set kb (open circles) is the best fit, (iii) data set 2 (diamondsjespnts the
case with high kinetic luminosity break, low central depsind short maximum source
lifetime, and (iv) data set 3 (stars) represents the cadelwit kinetic luminosity break,
high central density, long maximum source lifetime. Allaaets are within 90 per cent
confidence intervals of the results presented in Chapter 3.

be easily found. Radio galaxies may reach various sizesndapg on their specific set of
kinetic luminosity, lifetime and the gas density in whicleyhexpand; however, here it is
assumed that the total injected power is evenly distribotest a sphere aficy = 1 Mpc.
Obviously this is a simplified assumption as radio sourcegelathan this (i.e. larger than
2 Mpc) are observed and so they act on the ICM beyond the radaisned here, but these
giant radio galaxies form a relatively small fraction of tlikole observed population (e.g.
Schoenmakerst al, 2000b). On the other hand, many radio galaxies will nevachieotal
linear sizes of - 2 Mpc; however, after central engine switches off, that terathe jets
stop supplying radio lobes with new material, the radio ol still expand buoyantly
and hence they will act on the ICM. Finally, it is assumed tlalio galaxies are centrally
located and there exists some efficient energy — heat trdnfader these assumptions the
total injected powelQ tyax, Of radio galaxies for the four chosen data sets is calalldibe

2The heat transport mechanisms which are usually invoketidrstudy of galaxy clusters are thermal
conduction and weak shock enthalpy dissipation (see ftauce Gittiet al., 2007; Beset al,, 2007; Sanderson
et al, 2009; De Young, 2010, for some discussion on this topic)reHewill not focus on the efficiency of
these mechanisms, and | will assume that whatever heafdranechanism takes place, it is very efficient and
distributes the excess heat evenly between the ambientgéci¢s.
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Figure 6.2: The total injected power per baryon over the lifetime of FRaldlio galaxy
estimated under the assumption that all of the radio galaxyep goes into heating the
environment. The estimations are based on the total poweg leficiently and evenly
distributed over a sphere of a radius: 1 Mpc. Each data point marker refers to different
data set considered, where (i) data stfilled circles) represents the case when the gas
density redshift evolution is set t§ = 4.0 (Chapter 3£3.8), (ii) data set kh (open circles)

is the best fit, (iii) data set 2 (diamonds) represents the wéth high kinetic luminosity
break, low central density and short maximum source lifefiand (iv) data set 3 (stars)
represents the case with low kinetic luminosity break, ltightral density, long maximum
source lifetime. All data sets are within 90 per cent confideimtervals of the results
presented in Chapter 3.

results are displayed in Figure 6.1.

Strikingly, the total injected power for each radio sourgeraheir respective lifetimes
seems to be nearly the same in each case. Only data set 2 ¢hearkamonds in Fig-
ure 6.1) shows signs of the departure from this trend at higegshifts. However, this
should not be considered as a contradiction of the postutatee robustness of thg tyax
quantity. As investigated in Chapter 3 (s&4.1 and Figure 3.21 in particular) for the
highest kinetic luminosity breaks, the Schechter funcfighich is used to model the dis-
tribution of the kinetic luminosities) reaches an extremama a power-law approximation
can be used instead. In more precise words, the break of thecBter function reaches
very low probabilities and the vast majority of the radio mmupopulation is modelled by
the power-law end of the Schechter function (defined by stopaee also Eqgn. 2.19). This
is what happens here in the case of data set 2; already aiftezishl.0 its kinetic lumi-
nosity break reaches 2.5 x 10*2 W, but as can be deduced from the examples shown in
Figure 3.21 despite the enormaQg the highest kinetic luminosities do not exceed?1\y.
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Figure 6.3: Change in cluster gas ‘entropy’ within the central core wadiue to the
impact of one episode of radio galaxy activity. The estioraiof the change in ‘entropy’
are based on the injected power estimates presented ireFBgtirEach data point marker
refers to different data set considered, where (i) dataa¢filled circles) represents the
case when the gas density redshift evolution is set te 4.0 (Chapter 3:53.8), (ii) data
set b (open circles) is the best fit, (iii) data set 2 (diamondsjespnts the case with high
kinetic luminosity break, low central density and short imaxm source lifetime, and (iv)
data set 3 (stars) represents the case with low kinetic lositynbreak, high central density,
long maximum source lifetime. All data sets are within 90 gant confidence intervals of
the results presented in Chapter 3.

Because of this effect the total injected power is signifiljaoverestimated in the case of
data set 2 aQg does not represent the typical kinetic luminosities of saghlaxies in this
case.

6.3.1 The entropy change and the gas heating rate

Since the total produced energy of different FR IIs is roplattempted to investigate the
heating rates and change in entropy caused by the activihesé powerful radio galaxies.
It has been assumed that all of the radio galaxy power goeshiuting the environment
and the total power is efficiently and evenly distributedravsphere of a radius= 1 Mpc.
Clearly, due to the large linear extent of FR Il radio galaxime must expect that most
of the energy will be deposited beyond the cooling radiug. @itti et al, 2007; Mathews
and Guo, 2011), where typicallyyo ~ 100 kpc (e.g. Bestt al, 2007; Gittiet al., 2007).
Hence the use of 1 Mpc radius is justified. The results prewgiite total power injected
per baryon Q tmax in units of keVbaryon) are displayed in Figure 6.2. Although spanning
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a rather narrow range of possible values, and similarly ssijgg mild, if any, redshift
dependence, the results from separate data sets are sondéfeinent. One must remember
that to estimate the energy injected per particle the tatahlver of baryons within the
considered volume must be known, and this is turn will depemé¢he cluster gas density.
Also, the reason that there is nearly no redshift evolutiothe heat rate can be explained
by the fact that all three parameters used to determine ther&ies Q, tmax andp) evolve
with redshift and so may compensate for each other. Thabidiigher redshifts the total
injected energy is consistently higher (Figure 6.1), betdglas density also increases, and
hence the total energy injected per particle stays roudidysame (with the exception of
data set th where the strength of the redshift evolutionggfis n, = 0.0 and so the change in
Q(2) tmax(2) is not compensated by the changeiiz), consult Table 6.1). One must keep
in mind, however, that the reason there may be seen sligldraep from this reasoning
in the case of data set 2 may be the fact that the kinetic lusitine of this data sets are
overestimated as discussed in previous section, and tfeasein total produced energy for
higher redshifts is stronger than the increase in the deosithe ambient gas. To resolve
this issue and to shed more light on the behaviour of radiocgsun population from data
set 2, the typical kinetic luminosity of these sources waddd to be sought after and tested
rather tharQg.

A much more discrepant picture comes from the estimatiottssahduced change in the
‘entropy’. Since a radio source will inject a certain amoahg&nergy into its environment,
this excess energy (enthalpy) will increase the gas entrdpe entropy is dependent on
the radius from the cluster core. Hence, results for thréferdnt radii are presented, i.e.
change in the ‘entropy’ for gas density within core radiuslisplayed in Figure 6.3 and
for gas densities at 500 kpc and 1 Mpc in Figure 6.4. The deggaalon the gas number
densities is much stronger than in the case of the estimatrdginjected per baryon. Also,
a redshift trend can be observed, although this is simphflacten of the strength of the
gas density evolution. At higher redshifts the gas dendith® ICM is also higher (again
with the exception of data seblin which the gas density does not undergo any redshift
evolution), and so the same amount of energy injected pgobanust be allocated between
more particles (consult also Eqn. 6.6). For reference, dsengmber densities for each data
set and plotted redshift are listed in Table 6.2. Since theopy’ is dependent on the gas
density, the differences between the ‘entropy’ change etdisted data sets are significant,
the scale of the impact of the AGN jets on this quantity canidg estimated once the gas
density and its profile is constrained. It will be very intgieg to incorporate these low
redshift independent constraints on cluster gas denditythee Monte Carlo simulations
developed in this thesis.

Finally, it is important to stress here that these estimatesbased on very strong as-
sumptions as many concerns are not fully resolved yet. Osadf issues is what fraction
of the actual energy delivered by jets would actually ctutie to heating the ICM. Perucho
et al. (2011), for instance, suggest that the vast majority of th@on energy % 95 per
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Table 6.2: Central gas number densities calculated according to teelgasity profile
(Chapter 2: Egn. 2.5) with the assumed core radjs 2 kpc and profile slopg = 1.5,
and the gas density redshift evolution as listed in Table 6.1

Redshift Datasetd Datasetlb Dataset2 Dataset3

[cm~3] [cm~3] [cm~3] [cm~3]
z=01 0.003 0.006 510° 0.19
z=05 0.015 0.006 2104 1.76
z=1.0 0.048 0.006 8104 8.60
z=15 0.117 0.006 2103 29.30

cent) is transferred to the intracluster medium and goeshieating (see also Magliocchetti
and Briuggen, 2007). While on the other hand Mathews and &bl{) point out that sizes
of typical radio galaxies significantly exceed the cooliagius and raise a suggestion that
only ~ 1 per cent of the total AGN kinetic feedback will reach thestdu cooling radius.
Another issue that needs to be raised here is whether botphwlogical classes of radio
galaxies have the same impact on the cluster environmenis tdthe different interaction
with the ambient medium of FR | and FR 1l radio galaxies, it baen suggested that it is
FR | population that significantly contributes to the hegtiates within the cooling radii
especially at low redshifts (De Young, 2010). It is posstibigt the FR Il sub-population of
radio galaxies contributes much stronger to the overall A€&tback especially at higher
redshifts where these sources are expected to be much moerows than to the cooling
and heating problem of the cluster cores. This possibléndi&in should also be kept in
mind while inspecting presented here results.

6.3.2 Deduced luminosities: cooling flow power and bremssihlung lumi-
nosity

It is also interesting to discuss the influence these rewdtsd exert on other cluster prop-
erties which can be measured. | will focus here on two suchtijiess, namely the cooling
flow power and the bremsstrahlung luminosity.

