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Abstract

In this dissertation, | present my work on the behaviour ffiedent features of radio-loud active

galaxies to investigate how energy is transferred fronr fle¢$ to the environment. To this end, |

have studied the knots in the jet in Centaurus A, the radioXaraly emission from the lobes of the

FR 1l radio galaxies 3C 353 and Pictor A, and the gas propedia sample of galaxy groups some
of which host radio-loud AGN.

Using new and archival multi-frequency radio and X-ray dataCentaurus A obtained over
almost 20 years with the Very Large Array and witthandrg | have measured the X-ray and
radio spectral indices, flux density variations, polartsat/ariations and proper motions of the jet
knots. | used these measurements to constrain the likelyfeknmation mechanisms and particle
acceleration processes within this jet and compared mytsesith the variations detected in the
properties of the knots in M87. | found that none of the knats & result of impulsive particle
acceleration and that those knots that are detected in bodly And radio are likely due to collisions
between the jet and an obstacle, while the radio only knbespajority of which are moving, are
likely due to compressions of the fluid flow.

Using six frequencies of new and archival radio data and X&M-Newtonobservations of
3C 353, I show that inverse-Compton emission is detectdakitobes of this source. By combining
this X-ray emission with the radio synchrotron emissionavéaconstrained the electron population
and the magnetic field energy density in the lobes of thiorgdlaxy. | have argued that the varia-
tions in the X-ray/radio ratio in the brighter lobe requiseshanging magnetic field strength. | have
extended this work using a statistical analysis of the Xamag radio emission to show that the ob-
served small-scale variation in surface brightness cammoéproduced by simple combinations of
the electron energy distribution and the magnetic fielchgfite | therefore suggest that the changes
in surface brightness that give rise to the filamentary sitres seen in the lobes are probably due
to strong spatial variations of the magnetic field strength.

Finally, | present a study of galaxy groups observed WtMM-Newtonin which | measure
temperature and surface brightness profiles to examinenahetdio-source heating makes radio-
loud groups hotter and more luminous than radio-quiet ggoligompare my measurements with
previous luminosity-temperature relationships and amhelthat there is a significant difference in
the gas properties of radio-loud and radio-quiet groups.
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Chapter 1

Introduction

Active galaxies are some of the most powerful objects in thivéfse but the question of how these
galaxies transport the energy generated in their coreseteytstems where they live has motivated
generations of astronomers and the mechanisms involvelrgedy unknown. The work in this
thesis works towards answering these energy transferiquedty considering the energetics of the
various features of radio galaxies.

After a brief historical overview of the discovery of actigalaxies and the development of
this area of astronomy over the last century, | will introglibe radiation processes that reveal the
structure of these exotic objects. Next, in Section 1.3 llladescribe the features of radio galaxies,
as determined from radio observations, before moving oms$aribe the observations in other wave
bands and what they have told us about active galaxies. ltio8ek4, | will present the current
models for unifying the menagerie of active galaxies betbseussing the effect of active galaxies
on their environments and vice versa in Section 1.5. Finailysection 1.6, | outline the aims of
this work, specifying the questions about energy transfat ltintend to answer in this thesis and |
outline the structure of this dissertation.

1.1 A Brief History of Active Galaxies

Since Edwin Hubble determined the existence of galaxiesidmitour own Milky Way (Hubble
1936), we have pondered their formation, their evolutiod geir structure.

Shortly after Hubble’s discovery, Seyfert (1943) obtailgtical spectra of the centre of bright
‘extragalactic nebulae’, now known as spiral galaxies, aotkd the presence of high-excitation
emission lines, namely H, He, O and N lines, in some of thegectsband not in others; those
galaxies with strong, broad-line emission lines were latassified as ‘Seyfert class 1 galaxies’
(Syl) (Khachikian & Weedman 1974), while those without thbsoad lines were classed ‘Seyfert
class 2 galaxies’ (Sy2). Narrow-line emission lines werecdked in both classes of Seyfert galaxy.



Either these objects had different core structures, oethers something within the Sy1 obscuring
our view of the regions emitting the broad lines. More infation about their cores was required
to resolve these issues.

Over a decade later, radio observations began to flood inlsois of objects and in 1955,
the Third Cambridge Catalogue (3C; Edge et al. 1959) of radigces at 158 MHz was released
including observations of some of Seyfert's galaxies. Mus shortly followed by the revised
catalogue of 199 sources observed at 178 MHz (3CR; Bennéf)19Many of these previously
unresolved ‘radio stars’ were associated with externabges and star-like objects of high redshift,
known as quasars (Schmidt 1963). These radio interfergnaatalogues revealed extended struc-
tures for many of the radio sources and eventually led to &mlar so descriptions of extended
radio objects such as double-lobed and single-lobed, ¥eshand Y-shaped, bridged and plumed,
wide-angled and narrow-angled tail radio galaxies (LeahW#liams 1984). The properties of
these radio galaxies will be discussed further in Secti8rl1.