Cooling flow power.  The cooling luminosity, i.e. the cooling flow powel{), is
assumed to come from thermal energy of the medium and @y work done on the gas
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which enters the cooling radius. It can be estimated thrdahglfiollowing relation

I_ICM McooIkBTi
Leool = 7
cool <FICM — 1> HfTb ) (6 )

wherel cm is the ICM adiabatic index, andg.o denotes the mass inflow rate, typical val-
ues of which arev 10— 300 M., yr~1. The mass inflow rate of the cooling flow can be
calculated from the cluster X-ray luminosity so th&tyo ~ (2um,/5ks Tyir )Lx — this rate
gives an estimate of the cluster cooling rate in the absehaayofeedback. But one may
also look at this quantity as the luminosity that must be censpted for by some means
of heating to stop the cluster cooling. Typically, the cogliuminosities lie in the range
of ~ 10%° — 10°® W (Fabian 1994; Raffertet al. 2006; see also Gitet al. 2012 and ref-
erences therein). The kinetic luminosities of FR Il raditegees are of order of, or may
even significantly exceed, these cooling luminosities, iaimédd been suggested that they
may balance out the cooling flows (e.g. Birzeinal, 2004; Dunnet al,, 2005; Rafferty
et al, 2006; McNamara and Nulsen, 2007). As discussed by Chureizal; (2002) the
AGN feedback must be finely tuned; neither too much heatingtow little cooling can
be accepted. However, as discussed by the same authorgoliregdlow may depend on
the variation of the AGN heating. That is, there may occunegitrare but very powerful
outbursts, or less powerful but quasi-continuous supplgrargy. Although the latter is
usually favoured, some evidence for powerful outburststexie.g. Jonest al., 2002; Mc-
Namaraet al., 2005). The recently discovered one of the most powerfubursts known
(~ 6 x 10°* J), which is located in MS0735 7421 galaxy cluster, can stop a cooling flow
for few Gyr (McNamareet al., 2005; Gittiet al., 2007).

The kinetic luminosities estimated here with the Monte €arimulations indicate that
radio galaxies are able to quench cooling flows at least tithe of their lifetimes. The
range of possible values of these kinetic luminosities maggest that the estimations of
guenching the cooling flows with radio galaxies are less sbthan those of total injected
power of our degenerate results. However, one must bearrid that the more powerful
outbursts last for shorter time than the less powerful o&gen that the activity in radio
galaxies is recurrent, the galaxy cluster would undergermdtte periods of cooling and
heating, but the recurrence timescales may be related tpawer of the radio source,
where the weaker outbursts are expected to occur more dkefet al, 2001; David
et al,, 2001). If this is the case, the estimates of the overall chp&radio sources on the
evolving galaxy clusters based on our degenerate resultklvagain be robust.

On the additional note, as suggested by Gittial. (2007), powerful AGN outbursts
(such as the one of the MS07357421 galaxy cluster) would not cause any sudden and
significant departures from most of cluster scaling refetjdut such outbursts may play an
important role in the global properties of clusters, andcleen similarity-breaking, if they
are recurrent.
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Figure 6.4: Change in cluster gas ‘entropy’ at the radius of 500 kpc (gedand 1 Mpc
(blue) from the central radio source due to the impact of guisoele of radio galaxy ac-
tivity. The estimated of the change in ‘entropy’ are basedheninjected power estimates
presented in Figure 6.2. Each data point marker refers ferdiit data set considered,
where (i) data setd.(filled circles) represents the case when the gas densishifedvo-
lution is set ton, = 4.0 (Chapter 3:§3.8), (ii) data set b (open circles) is the best fit,
(iii) data set 2 (diamonds) represents the case with higetiatuminosity break, low cen-
tral density and short maximum source lifetime, and (iviadsdt 3 (stars) represents the
case with low kinetic luminosity break, high central depdibng maximum source life-
time. All data sets are within 90 per cent confidence intesredlthe results presented in
Chapter 3.

Bremsstrahlung luminosity Another luminosity worth considering is the X-ray lumi-
nosity the injected energy would cause. Assuming that alhefinjected power goes into
heating, it might be observable as a thermal bremsstrahlting bremsstrahlung radiation
is produced by free electrons which collide with ions in thergunding plasma, and if it's
strong enough the emission will be detectable in X-rays.abt, fthermal bremsstrahlung
is the main radiation mechanism at temperatlgek > few keV. The X-ray luminosity is

2mikg \ /% 25122
LX:{( B) ™ }gffnen|Tl/2V(t), (6.8)

given by

3Me 3hmec3

whereme, q andne are electron mass, charge and number density respectively,the
number density of iondyis the Planck constar,is atomic number, angk ; is the so-called
Gaunt factor which is a slowly varying function &f T and frequency (see e.g. Rybicki and
Lightman, 1979). The Gaunt factor is usually of order of ynitence one can neglect it
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here in these approximate calculations, and Eqn. 6.8 bex{dm8&I units of Watts)
Ly ~ 2.5x 10°nen TY2V (t), (6.9)

whereT is given in units of eV, the number densities of ions and ebest in nT3, and
volume in Mpé&. Assuming that the typical X-ray luminosities of galaxy steers are of
order of 13°— 10° W and are integrated over central 100 kpc region then onergan t
estimate what fraction of this observed luminosity our hsswould constitute. And so,
for the local Universez= 0.1), the induced bremsstrahlung luminosity of both data aet 1
and b would be of order of few — 40 per cent of the assumed typicahyiuminosities,
while data set 2 would contribute negligible amount of eiisso the observed level and
data set 3 would be significantly excessive. In these singilmates made for the purpose
of this discussion | again assumed that all the injectedgsngoes into heating the ICM
gas. Eqgn. 6.8 clearly shows that this thermal emission igmdgnt on the gas density of
the medium and its temperature, and as shown alreaglyi.1 it should not be expected
to be robust for our degenerate results. On the contraryayt pe used, along with the gas
density and entropy estimates, as independent consthaihiill allow one to break the
degeneracy of the fundamental parameters of FR Il sources.

6.4 Summary

The impact of radio galaxies on their environments is ingestd and discussed through
simple estimations based on the results of Chapter 3. Sgadbifithe FR IIs’ total injected
power, their typical heating rates and induced change mopytare explored for a few radio
galaxy populations.

It is shown that the RG energetics compared to the availaklayXobservations (and
cluster gas density in particular) can provide diagnostibgch may break degeneracies in
the fundamental parameters of FR Il radio sources, or at feasow their uncertainties
down. It will be interesting to attempt to include these diastics in the Monte Carlo sim-
ulations developed in this project. Strikingly, sets of wfdghe degenerate fundamental pa-
rameters, that is kinetic luminosity and the maximum lifets of the radio sources, provide
particularly robust estimates of the total power producedrR lls during their lifetimes.
This can be also used for robust estimations of the quenddfitige cooling flows.



The scientist is not a person who gives the right answers dres
who asks the right questions.

CLAUDE LEVI-STRAUSS (1908 — 2009)

Conclusions

In the final chapter of this thesis | give a summary of the miojendertaken during my
doctorate candidature, the main findings are listed and apgmoissues are discussed. |
draw to a close with listing some suggestions for the coation of this work.

179



180 Chapter 7. Conclusions

7.1 Summary

In this thesis | investigate the evolution of radio galaxaesl radio-loud quasars, and the
influence these radio sources exert on their environmentess cosmological epochs. |
focus on sources with large scale radio structures of FR Hpmmogy. | use the theoreti-
cal model of KA97/KDA97 for the intrinsic time evolution ohaR Il morphology radio
source, and apply it to populations of FR Il sources. For tiipgse of this study | develop
the following:

e A new algorithm for multidimensional Monte Carlo simulai®which explore the
fundamental parameter space of radio galaxy populatiodsvsloped (Chapter 2).
The method links the observable radio lobe luminositiegdr sizes and redshifts
of FR Il sources with their most plausible underlying kigehiminosities, active
lifetimes and environments in which radio sources are btra {undamental pa-
rameters). Unlike previous studies, the method developéatis project compares
radio luminosity functions found with the observed and dated data to explore the
underlying parameters; this approach allows one to dyrdirtk the results of this
simulation to other radio source population studies whi@raost commonly ex-
pressed in terms of luminosity or mass functions. The sitimriehas been written
in theC programming language, and has been executed on high perfoensuper-
computer, the Iridis Compute Cluster, maintained by thevehsity of Southampton,
Southampton, U.K.

e A new low frequency (325 MHz) sample of FR Il radio galaxiesasstructed based
on the the cross match of the WENSS survey and the availahieathp selected
SDSS-FIRST-NVSS sample of radio-loud AGN (Chapter 4). Tlagciming procedure
is detailed and any possible observational biases aretigated. The resulting low
frequency sample of radio galaxies is optically selectedt & not radio complete,
but it is argued that the sample is free from any significaasés and can be used in
population studies.

The multidimensional Monte Carlo simulations are appliedvwo separate samples of
FR 1l sources: a well known sample of the most powerful raditagies and radio-loud
guasars extending up to redshifts 2 (3CRR and BRL sample, Chapter 3), and the newly
constructed low redshifiz(< 0.2) sample of low luminosity radio galaxies (Chapter 4). It
has been found that:

e For the powerful FR lls the total lifetimes of the radio gaésxare found to be few
%107 yr at low redshift and decrease for earlier epochs (ChaptéFis is in agree-
ment with independent studies on the 3CRR radio sourcesmbytbe specific to
these most powerful radio galaxies and quasars. With theemusample and its
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strong flux limit | am unable to make definite statements aloeitevolution of the
lifetimes of the sources which is suggested by our curresulte

e The results suggest cosmological evolution of one or manecegparameters (Chap-
ter 3). In particular the mean density of the immediate se@mvironments (or the
poag parameter if one allows core radius @rto change with redshift) is found to
undergo evolution with redshift; the hypothesis that thiemeo evolution is ruled out
with a probability of > 99 per cent. The central density of the FR Il environments is
found to undergo redshift evolution of approximatélyt- z)#; evolution stronger than
the one expected from the Universe’s expansion is poss$ibleiconsiders additional
effects from change of environment or core radius evolution

e The estimated kinetic luminosities are in the range fror#f 16 10** W for power-
ful FR 1l type sources, which is consistent with previousdgts (Chapter 3). It is
suggested that the kinetic luminosities of the local, lomilosity density FR lIs are
significantly lower (18° — few x 10%® W, Chapter 4); however, more work needs to
be done on this low luminosity sample before any final conchscan be drawn. In
particular the morphological classification of the oridi8®SS-FIRST-NVSS sam-
ple of extended radio sources needs to be verified.

e Itis observed that the kinetic luminosities depend on theregogical epoch and the
linear size of the source, where larger in linear size as agetligher redshift sources
are more powerful (Chapter 3). The FR lIs’ kinetic lumingdiinction undergoes
cosmological evolution of the break luminosities of at teds+ z)2 and may be as
strong ag1+2)!°. The uncertainty originates from the strong degeneracyeésst
Qs, tmaxandp,. Evolution stronger thafil + z)9, however, is rather unlikely since as
a consequence the black hole masses of the most luminousseRrtles would have
to be > 10! M., assuming that there is no strong spin powering of the jetes&h
results suggest also that, at least at high redshifts, Féuttes most probably accrete
at moderate/high Eddington ratios and the black hole spiy pia@y a significant
role in the jet production, as both effects seem to be negessaxplain the high
estimated kinetic luminosities of FR Il sources at higher

e An attempt has been made to estimate the duty cycles of FRIib galaxies at the
break in the kinetic luminosity function, finding them to dease with redshift from
~103forz <0.3,t0~10%°at03<2 <08, to~10°>°at08< 2 <20
(Chapter 3). The decrease in duty cycle at higher redshiétg Ine explained by a
combination of the reduction in the lifetime of FR Il radid@ses together with evo-
lution in the number density of massive black holes. Thet shikinetic luminosity
break to higher values also indicates an intrinsic chandgkearpopulation of kinetic
powers. Interestingly, at low redshifts the duty cycle ofvpdful FR lIs exceeds that
estimated for 1 M., AGN based on radiative luminosities. This difference can be
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explained if the typical black hole mass of FR lls shifts twdéws masses at low
Alternatively, the lowz FR Il population may become dominated by a kinetically
dominated, radiatively inefficient mode of accretion.

e The resulting radio galaxy energetics compared to quastitbtainable from X-ray
observations, such as cluster gas densities, can provadaattics which may break
degeneracies in the fundamental parameters or at leastwn#neir uncertainties
down (Chapter 6).

e Strikingly, despite the strong degeneracy, sets of two efftindamental parame-
ters, the kinetic luminosities and the maximum lifetimegvide particularly robust
estimates of the total power produced by FR IlIs during periafdheir activity (Chap-
ter 6). This can be also used for robust estimations of quegaf the cooling flows
by radio galaxies.

It is noted here, however, that other theoretical modelsdior galaxy time evolution,
such as those of BRW99, MKO02, or the modified models of Bardi\afita (2006, 2007),
might yield somewhat different results.

In addition to the numerical Monte Carlo investigationsg\isit the KA97/KDA97 the-
oretical model to investigate the radio lobe — kinetic luasity scaling relation (Chapter 5).
Through numerical exploration of the nonlinear model eiguat | find that the scaling re-
lation is influenced mainly by the radio source age, aspéic, ridne injection index of the
relativistic particles’ initial distribution, and the redsource environment density and its
profile. My predictions on the scaling relation agree welhnaarlier simplified theoretical
predictions by Willottet al. (1999). | also contrast these results to the observatipfalind
radio lobe — kinetic luminosity scaling relations reporiedhe literature.

7.2 Open issues

Although the study presented here sheds more light on theiqaiyroperties and evolution
of FR Il radio sources, it also unveils issues which needstoestigated in more detall
in order to resolve some of the uncertainties and degemsrali particular, the following
three issues came into view in this project.

e One of the substantial limitations of any source populasioly is a survey’s sensitiv-
ity which causes low luminosity, high redshift radio sowteremain undetected and
unavailable for study. Although great care has been undartan the development
of the Monte Carlo algorithm in this project to account fog #ensitivity (Chapter 2),
the availability of data observed to lower flux limits is ciaic In a study such as this
one, low radio frequency (i.e. MHz frequencies) completaas of radio sources
are of particular importance. Such radio samples exiskeatiyr to a certain extent
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(e.g. 6C, 7C catalogues, sgk4), but real progress will be achieved with the state-
of-the-art LOFAR facilities. It will be a great opportunity revisit issues investigated
in this study once new, low frequency LOFAR data become alvksl

e Moreover, although | attempt to shed more light on the stiein§ the assumptions
set in the theoretical modelling of these radio sources,esofrthese assumptions
are still ambiguous. One may attempt to use Bayesian evéd@@bapter 2) to in-
vestigate whether any of the assumptions are preferabéealse below), although
observational constraints or deeper data may be nevestheézessary to provide fi-
nal answers. An emerging suggestion that these assumptiapnseed to be altered
for lower luminosity density radio sources can already iediin the results of Chap-
ter 4. However, more work needs to be done on this low lumipasimple before
any final conclusions can be drawn.

e Finally, due to the occurring degeneracies in the resultgafr 3), many issues
cannot be resolved. One way of breaking the degeneracy isctode data from
more sensitive surveys as discussed above. However, as1shaBhapter 6 these
degeneracies can be broken also through the analysis ofmib&ct the simulated
radio galaxies would have on their environments, and iteespondence to the actual
X-ray observations.

7.3 Continuation of this work

There are many ways this project can be continued. Heredlsketly a few of those. First
of all, the method developed in this project allows one ndy éo predict the underlying
populations of extragalactic powerful radio sources (@&aB), but also to predict samples
that would be observed by surveys of various flux limits. Il i of a great importance to
verify predictions which can be provided with this Monte IBanethod. Initial test can be
already done with currently available low radio frequenagngles, such as 7C for instance.
Once this is achieved, more reliable predictions for susy#gnned for e.g. LOFAR can be
estimated.

In this doctorate project | focused on radio sources of FRdfphology only, but no
general conclusions can be made regarding the whole papulaitextragalactic extended
radio sources if FR | morphology, and also hybrid (FR I/FRsburces are not included.
However, in order to take into account FR | radio sources iggribeoretical models of
their time evolution must be developed. Another intergspiath in the continuation of this
project involves investigations of some of the peculiaiogaburces which | came across
while cross-matching the radio-loud AGN samples of ChagteFor instance, theoretical
modelling of hybrid sources may lead to very interestingiitss Moreover, the sample of
Best et al. which | base my work presented in Chapter 4 onydted a complete sub-sample
of double-double radio galaxies. Again, theoretical mibaiglof these radio sources will
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allow one to estimate their fundamental parameters andmeftcy of their activity in more
complete, population-oriented basis. It is particulanieresting as these radio sources can
be used as probes of AGN duty cycles.

There are also a number of improvements to be made to theationltself. One of the
most important advancements involves implementation @ MICMC algorithms (briefly
discussed in Chapter 2) which will allow the simulation to lighly optimised. While
at searching through four-dimensional parameter spacéheigrid minimisation (Chap-
ter 4, independent-fits in Chapter 3), the current version of my simulation issm@bly
fast, the CPU (central processing unit) request risesfgignily at higher dimensions; the
seven-dimensional parameter space (combmid-in Chapter 3) is feasible, but require
long processing time. Other improvements which | plan tokwnar concern for instance
inclusion of radio sources of small linear sizes, that iSaaburces which are smaller
than 10 kpc. This will involve considering a changing densitofile of the sources’ en-
vironments instead of assuming the approximate relatisangin Eqn. 2.5 (Chapter 2).
Also, allowing for an intrinsic change in the radio sourcgimmments at various redshifts
may improve the results; as discussed in Chapter 3 the ichplielution of central densi-
ties seem to be rather strong, but it can be explained if reolimces of different redshifts
inhabit slightly different environments. Furthermoree tBayes theorem, as discussed in
Chapter 2, can be used to select between possible modetdiregthe results of Chapter 3.
Since the frequentists approach, which | have been follgwirihis work so far, is based on
the hypothesis testing, one can only accept or reject tHéngpbthesis being tested and no
information is provided on alternative hypotheses at thisfp Given that all tested models
in my current work (models S and W, and the influence of theraptions adopted) are not
nested, one would need to turn to Bayesian approach to dttersplve this issue. It will
be of a great interest to investigate whether Bayesian Be&lean provide us with definite
statements on the tested here assumptions adopted in trettbal models of FR Ils.

Two chapters of this thesis are currently open-ended. T$mudsion which | convey in
Chapter 5 on the scaling relation between the radio loberlasity density and the kinetic
luminosity of powerful radio sources induces even more s on the subject. For in-
stance, how much power does a radio source use on the expavsik? This can be also
seen as an efficiency of the jet to inflate the radio cocoons iBsue has been tackled via
X-ray observations of cavities in clusters, and attempsstonate it on theoretical ground
have also been made. However, given the method developedsaddhere this efficiency
can be estimated for the whole, most likely populations oflBRwhether of complete un-
derlying populations of these sources, or populationgicéstl by flux limit (the latter of
which would provide an estimate which can be easily comptrade X-ray observations
of cavities). Additionally, to avoid drawing conclusion$iiwh may be model dependent, |
plan to perform such an investigation also with the use obther theoretical models, such
as the BRW99 and MK02 models. Furthermore, the scalingioeldtconsidered here is
modelled for the FR lls only. As suggested in Chapter 6, teerdpancy between the the-
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oretical predictions for the scaling relation and the eatem from X-ray observations may
arise due to the possibility that different sources areidaned in each method. Because of
that, scaling relation for FR | radio sources should be thigcally investigated. Albeit, the
lack of simple analytical models of FR | radio source growidynmpede this intent.

Finally, Chapter 4 requires more analysis to be performddreeany conclusions can
be drawn. First of all, the morphological classification tabe revisited; it is crucial to
estimate, as well as it is possible, above what linear siesettextragalactic radio sources
can be morphologically classified without doubt. Moreowefraction of radio sources of
the full Best et al. sample is classified according to thdiniy to LEG and HEG classes
(Best and Heckman, 2012). | plan to cross match such FR licesurif based on the
two types (LEG, HEG) similarly sized sub-samples of FR llioagalaxies of each class
can be obtained, the two sub-samples can be modelled sglpar&uch treatment will
be invaluable to investigate whether there is any significifference in the fundamental
parameters between LEG and HEG FR Il radio galaxies. Thiurémer lead to a question
whether the LEG/HEG classification of FR lIs is reminisceinthe state transitions known
to take place in X-ray binary systems (e.g. Kordetal., 2006; Merloni and Heinz, 2008).
It will be of a great importance to shed more light on this é&ssu
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Influence of the Assumptions on the Results:
Maps of the Confidence Intervals

The following appendix contains maps of the confidencevaterfor all discussed cases
of the influence of the secondary assumptions on the seryit@ahmodel of radio source
growth and, what follows, the final results as discussed faide Chapter 2 and Chapter 3.
The tests were done for the powerful FR Il radio sample of 3CBRL catalogues only. The
best fitting parameters for each tested case are additigrieiied. For in depth discussion
regarding these tests s&8.10. This material has been submitted to the Monthly Nstice
of the Royal Astronomical Society as the Supplementaryn®Miaterial to A.D. Kagfiska,

P. Uttley & C.R. Kaiser, ‘Fundamental properties of FandBiley Il radio galaxies inves-
tigated via Monte Carlo simulations’ (MNRAS 2012, accepiegress).
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190 Appendix A. Influence of the Assumptions on the Resultsifidence Intervals

A.1 Maximum head advance speed

In the full, detailed simulation run it is assumed that thachadvance speed may not exceed
0.4c (referred to as the ‘initial’ case). To test how strong are&flsuch an assumption can
have on the results, the simulation has been re-run with = 0.05c, Vimax = 0.15¢c and
Vmax = 0.8c.

The results are displayed in Fig. A.1 and Fig. A.2, and theé-fimg parameters are
listed in Table A.1. Only results for the non-evolving Mo&for redshiftsz; < 0.3 and
0.8 < 73 < 2.0 are presented. The results are discussé8.10.3.
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Table A.1: The best-fitting parameters for the non-evolving Model Sy redshift ranges,
where 0< z < 0.3 and 08 < z3 < 2.0. For each case the one varying assumption, here the
maximum head advance speed, is quoted. Due to occurringneiegges (discussed #3.5)

one should always consult the corresponding confidencevaite(see Fig. A.1 and Fig. A.2).
The following standard deviations of lggpm) and logo(tmax, ) l0g-normal distributions are
used: logo(0p,) = 0.15 and logo(0t,,) = 0.05. 90 per cent errors are quoted.

z Qs Os Pm . tmas, p—value
[log(W)] llog(kg m™=)]  [log(yn)]
initial
z 391593 06792 234758 7.237030 0.234
z3 399005 -177%f  —200°%9 7.137980 0.925
2 3855030 07704  —21872%  7.9870% 0.166
.0 2.9 2.8 0.75
z3 3990°5% —317%8  -214'55 683707, 0910
Vmax == 0.1&
z 38707932 0602 —2241%2 7.68755, 0.154
z3 40057572 —3.9738, 224737 6.38" 292 0.937
z 3945793 0692 240703 6.937939 0.233
1.80 +2.91 1.0 3.00
Z3 4080'55 —37'7g 240705, 5637% 5. 0940

Notes.The resolution of the results 8409, ¢(po) = 0.2, Alog,((Qg) = 0.15, Alog; o(tmax) =0.15,

andAas=0.1.

T For errors which may be extending beyond the searchedsgsge Table 3.2) value up to the

range border is quoted.

1 If errors are smaller than their respective resolutiolyeaf < A is quoted.
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Figure A.1: 90 per cent confidence intervals for populations createt different as-
sumptions of the maximum head advance speeds of je@& (06range), (4c (black),
0.15¢ (blue), and M5c (violet) in units of the light speed. Results shown for redshifts
0 <z < 0.3, and for Model S as described in Chapter 3. Findings aradi@séhe 3CRR
and BRL data fits. The case when the maximum head advanceisgestimed to be 4c

is the initial, standard case analysed in depth in Chaptefh&. 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 createt different as-
sumptions of the maximum head advance speeds of je@& (06range), (4c (black),
0.15¢ (blue), and M5c (violet) in units of the light speed. Results shown for redshifts
0.8 < z3 < 2.0, and for Model S as described in Chapter 3. Findings aredbaisehe
3CRR and BRL data fits. The case when the maximum head advpeed & assumed
to be Q4c is the initial, standard case analysed in depth in Chaptefh@. best fits, and
goodness-of-fit test results for each case are listed ireTabl
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A.2 Population central densities distribution

The density of the medium in which a radio source grows is ddfiny a central density,
core radius and exponept (Egn. 2.5). However, in the generation of the whole source
population it is assumed that the central densities areheosame for all sources, but are
randomly chosen from log-normal distribution. The stadddeviation of this distribution
is investigated here.

It is initially assumed that the standard deviation of thgghmrmal central density distri-
bution isOjog,,(p,) = 0.15 (referred to as the ‘initial’ case). To test how strong fiece this
assumption has on the results, the simulation has beemneitu iy, 5,) = 0.0 (that is the
central density distribution is a delta function, all gaéexin the population have the same
central densitypo), Oiog,o(po) = 0-55 Oiogyg(ps) = O-75 @aNd0iag,,(p,) = 1.0. The results are
displayed in Fig. A.3 and Fig. A.4, and the best-fitting pagtars are listed in Table A.2.
Only results for the non-evolving Model S for redshifts< 0.3 and 08 < z3 < 2.0 are
presented. The results are discussed in detg§Bih0.1.
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Table A.2: The best-fitting parameters for the non-evolving Model Stéer redshift ranges,
where 0< z; < 0.3 and 08 < z3 < 2.0. For each case the one varying assumption, here the stan-
dard deviation of the log-normal distribution of centrahdgies, is quoted. Due to occurring
degeneracies (discussedB5) one should always consult the corresponding confidienee

vals (see Fig. A.3 and Fig. A.4). The following standard d&en of l0g o(tmay,) [0g-normal
distribution is used: log(0t,,,,) = 0.05. 90 per cent errors are quoted.

z & as Pm tmax, p—value
[log(W)] llogkg m=3)]  [log(yn)]
initial

Tiogyo(p) = 0-15

z 3915339 0.6703 —23413¢ 7.237030 0.234

z3 399013% 1774t ~20.0"39 7.137950 0.925
Ologso(pp) = 0-50

z 3855039 0.4 ~234138  7.38'03, 0.261

z3 4035'0%2 43773 24455 5937%,, 0972
Ologso(pp) = 0-79

z 38707939 0.4797 -238"52 7.537539 0.459

Zs 4065 (219 06 0P 244709 537 <019F g4
Plogolpo) = 100 0.15 +0.2 +0.2 0.15

z 38.4032;1% N 0.452 ~238¢ ({00251 7.89{g %g‘igﬁi 0.684

+(<0. 1+0.1 +(<0. —+(<O0.

z3 4020° S5y 0.670% . 24007 5,57 608" ;0. 0.996
Ologso(pp) = 0-00

z 39.001939 0.6793 ~23.07280 7.38"039 0.179

z3 39907972  —14715. 196755 7.28"04° 0.554

Notes.The resolution of the results 4409, ,(00) = 0.2, Alog; o(Qg) = 0.15,Alog; o(tmax) =0.15, and

Aas=0.1.

T For errors which may be extending beyond the searchedsdage Table 3.2) value up to the range

border is quoted.

1 If errors are smaller than their respective resolutiolhyeaf < A is quoted.
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Figure A.3: 90 per cent confidence intervals for populations createth different
assumptions on the standard deviation of the density lograbdistribution, where
Ologio(pe) = 0-0 (i.e. po is a delta function, drawn in red)iag, s, = 0.15 (black),
Oiogyo(pe) = 0-50 (violet), Oiog,o(pr) = 0-75 (green), anjgg,(p,) = 1.0 (blue). Results
shown for redshifts & z; < 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 staelaation is equal to
Oiogyo(po) = 0-15 is the initial, standard case analysed in depth in Ch@pt€he best fits,
and goodness-of-fit test results for each case are listedhle .2
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Figure A.4: 90 per cent confidence intervals for populations createth different
assumptions on the standard deviation of the density lograbdistribution, where
Ologio(pe) = 0.0 (i.e. po is a delta function, drawn in red)isg,,p,) = 0.15 (black),
Oiogyo(po) = 0-50 (violet), Tiog,o(po) = 0-75 (green), anjgg,p,) = 1.0 (blue). Results
shown for redshifts 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 thasiateViation is equal

t0 Ojog,4(p,) = 0-15 is the initial, standard case analysed in depth in Chaptdihe best
fits, and goodness-of-fit test results for each case ard list€able A.2
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A.3 Jet particle content

The jet particle content, represented by the paranétehich is defined as a ratio of the
energy density of thermal particles to the energy densitthefelectrons (see Chapter 2),
is initially set tok’ = 0 in the simulations. This implies that jet is composed dfitligeight
electron-positron plasma. To investigate how strong aacefin introduction of thermal
heavy particles to the radio source outflows has on the fisaltethe 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-figilg parameters are
listed in Table A.3. Only results for the non-evolving Mo&for redshiftsz; < 0.3 and
0.8 < z3 < 2.0 are presented. The results are discussed in de8L10.5.
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Table A.3: The best-fitting parameters for the non-evolving Model S¥iar redshift ranges,
where 0< z; < 0.3 and 08 < z3 < 2.0. For each case the one varying assumption, here the
particle content of the jet, is quoted. Due to occurring aegacies (discussed §#3.5) one
should always consult the corresponding confidence inte(gae Fig. A.5 and Fig. A.6).
The following standard deviations of lggpm) and logo(tmax,) 10g-normal distributions

are used: logy(0p,) = 0.15 and logo(dt,,.,) = 0.05. 90 per cent errors are quoted.

z & s Pm tmax, p—value
[log(W)] llogkg m=3)]  [log(yn)]
initial
k=0
z 3915239 0693 234758 7.237030 0.234
z3 399010% -17'%f 200739 7.137950 0.925
k€ [0,10]
z 39307935 04703 —23.2j8;§02 7.23f8;§§1 0.284
75 432079900 30799, 234" 57801, 0610
ke [0,100
z 3870°572 -18%3, —228'32 7.38733 0.339
23 4110975 —101l 176" %% 698" 2" 0765
k=100
z 40501939 06952  —2269% 7.08°53, 0.193
z3 41857090 22732 —216'32 6.08"072 0.946

Notes.The resolution of the results 880 o(po) = 0.2, Alog; o(Qs) = 0.15,Al0g; o(tmax) =0.15,
andAas=0.1.

T For errors which may be extending beyond the searchedsgege Table 3.2) value up to the
range border is quoted.

1 If errors are smaller than their respective resolutiolyeaf < A is quoted.
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Figure A.5: 90 per cent confidence intervals for populations createth different
assumptions on the particle content of the jet, wheee O (lightweight jets, black),
k' € [0;10 (modest inclusion of protons in the jet, light greekl)e [0;10Q (heavy jets,
blue), andk’ = 100 (heavy jets, orange). Results shown for redshiftsz) < 0.3, and for
Model S as described in Chapter 3. Findings are based on tRR2@d BRL data fits.
The case wherk = 0 is the initial, standard case analysed in depth in Chapt€h8 best
fits, and goodness-of-fit test results for each case ard list€able 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 diifferent as-
sumptions on the standard deviation of the density log-mbdistribution, wher&’ = 0
(lightweight jets, black)k’ € [0;10 (modest inclusion of protons in the jet, light green),
andk’ € [0;100 (heavy jets, blue), ank = 100 (heavy jets, orange). Results shown for
redshifts 08 < z3 < 2.0, and for Model S as described in Chapter 3. Findings aredbase
the 3CRR and BRL data fits. The case whigre: 0 is the initial, standard case analysed
in depth in Chapter 3. The best fits, and goodness-of-fit ésstits 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 factoryig, = 1, and the maximum is
ymax = 100, Further, subsequently to the discussion in Chapter 2 arapteh3, the fol-
lowing combinations of the Lorentz factors were tested:
(1) Ymin = 10 and Ymax = 10t°,
(2) Ymin = 10* and Ymax = 10%°,
(3) Ymin = 10 and Ymax = 10°.

The results are displayed in Fig. A.7 and Fig. A.8, and the-figilg parameters are
listed in Table A.4. Only results for the non-evolving Mo@&for redshiftsz; < 0.3 and
0.8 < z3 < 2.0 are presented. The results are discussed in de8L10.4.
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Table A.4: The best-fitting parameters for the non-evolving Model Stéer redshift ranges,
where 0< z; < 0.3 and 08 < z3 < 2.0. For each case the one varying assumption, here the min-
imum and maximum Lorentz factors of the electron distributis quoted. Due to occurring de-
generacies (discusseddf.5) one should always consult the corresponding confideteeals

(see Fig. A.7 and Fig. A.8). The following standard devias®f logo(pm) and logo(tmax, )
log-normal distributions are used: lagop,)

=0.15and IOgO(O-tmax)

=0.05. 90 per cent errors

are quoted.
z &> as Pm tmax, p—value
[log(W)] llogtkg m3)]  [log(yn)]
initial
Ymin = 1
Hnax = 10° 0.30 0.3 0.6 0.30
b2 39.15J_r8%8 0.6}:(1):9 —23.4:_:3 4 7.23" 8%8 0.234
Ymin = 102
Ymax = 1010
z 37.95t§;§§ 0'8?1):% —21.2%5 8.43j§;‘§‘§ 0.192
Z 40.35"730 —-1.8%33 —234%57 6.08"7e 0.954
Ymin = 104
Ymax = 1010
z 37. 951§ gg o.g‘é;g —24, 01‘18) 36 7. 53+§ 125 0.398
Z3 39.15 " (<015)% 5.67(‘<0‘1)1E —24.6 (<02)% 5.93" (<015)% 0.917
Ymin = 1
Ymax = 10°
z 39. o%+680§g 0. 4I§ g -23 4L81 g 7. 23@ zg 0.160
3 4020 (<015t 206015t 2340 gny O 93" (<01t 0-920
Notes.The resolution of the results 409, 5(po) = 0.2, Alog;o(Qg) = 0.15,Al0g;o(tmax) =0.15, and

T For errors which may be extending beyond the searchedsdsge Table 3.2) value up to the range
border is quoted.
¥ If errors are smaller than their respective resolutioflyevaf < A is quoted.
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Figure A.7: 90 per cent confidence intervals for populations createl diifferent as-
sumptions on the standard deviation of the density log-abmiistribution, where (i)
Yiin = 1 andymax= 100 (black), (ii) ymin = 107 andymax= 10'° (magenta), (iii)ymin = 10*
andymax = 10 (violet), and(iv)ymin = 1 andymax= 10° (green). Results shown for red-
shifts 0< z < 0.3, and for Model S as described in Chapter 3. Findings aredbase
the 3CRR and BRL data fits. The case where the Lorentz factersed toymin = 1 and
ymax = 100 is the initial, standard case analysed in depth in Chapt&h®.best fits, and
goodness-of-fit test results for each case are listed ireTab4.
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Figure A.7: continued
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Figure A.8: 90 per cent confidence intervals for populations createl diifferent as-
sumptions on the standard deviation of the density log-abmiistribution, where (i)
ymin = 1 andymax = 10'° (drawn in black), (ii)ymin = 10?7 and ymax = 10*° (magenta),
(iii) Ymin = 10% andymax = 10 (violet), and(iv)ymin = 1 andymax = 10° (green). Results
shown for redshifts 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 thett daetors are set to
ymin = 1 andymax = 10 is the initial, standard case analysed in depth in Chapt@ha.
best fits, and goodness-of-fit test results for each caséstad In Table A.4.
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A.5 Particle injection index

In the initial, full simulation run it is assumed that thetial particle injection indexn is

randomly generated for each source in a population fromfaumidistribution ofm € [2; 3]

(sees2.3.4 and;3.10.4 for discussion). The simulation has been re-rundiote accuracy

of this assumption, and the following values of the parammtkave been considered:

(1) m= 2.3 (single value for all sources), and

(2) mp = 2.4 and oy, = 0.3 (Gaussian distribution with mean, and standard deviation

Om,, hote however that this distribution is taken as valid oréjween values 2 and 3).
The results are displayed in Fig. A.9 and Fig. A.10, and thet-biing parameters are

listed in Table A.5. Only results for the non-evolving Mod&for redshiftszy < 0.3 and

0.8 < z3 < 2.0 are presented. The results are discussed in det¢8l 10.4.
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Table A.5: The best-fitting parameters for the non-evolving Model Say redshift ranges,
where 0< z < 0.3 and 08 < z3 < 2.0. For each case the one varying assumption, here the
particle injection index, is quoted. Due to occurring dezracies (discussed i§8.5) one
should always consult the corresponding confidence intefgae Fig. A.9 and Fig. A.10).
The following standard deviations of lggpm) and logo(tmax, ) l0g-normal distributions are
used: logo(0p,) = 0.15 and logo(t,,,) = 0.05. 90 per cent errors are quoted.

z & as Pm tmax, p—value
[log(W)] llogkg m~3)]  [log(yn)]
initial
uniform
distribution
me [2;3
z 391593 06793 234758 7.237030 0.234
z3 399019%  —17%f  —200°59 7.13"950 0.925
single value
m=23
z 3915793 06793 234758 7.237032 0.195
z 400593 06708  -198'18 7.2870%2 0.940
Gaussian
distribution
my = 2.4,
z 38.85t§;§§ 0.6j80;§; —22.81((1);202)1 7.53£§;<j,§§15)i 0.210
Z3 424595 33795 238" 5 578" g5  0.685

Notes.The resolution of the results 8809, 4(0o) = 0.2, Alog,; o(Qs) = 0.15,Alog; g(tmax) =0.15,

andAas=0.1.

T For errors which may be extending beyond the searched sgege Table 3.2) value up to the

range border is quoted.

1 If errors are smaller than their respective resolutiolyeaf < A is quoted.
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Figure A.9: 90 per cent confidence intervals for populations createt different as-
sumptions on the particle injection index, wherenti [2; 3] (uniform distribution, drawn

in black), (i) m= 2.3 (single value, violet), and (iiijn, = 2.4 andon, = 0.3 (green). Re-
sults shown for redshifts@ z; < 0.3, and for Model S as described in Chapter 3. Findings
are based on the 3CRR and BRL data fits. The case where thel@arjection index is
assumed to be a uniform distribution, the case (i) abovégisritial, standard case anal-
ysed in depth in Chapter 3. The best fits, and goodness-e&fit¢sults 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 createld different as-
sumptions on the particle injection index, wherentig [2; 3] (uniform distribution, drawn

in black), (i) m= 2.3 (single value, violet), and (iiijjn, = 2.4 and oy, = 0.3 (green).
Results shown for redshifts®< z3 < 2.0, and for Model S as described in Chapter 3.
Findings are based on the 3CRR and BRL data fits. The case Wigeparticle injection
index is assumed to be a uniform distribution, the case @yvabis the initial, standard
case analysed in depth in Chapter 3. The best fits, and goedhdis test results for each
case are listed in Table A.5.
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A.6 Population maximum lifetimes distribution

The maximum age of that sources may reach during theirrtiteis defined bymax. How-
ever, in the generation of the whole population of sourcé&sassumed that the maximum
lifetime is not the same for each source, but are rather ratydohosen from log-normal
distribution. The standard deviation of this distributisrinvestigated here.

Initially it is assumed that standard deviation of the lagmal distribution of source
maximum ages iBjog, (1. = 0-05 (referred to as the ‘initial’ case). Further, the follogi
cases were tested:

(1) GOiogyo(tma = 0-3, and
(2) Glogyo(tmae) = 0-6-

The results are displayed in Fig. A.11 and Fig. A.12, and #s-fitting parameters are
listed in Table A.6. Only results for the non-evolving Mod&for redshiftszy < 0.3 and
0.8 < z3 < 2.0 are presented. The results are discussed in det¢8l i0.2.

tmax)



Table A.6: The best-fitting parameters for the non-evolving Model Stfay redshift ranges, where z; < 0.3 and 08 < z3 < 2.0. For each case the
one varying assumption, here the standard deviation of dpelption maximum ages, is quoted. Due to occurring degeies (discussed i§8.5) one
should always consult the corresponding confidence inte(sae Fig. A.11 and Fig. A.12). The following standard dé&en of logo(pm) log-normal
distribution is used: log(0op,) = 0.15. 90 per cent errors are quoted.

y4 (0 as Pm tmasx, p—value
[log(W)] llogkg m™3)]  [log(yr)]
initial
o =0.05
10g10(tmax) 1-0.30 10.3 _ +0.6 0.30
z 39154239 0.6°93 234108 7.237930 0.234
z3 39909% 17731 200739 7.137952 0.925
O]Oglo(tmax) =030
z 3915239 06792 23472 7.23704% 0.201
0.45 4.1 1.0 0.75
z3 40501005 —54%0 —23877%,5, 533005, 0801
O]Oglo(tmax) =0.60
z 39307939 06703  —23670% 7.2370%2 0.073
0.45 2.0 +(<0.2)% 0.30
z3 3960'03  —25'37; 1747 g5, 623707, 0.677

Notes.The resolution of the results 2409, 4(po) = 0.2, Alog, ((Qs)

=0.15, andAas = 0.1.

T For errors which may be extending beyond the searched sgsge Table 3.2) value up to the range border is quoted.
¥ If errors are smaller than their respective resolutiolyeaf < A is quoted.
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Appendix A. Influence of the Assumptions on the Resultsifidence Intervals
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Figure A.11: 90 per cent confidence intervals for populations createti ditferent
assumptions on the standard deviation of the log-normaliman lifetimes distribu-
tion of the sources, Wher6jyg, (1. = 005 (black), iog,y(tnay = 0-3 (Yellow), and
Ologyo(tmax) = 0-6 (red). Results shown for redshifts<0z; < 0.3, and for Model S as de-
scribed in Chapter 3. Findings are based on the 3CRR and BRILfitkta The case where
the standard deviation is equaldRyg, ¢, = 0-05 is the initial, standard case analysed in
depth in Chapter 3. The best fits, and goodness-of-fit tegltsefor each case are listed in
Table A.6.
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Figure A.12: 90 per cent confidence intervals for populations createti ditferent
assumptions on the standard deviation of the log-normaliman lifetimes distribu-
tion of the sources, Wher6jyg, (1. = 005 (black), iog,y(tnay = 0-3 (Yellow), and
Ologyo(tmax) = 0-6 (red). Results shown for redshifts80< z; < 2.0, and for Model S as
described in Chapter 3. Findings are based on the 3CRR anddBRLfits. The case
where the standard deviation is equaldgy, ..y = 0.05 is the initial, standard case

analysed in depth in Chapter 3. The best fits, and goodnefistest results for each case
are listed in Table A.6.
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A.7 A special case: combination of the minimum Lorentz facto
values and the case of heavy jets

It is initially assumed that the minimum Lorentz factoryig, = 1, and the maximum is
ymax = 10, and that the jets are lightweight, that is contain only et and positrons
(K = 0). Subsequently to the discussion in Chapter 2 and Chaptbe 3ollowing combi-
nations of the Lorentz factors and the possible particlaesurof the outflow were tested:
(i) K € (0,100), ymin = 107 andymax = 10,
(i) K" = 100, yimin = 10? andymax = 10,
(iii) K' € (0,100), Yimin = 10* andymax= 10'°,
(iv) K = 100, yimin = 10* and ymax = 10t°.

The results are displayed in Fig. A.13 and Fig. A.14, and trw-fitting parameters are
listed in Table A.4. Only results for the non-evolving Mo&for redshiftsz; < 0.3 and
0.8 < z3 < 2.0 are presented. The results are discussed in de8L10.5.



Table A.7: The best-fitting parameters for the non-evolving Model Sviar redshift ranges, wherez < 0.3 and 08 < z3 < 2.0. For each case the one
varying assumption, here the standard deviation of the [latipn maximum ages, is quoted. Due to occurring degenesgdiscussed i§i3.5) one should
always consult the corresponding confidence intervals FggeeA.11 and Fig. A.12). The following standard deviatiafdogio(pm) and logo(tmax, )

log-normal distributions are used: lagop,) = 0.15 and logo(0t,,.,) = 0.05. 90 per cent errors are quoted.

z & Os Pm tmax, p—value
[log(W)] llogkg m=%)]  [log(yn)]
initial
Ymin = 1, K=0
z 3915793 06703 —23479¢ 7.237030 0.234
z3 39.9010%  —1.77%! ~20.0"39 7.137950 0.925
ymin — 102, k/ S (0, 100)
z 38857072 03719, —23075% 7.38100 0.390
0.45 0.8 +(<0.2%) +(<0.15%)
z3 40657032 11798 1727550 713" 5.  0.824
ymin — 102, k, — 100
z 400593 06703 22670  7.23703% 0.240
z3 415558 15725 —22253 60875 5. 0.970
ymin — 104, k/ S (0, 100)
72} 37.80'0%; —507G¢ —246'7%,. 7.087%.,.. 0312
z3 3885753, —29732. 182758 7.88032 0.901

..continued on page 232.
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Appendix A. Influence of the Assumptions on the Resultsifidence Intervals
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Figure A.13: 90 per cent joint confidence intervals for radio galaxy pafiahs created
with various assumptions on the minimum energy of the ihgarticle distribution and
the particle content of the jet. The following cases aretptbt (i) k' = 0, Yimin = 1 and
ymax = 10%C (solid, black, the default case), (i) € (0,100), ymin = 107 andymax = 10°
(solid, red), (i)k' = 100, yiin = 10* and ymax = 10'° (solid, orange), (ivK' € (0,100),
Yin = 10% and ymax = 109 (solid, green), and (W = 100, ymin = 10* and ymax = 10*°
(solid, blue). For reference plotted are the cases wherii€ a)L00, ymin = 1 andymax =
1019 (dotted, dark grey, see also Figure A.7), andkKb¥: 0, ymin = 10* and ymax = 1010
(dotted, light grey, see also Figure A.9). Results showmddshifts 0< z < 0.3, and for
Model S as described in Chapter 3. Findings are based on tRR2@d BRL data fits.
The best fits, and goodness-of-fit test results for each cadested in Table A.7.
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Figure A.14: 90 per cent joint confidence intervals for radio galaxy pafiahs created
with various assumptions on the minimum energy of the ihgarticle distribution and
the particle content of the jet. The following cases aretptbt (i) k' = 0, Yimin = 1 and
ymax = 10%C (solid, black, the default case), (i) € (0,100), ymin = 107 andymax = 10°
(solid, red), (i)k' = 100, yiin = 10* and ymax = 10'° (solid, orange), (ivK' € (0,100),
Yin = 10% and ymax = 109 (solid, green), and (W = 100, ymin = 10* and ymax = 10*°
(solid, blue). For reference plotted are the cases wherii€ a)L00, ymin = 1 andymax =
1019 (dotted, dark grey, see also Figure A.8), andkKb: 0, ymin = 10* and ymax = 1010
(dotted, light grey, see also Figure A.10). Results showmeddshifts 08 < z3 < 2.0, and
for Model S as described in Chapter 3. Findings are basedeoBGRR and BRL data fits.
The best fits, and goodness-of-fit test results for each cadested in Table A.7.
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Table A.8: Continued

z (0 as Pm tmasx, p—value
[log(W)] llog(kg m~3)]  [log(yr)]
ymin — 104, k, — 100
z 39'3t8§385 o.4i§2 ] —23.8%% 7.08j§;§g 0.288
Z3 40.20f('<0.15)¢ —5.4753 2367000y 5.93f('<0.15¢) 0.867

Notes.The resolution of the results i80g;y(po) = 0.2, Alog; o(Qs) = 0.15,Alog; o(tmax) =0.15, andAas = 0.1.
T For errors which may be extending beyond the searchedsdsge Table 3.2) value up to the range border is quoted.
¥ If errors are smaller than their respective resolutiolyevaf < A is quoted.
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Multicomponent Sources in the WENSS
Catalogue

The following appendix contains a list of multicomponenirses which were attempted
to be matched to the SDSS-FIRST-NVSS sample and were théslabeéhe WENSS cata-
logue. For details se&4.3.2 in Chapter 4.
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Appendix B. Multicomponent Sources in the WENSS Catatog

Table B.1: Multicomponent sources in the WENSS survey catalogue. i@olé Comm)
gives information whether the sources have been marked HEomiponent source (M)
in the WENSS catalogue, or a single source (S). A ‘match’ reehat a radio galaxy
from Best et al. FR 1l sub-sample has been matched to a plarticomponent(s) or single
source(s). ‘Yes/No’ indicates whether the multicomporoergingle source label has been
applied correctly in the WENSS survey catalogue, or whettodér Only these sources
which are erroneously labelled as multicomponent in the \@ENatalogue and which
have been attempted to be matched to the Best et al. FR llasuple are listed. The
quoted redshifts are taken from the Best et al. FR Il sub-$anfjor details se§4.3.2 in

Chapter 4.

Source name Redshift RA (J2000) Dec (J2000) Flux Comm
(based on B1950 (2) [WENSS] [WENSS] density

coordinates) [mJy]
WNB1523.0+2951 152507.01 +294031.2 M, Yest
WNB1523.0+2951A 0.1114 152505.06 +294059.3 124 match
WNB1523.0+2951B 0.1114 15250755 +29 39 36.1 121 match
WNB1523.0+2951C 152511.37 +294148.4 54
WNB0836.9+2959 084001.71 +294858.9 M, No
WNB0836.9+2959A 0840 00.63 +294947.2 280
WNB0836.9+2959B  0.0648 084001.77 +294854.5 1790 match
WNB1512.0+3021 1514 06.28 +301026.4 M, No
WNB1512.0+3021A 0.0932 151404.06 +300850.5 215 match
WNB1512.0+3021B 1514 08.44 +301158.7 210
WNB1428.0+3059 143012.1 +304556.1 M, No
WNB1428.0+3059A  0.1292 1430105 +304431.0 110 match
WNB1428.0+3059B 143013.0 +304644.3 161
WNB1510.1+3101 0.0896 151212.06 +305022.6 82 S, No-match
WNB1509.9+3101 0.0896 151158.85 +305017.0 106 S, No—match
WNB0828.3+3229 08312740 +321929.9 M, Yest
WNB0828.3+3229A 0.0512 083122.08 +321843.7 2543 match
WNB0828.3+3229B 083122.66 +322349.5 280
WNB0828.3+3229C 0.0512 083134.79 +322026.4 2039 match
WNB0828.3+3229D 083146.66 +321919.8 34

continued on next page
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Table B.1: Continued.

Source name Redshift RA (J2000) Dec (J2000) Flugomm
(based on B1950 (2) [WENSS] [WENSS] density
coordinates) [MJy]
WNB1309.5+4114 131146.82 +405851.2 M, Yest
WNB1309.5+4114A 0.1103 131142.00 +4056 26.8 610 match
WNB1309.5+4114B  0.1103 13114395 +410011.9 465 match
WNB1309.5+4114C 131144.05 +410142.2 518
WNB1309.5+4114D 131201.35 +405708.1 392
WNB0912.6+4140 09 1549.83 +412824.6 M, No
WNB0912.6+4140A 09 1544.42 +412759.2 436
WNB0912.6+4140B  0.1510 091557.89 +412902.6 300 match
WNB0827.7+4157 083109.15 +414715.1 M, Yest
WNB0827.7+4157A  0.1320 083101.82 +414754.5 170 match
WNBO0827.7+4157B 083103.04 +414516.1 50
WNBO0827.7+4157C  0.1320 08 3113.19 +414709.6 323 match
WNB1513.1+4212 1514 55.09 +420103.3 M, No
WNB1513.1+4212A 0.1349 151453.91 +420048.1 616  match
WNB1513.1+4212B 151504.00 +420258.7

WNB1015.4+4624 1018 31.45 +4609 02.2 M, Yest
WNB1015.4+4624A 0.1654 101824.84 +460901.3 69 match
WNB1015.4+4624B  0.1654 1018 37.35 +460921.4 56 match
WNB1015.4+4624C 1018 38.49 +460757.3 19
WNB0926.2+4639 09 29 30.27 +46 26 03.0 M, Yest
WNB0926.2+4639A 09292496 +462448.0 44
WNB0926.2+4639B  0.1679 09 29 30.15 +46 26 01.7 24 match
WNB0926.2+4639C  0.1679 0929 35.84 +46 27 31.0 29 match
WNBO0823.7+4645 08 27 17.03 +46 3540.9 M, Yest
WNBO0823.7+4645A 08 27 06.42 +46 36 14.8 31
WNB0823.7+4645B  0.1249 0827 12.82 +463525.9 121  match
WNBO0823.7+4645C  0.1249 08 27 22.20 +46 3546.9 130 match
WNB1023.2+5444 1026 24.54 +542911.7 M, No
WNB1023.2+5444A 1026 24.50 +54 29 08.6 609 match
WNB1023.2+5444B 1026 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) Flugomm
(based on B1950 (2) [WENSS] [WENSS] density
coordinates) [MJy]
WNB1043.4+5451 1046 31.76 +54 36 02.3 M, Yest
WNB1043.4+5451A 0.1447 104622.01 +54 37 46.8 166  match
WNB1043.4+5451B  0.1447 1046 25.75 +543707.8 292  match
WNB1043.4+5451C 1046 31.59 +543302.9 31
WNB1043.4+5451D 0.1447 1046 39.39 +543445.0 417  match
WNB1333.1+5858 133500.67 +584302.7 M, No
WNB1333.1+5858A 0.1567 133451.73 +584121.5 33
WNB1333.1+5858B 133500.78 +584304.4 1277  match
WNB1218.4+6356 1220 48.66 +63 39 59.9 M, Yest
WNB1218.4+6356A 0.1875 122026.59 +634256.0 391 match
WNB1218.4+6356B  0.1875 122047.39 +63 40 40.6 125 match
WNB1218.4+6356C 0.1875 122053.77 +634025.8 258 match
WNB1218.4+6356D 1221 03.58 +633719.4 481
WNB1713.0+6407 1713235 +640347.3 M, No
WNB1713.0+6407A 1713 06.7 +64 06 43.8 216
WNB1713.0+6407B 0.0784 171329.2 +640251.2 602  match

Notes. T A multicomponent source, but too many components declatome of the
components may be separate sources.



Fourier Transform and its Application
to Radio Interferometry

Radio interferometry has been born in 1940s, when diffidaltgaching high resolutions of

radio observations while using only single dish telescdpad to development of technique
called aperture synthesis. In this appendix | briefly oatlthe mathematical foundations
of the Fourier transformations which the technique of apertsynthesis is based on. | also
briefly highlight the relationships between the observiadio frequencies, interferometer
configurations, radio source models and the resolution. follewing discussion is based
predominantly on Bracewell (1979), Taylet al.(1999) and Sasao and Fletcher (2005).
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C.1 Mathematical foundations

The Fourier transform originates in the generalisatiohefdo-called Fourier series, which,
studied by Joseph Fourier in 19th century, is an expressian geriodic functionf (X)
represented in terms of summation (integration) of simple and cosine functions. The
Fourier series of a functiofi(x) is given by

f(x) = TZO + iancos(nx) + ibnsin(nx), (C.1)

where the termsy, andb,, the Fourier sine and cosine coefficients, are defined swath th
a,=m ! [T f(x) cognx) dxandb, =t [T f(x) sin(nx) dx.

For simplification reasons and to allow for inclusion of cdexacoefficients, the Euler’s
formula given by

&% — coq2m8) + i sin(2m0) (C.2)

is often used to express the Fourier series and the Fouaiesform. Hence, in general
terms, the Fourier transforrf,(), of the periodic functiorf (x) € R, wherex € (—oo, ),
is defined as follows

F(&) = 1 i f(x)e 2mExdy, (C.3)

and its inverse is given by

F(x) = /m F(£)e?éXdE (C.4)

One must bear in mind that through the use of the Euler’s ftarthe Fourier coefficients
become of complex type. The Fourier transform allows oneotext function ofx into a
function of &, whatever the two parameters represent. Examples of theeFdtansform
applications are discussed in the next section.

To present how the Fourier transform works, below | considerexamples: the Fourier
transform of a delta function and of a Gaussian function.s€rexaminations will be further
referred to in the discussion 6€.2.1.

Delta function. The Dirac’s delta functiond(x), d—function) for anyx € R is defined
such that

5(x) = +o0o forx=0 (C.5)
0 forx 0,
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and the following is also satisfied
/ S(x)dx = 1. (C.6)

Formally the function is a distribution or a measure rathanta mathematical function. In
signal processing the delta function is referred to as thaulse symbol, while in image
processing it represents the ideal point source.

The Fourier transform of th&—function is well defined and is given by

F(&) = /w & 2185 () dx = 1. C.7)

Hence the resulting spectrum of this special function isaun and independent of thg
parameter.

Gaussian function. For anya, u,o € N, the Gaussian function is given by

(x=m)?

g(x) =ae 27 . (C.8)

The Fourier transform of such general Gaussian functid,), can be easily derived, as it
is presented below.

6(&) = [ e 2
© Bl oniex

- a/ e 27 e “"¥dx (C.10)
~00 X— i 2

_ a/ o (Mo tV2niEo) " anigu—2(no)? gy (C.11)

Changing the differential fromxcto dz, wherez = (% + \/Qnifa) , one gets H= 20dz,
and thus the transform becomes

—00

— 2\/Tioag/2min-2(mo) (C.13)

That is, for a Gaussian function of a forgix) = e‘Xz/Uz, wherea=1 andu =0, its
Fourier transform will beG(&) = /Tioe ™¢°9°, The Fourier transform of a Gaussian
function is another Gaussian function but with width parsnéelifferent from the origi-
nal by 1/(o+/m). Examples of this particular transform are plotted in FggGr1 along the
discussion ofC.2.1 on the implications of using this transform in raditeiferometry.
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Figure C.1: Two sample Gaussian aperture field distributidop)and their Fourier trans-
forms (middle. The two Gaussian distributions differ only in their assghvariances?,
wherec2, > 07, and for both casea =1 andu = 0 (Eqn. C.8). The resolution is
then defined as the full width at half maximum power of the Itasy beam, that is the
Fourier transformed distributionbdgtton), and will be different for each of the analysed
here Gaussians. Note that thettompanel is the same as tmeiddleone, but replotted
to allow for more detailed investigation. Note, that only@itudes 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 seofitime €) and frequency\)
domain (the time-frequency analysis), thakis-t and& = v. For a signalf (t) sampled
over a given time interval its Fourier transformed représéon is known as the frequency
spectrum (or power spectrum). The complex form of the Fowadefficients is interpreted
here as an amplitude of the wave (cosiriefs (v)]) and its phase (sineg|[F (v)]).

Below | focus specifically on the image processing, ofteemed to as the synthesis
imaging or the aperture synthesis, which is directly agpi@radio interferometry.

C.2.1 Image processing

Image processing is a part of a subset of large family of $ignacessing applications.
Once the radio signal has been recorded, and the data istedlifizom the radio telescopes,
ideally one would like to image the observations. In thiscilecase again the Fourier
transform is used. In the conventional notation of Founiangform of signal processing
one transforms the waveforf(t) measured at timets into the frequency spectrurf(v)
over the frequencies;. The Fourier transform works analogically for the case dfioa
antennae, where the aperture field distributidr/A ) measured over the aperture distances
(x/A); (in units of wavelengths) is transformed into the so-calieldl radiation pattert(s)
measured over the direction siae- sin(O).

The Fourier transform of an aperture distributi(x/A ) is of the following form

E(x/A) = P(s)e?™%/2 (C.14)

wheres is a direction function, and specifically= sin®. O is interpreted as the angle
at which a radio source is observed (see also Chaptél.#) and, unlike in the case of
the conventional frequency domain of the Fourier transfamperiodic over the interval
Te € [0,2r1]. The amplitude component of the resulting distribution asstant over the
whole aperture; however, the phase changes. Two exampseslfFourier transforms are
shown in Figure C.1. The aperture field distribution is agbity chosen to be Gaussian, and
the two examples differ only in their assumed variao@ewhere specificallo2, > 02 e

in Figure C.1. The Fourier transforms of the two distribngavill be Gaussian distributions
but much narrower than the original functions. As alreadywshin the derivation of the
Fourier transform for a Gaussian function, if the apertureetsions are scaled up/down
(e.g. by introducingk = axy;) while no change to the aperture distribution pattern isedon
(E(axa1/A)), then the field radiation pattern is compressed by the nadmiof that scaling
factor P(s/a)/|al). Clearly, the wider the aperture the narrower the beamtgNbat only
amplitudes are plotted and | ignored the sidelobe problertisis example). The resolution
(Be9) Of the interferometer is then defined as the full width aff madximum (FWHM)
power of the resulting beam, and is marked in the bottom pafirfeigure C.1.
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The response of radio interferometer is a convolution ofogs@m (power/radiation pat-
tern) with the signal recorder from the radio source. Thesueaments of the radio inter-
ferometer are then traced on thev) plane, which is the measured visibility domain (see
Chapter 1:51.4 for brief discussion on measuring the visibilities bgicainterferometers
and the coordinate systems used). Radio imaging is at tiis @0 inverse process, where
the distribution of measured visibilities is known and orents to find the true sky bright-
ness. One of the techniques used in this inverse problem $orgée source at the phase
centre is model fittingwhere, given the visibility distribution, one attempts toté it a
parametric model of the sky brightness distribution (istgndistribution). Let us consider
two of such model components, a point source, which is repted by a delta function,
and an extended radio source that can be fitted with a synm@&aussian. If such a model
component is centred at the origin of ttlem) plane and is a function of/12+ e, its
Fourier transform will be measured on the v) plane as a function of/u2+V2. For a
point source, its Fourier transform will be constant, anihsependent of the, v distance
(§C.1). However, in the case of the extended source which cdittee with a Gaussian,
the amplitude of the visibility function (the Fourier trdosmed model distribution) will
depend on the, v distance, that is the interferometer baseline. This effaases that for
the longest baselines of the interferometer array, théilityiamplitudes of the considered
source will be significantly weaker as compared to the shbliaselines of the array, and
the source may be resolved out if its angular size is larger the visibility spacing which
is given byA /DpaseiineSin(©) (refer also to Chapter £1.4).

Two outcomes of the above discussion should be highlighéed. HFirstly, for the same
interferometer observing at the same radio frequencieatldlifferent configurations (which
will lead to different maximum baselines) the resultingolation of the final radio images
will be different. Secondly, if two sets of observations pegformed at two different fre-
quencies, but allowing for different maximum baseline ioleaase so that the resolutions
of their respective final radio images will be similar, thexfllensities of their observed ra-
dio sources must be corrected as some of the flux density atffahese frequencies may be
missed (resolved out). The latter issue is particularlgvaht to the work done in Chapter 4,
where samples from two radio surveys have been matchedtrgédte NVSS and WENSS
surveys)

INote however, that for problems more complex than a singlecsofield, typically a range of deconvo-
lution techniques is used. These techniques include fanpl&CLEAN deconvolution procedure (Hogbom,
1974) and its modifications (e.g. Clark, 1980; Schwab, 198%ximum entropy method (MEM; Cornwell
and Evans, 1985; Narayan and Nityananda, 1986), as wellcagtlg developed adaptive scale pixel (ASP)
algorithm (Bhatnagar and Cornwell, 2004).



Maximum Likelihood Method

Cash (1979) showed that using the popytdminimisation estimator to find the best fitting
parameters of a model is erroneous if dealing with sparsediindata; the method required
at least 10 data counts in each considered bin. In this studyajten must deal with empty
data bins and hence the standgyd method is not applicable. In this appendix | introduce
the basics of the method of maximum likelihood estimatiod,mesent a derivation of its
form for Poisson distributed data. The derivation is triveand can be easily reproduced
(consult relevant textbooks). The maximum likelihood ote(MLM) is considered to be
robust, and is applicable to most models and different typekata.
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D.1 The principles of Maximum Likelihood Estimator

Let x be a variable, a sample & observations, coming from an unknown probability
density functionfy(x). However,f,(X) is part of a parametric family of distributiorf§x|6),
and 8 € O, so thatfy(x) = f(x|6,), and©® denotes the set of all allowed values for the
considered parameter (he#® A parametric families of distributions, by definition,rche
described with a finite number of constant parameters (wéiehto be estimated) denoted
as anm-dimensional parameteé® = (61,6, ...,6y). Then 6, is the unknown ‘true value’
of the parameter, and the aim is, by varyiéigto find the maximum likelihood estimator
(MLE) 6mje which is going to be as close to the true value as possible.

The joint density function for all observations is

f(X1,%2,...,Xn|0) = F(x1|0) x f(X2|0) x ... x f(xn|6O). (D.1)

If, at this point, observationg are considered to be ‘fixed’, the paramefeis the one to
be estimated. It is done by allowirjto vary freely in order to maximise the product in
Egn. (D.1). Hence the likelihood function is given by

a:a(e\x):lﬁlf(me), i=1,2,..N. (D.2)

Often the maximum likelihood method is used in its logariihfiorm, where

In(£) = In[£(6]x)] = _if(me), i=1,2,..N, (D.3)

and is referred to as the log-likelihood.
The MLE is found by findingd that maximise< or In(£), that is

Bmie = arg maxL(0|xq, ..., Xn)] (D.4)

or
Bmie = arg maxIn[L(6]Xq,...,xn)] }- (D.5)

D.2 Application to Poisson distributed data

The Poisson distribution is defined such that

)\ke*"
ki’
whereA denotes the mean of the distribution, and it is equal to theeted number of
occurrences of an event, akdlenotes the actual number of occurrences of the event. Note
thatA is always positived > 0, andk is non-negative, that is€ 0,1,...,N, whereN is the

fkiA) = (D.6)
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maximum of occurrences that has happened in an experiment.
Applying this distribution to Equation D.3 one gets

In (_ﬁf(lq;A))
()

= n
‘; ki (D.7)
N

_ Zl [In()\"‘)—l—ln(e_)‘)_ln(k‘!)}

In(L)

=—NA+ |n(/\)_i(lq) —_iln(h!)-

Hence, for a continuous function, where the probabilitysityrfunction f (k; A) is known,
the MLE A can be found by equating the first derivative of Eqn. D.7 t@z#Tat is

a(In(L)) 0 A T

o (—NA +In()\)i: (k.)—i: In(k.!)) =0. (D.8)

Solving the equation one gets

d(In(L)) _ 18y
0)\ ——N‘f‘XI: (kl)_ov (D9)
and finally
1 N

Amie = Nzi(k') (D.lO)

If, however, the probability density function of the dat&isaot known, which is the case in
this project, one needs to investigate the so-called biMigd. In such a case, a likelihood
histogram needs to be constructed. This likelihood histoghas the same form as the
likelihood given in Eqn. D.7. Rewriting and re-organisitng tequation one may get

N
In(E) =3 lein(A) = A~ In(k1)]. (D.11)

but nowN is the number of bing; is the number of occurrences of the event in eagim,
andA; is the expected number of occurrences (the true value, vitnginch a modelling will
come from some underlying model) in each bin. The maximusiilibod is found through
re-calculation of Eqn. D.11 with a range of different valoésg,;.






Cosmology

In the following appendix | give a summary of the cosmolddieakground that has been
silently assumed in this work. Cosmological equations uisetme of the calculations of
this thesis are listed and briefly discussed, and the mogtritaupt parameters are defined.
The following appendix contains advance textbook physicd,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 th€old Dark Matter ACDM) model
(often referred to as standard model). The model assumesp#ieial geometry of the Uni-
verse, non-zero cosmological constaMy,(the existence of cold dark non-baryonic matter
which dominates the total mass of the Universe, and a smglbb& matter component.
The ACDM model uses the Friedmann-Lemaitre-Robertson-WdkeRW) metric.

The Friedmann equation, expressed in terms of Hubble paeaif), states that

8nGey kc?
3?2 aty)?

HE = LA (E.1)

3
whereG is the Newton’s gravitational constamg, is the critical energy densitik describes
the curvature of the Universe {f= 0 the Universe is flat, k= —1 it is closed, and ik=1
it is open),a(t) is a scale factor, anddenotes the speed of light. The subscript O indicates
that the value of the relevant parameter is at the redgkif0. The Hubble parameter is

defined as Alto)
o 0

and the scale factor represents the relative expansiore ddiverse

1

alt) = 1oz

(E.3)

Clearly, atz= 0, the scale factor ia(tp) = 1.

The second Friedmann equation, sometimes called the Faimalacceleration equation,
states that i(to) 4G A
. a(to
Ho+H2=2" — 2 (e 4+3p)+ = E.4
o+ 0 a.(t()) 3C2 ( o+ p)+ 37 ( )

wherea'is scale factor's second derivative, apdenotes pressure.

The Friedmann equations describe the expansion of the t$eivassuming that the
Universe is homogeneous and isotropic (the cosmologioatipte). They are derived from
the Einstein’s field equations of gravitation (refer to phgsextbooks on the general theory
of relativity).

Often, the so-called density paramet&) (is introduced, which is defined as a ratio
of the actual densityd) to the critical density d.rit). The overall density parameter may
be further divided into the matter density parametey; ( includes both dark and baryonic
matter density), the vacuum density parameter (the cogjitalbconstantQ,), the spatial
curvature density paramete®y), and the radiation density paramet@g|, where

ar=PR. gu=Pv g =P o =1-Q,  (E5)

)
Perit Perit Perit
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and
Q=0r+ QM+ Qn+ Q. (E.6)

The values given for all of these parameters refer to theigyerstios as of today (i.e.
z=10). The current measurements of the parameters are regortezl as followsHy =
704712 km st Mpc3, Qv = 0.268+0.018, Qp, = 0.0044-+ 0.0007 (baryonic density),
where a model that assum@s = 1 — Qy, Qx = 0 andQg = 0 is adopted (quoted values
are based on the three-year WMARSuUIts only, Spergedt al., 2007).

The critical density can be found from the Friedmann eguatid\ssuming that the
Universe is flatk = 0), and that\ = 0 (one will obtain the most basic from the Friedmann
universes, which is ideal for comparison), the criticalgignbecomes

3HS
Perit,0 = % (E-7)
And allowing for redshift evolution in our Universe, the egpsion becomes
3H?(z
Perit = 8n((3)' (E.8)

It is can be seen now that the Friedmann equation can be srpr@sterms of density
parameters such that

H%(2) = H§(Qr(1+2)* + Qm(1+2)° + Qu(1+2)*+ Qp) Y2 (E9)

E.2 Luminosity at cosmological distances

The observed radio luminosity () of a source is found with

Luges = 4T0E(2)S, (E.10)

obs?

whereS,, . is the source’s observed flux density, aiddenotes the so-called luminosity
distance of the source at the redshiff he luminosity distance is related to the metdg)
and angulardpa) distance measures through

d.(2) =du(2)(1+2) = da(2)(1+2)2. (E.11)

Iwilkinson Microwave Anisotropy Probe (http://map.gstasa.gov/).
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Further, the metric distance can be found with the comovistadce ¢c)

(gl .
#smh(%@) if Qx>0
(2 =4 dc(2) if Q=0 (E.12)
. —Q) Y2, .
(_g':)l/zsm(( & C(Z)) if Qx <0,

and wheredy = ¢/H (z) denotes the Hubble distance. The comoving distadgg 6n the
other hand, is defined as

-z V4
de@ =dy [ “Zdz= S z

whereE(z) is expressed as
E(2) = (Qu(14 2%+ Q(1+2)%2+ Qa) Y2 (E.14)

Hence, for the special case of the flat matter-dominated dusdiv Qx = 0) one gets the
luminosity distance in the following form

~c(1+2) (7 z
4@ = Ho /CJ(QM(1+Z)3+Q/\)1/2

dz (E.15)

The radio luminosity of Egn. E.10 is the observed radio luity of a source at a fre-
quencyv. However, if the source is at a redshifthe observed luminosity will correspond
to different wavelength in the rest frame of that source. diwext for this effect the stan-
dardK — correctionis used. In radio regime the correction has two terms, thelwtth
correction(1+2)~* due to the spectral shifts and the ‘colour’ correctidn+ 2)® which
relates to the radio flux and radio spectral index reldtidgerms used after Morrisoet al.,
2003). Hence, thabsoluteradio luminosity of a radio source is found with

Ly, = 41102(2)S),,.(1+2)% L. (E.16)
The linear size of a sourc®} can be found with

D = 6size0a(2), (E.17)

where B¢ is the source’s angular size as defined;ind. Hence, using the luminosity
distance, one may obtain the linear size of a radio sourdeeifailowing form
BsizedL (2)

D= N (E.18)

25, O v~ 7 as defined ir§3.2 (Eqn. 3.1).
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E.3 Cosmic Microwave Background

Cosmic microwave background (CMB) radiation is thermalatdn that permeate the ob-
servable Universe. CMB is the relic radiation which remdiaéer the initial phases of the
Universe development, namely directly after the so-callest scattering’ of the photons.
The current£= 0) temperature of the CMB is approximatdlyx~ 2.7K, and has a spectrum
of a black body.

The fundamental Einstein-Planck equation (also calledPtheck relation) relates the
energy of a photonK) and its wavelength

E = hv, (E.19)

whereh is the Planck constant. It can be shown that the number gesfgithotons emitted
by a perfect black body is given by

8m v2

wherekg is the Boltzmann constant. Further, the CMB radiation dgrisigiven by the
Stefan-Boltzmann law, which given the total energy derfsityolack body radiation, that is

sy,o:/ hvn(y)dv
0

= USBT4.

(E.21)

Osg is the Stefan-Boltzmann constant, amsk = (27°k3) /(15h3c?).
Now, under the assumption of the number of photons beingepred in the expanding
Universe the following is valid

N, = Nyoa 3 =N,o(1+2>3 (E.22)
And since the energy of each photon changes with redshift as
hv =hv(1+2), (E.23)
the energy density of the CMB radiatiog) varies as
g = 08 *=g,0(1+2% (E.24)

wheregy  is the energy density of the radiation at the redshi# 0.
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