The quasi-stellar objects (QSOs) identified by Schmidt 81 9&d no detectable extended emis-
sion and appeared star-like except that their spectra shbwwad emission lines with a considerable
redshift suggesting ‘activity’ similar to Seyfert galasim the cores of distant galaxies. These QSOs
were subsequently classed as radio-loud (RLQs) and rad@-¢RQQs) quasars, depending on
whether they had nuclear (or extended) radio emission.h&B¢ quasars had optical broad-line and
narrow-line emission lines, strong optical continuum esiois dominated by a ‘big blue bump’ and
strong nuclear X-ray emission. In addition to RLQs, a cldssdable objects was also established
named Blazars, which included two subclasses: Opticalbevit Variable quasars (OVV), which
in addition to the lines and strong emission classicallypeisted with quasars, include an optical
component which can vary bxm ~ 0.1 mag in a time period as short as a day; and BL Lac objects
(named after the prototype of the class, BL Lacertae) whiish ave an optically varying compo-
nent, but without any optical lines (Antonucci & UlvestadBb9 and references therein). How these
point-like sources fitted in with the extended sources adobrguiet galaxies was a matter of great
debate for quite some time.

Meanwhile in the X-ray regime, the first cosmic X-ray sourBedrpius X-1) was discovered
(Giacconi et al. 1962), prompting the birth of X-ray astrong which developed over the next
decade from high atmosphere balloons carrying instrunteritee EINSTEINspace observatory in
1978. Observations of active galaxies in the X-ray regimreaka bright X-ray core, indicating the
presence of hot gas or, if non-thermal in origin, very ercgearticle acceleration in the central re-
gions of active galaxies (see Section 1.2). X-ray obseymathave proved to be vital in determining
the structure of active galaxies on all scales and will beudised in depth in Section 1.3.4.



1.2 Radiation Mechanisms

In order to determine what is causing the various obsematiproperties of active galaxies, it is
important to identify the radiation mechanisms at work drelwave bands in which we can detect
them.

1.2.1 Synchrotron Emission

Synchrotron emission is emitted from a relativistic, cleargarticle in a magnetic field. As it spirals
around the magnetic field, it undergoes centripetal acaiiber and loses energy at a rate given by
dE 4, B?

= __= S 1.1
i 3UTC’Y 2110 (1.1)

for a particle with a Lorentz factor of, which is related to the particle’s total energy By= ym.c?.
The magnetic field strength 8, o7 is the Thompson cross-section amglis the permeability of
the vacuum (e.g. Longair 1994).

An individual electron of mass:. and charge: in a uniform magnetic field, emits synchrotron
radiation over a broad range of frequencies, narrowly peaken critical frequencyy, given by
Longair (1994) as

(1.2)

In radio galaxies, we observe the synchrotron emission faopopulation of electrons with
a range of Lorentz factors. The loss time-scale for synobinoemitting particles is given by
E/(dE/dt), which is proportional tey~! (and E~!) so an X-ray emitting electron loses energy
~ 10° times faster than a radio-emitting electron and protons gi/an energy lose their energy
~ 10° times slower than electrons.

In the radio, the spectrum can often be approximated by aplamwe for this to be possible, the
electrons must also have a power-law distribution in endfgye therefore assume that the electron
energy spectrum is given by (E) = NoE~? in the rangeF,,,;, — Emqz, then the total emissivity
for the population emitting synchrotron radiation is givmn

Emagz Emaax
J(v) = /E - JW)N(B)E = /E  JW)NEPdE (1.3)

wherej(v) is the emissivity for a single electron, which is a functidreotical frequency. By sub-
stituting equations foE derived from Equation (1.2), and assuming that the synaimatpectrum
is narrowly peaked, we find that the total emissivity is delesr on the magnetic field strength and
the electron energy distribution:

p—1 _p+1

Jsyn(V) < Nov™ 2 B2 (1.4)
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Figure 1.1: Diagrams of the synchrotron emission (left) angrse-Compton emission (right)
mechanisms. The magnetic field lines are shown in a blue 8o&d the path of the electron in
dashed cyan, incident low-energy photons by the red wavétrenkigher-energy photons in yellow
wave.

In order to determine the effects of magnetic field strengthtae electron energy spectrum on
the synchrotron emission detected from the jets, lobes atgpbts of radio galaxies, we require
additional information as they cannot be separated usisgtie radio synchrotron emission, as
Equation (1.4) shows.

The shape of the synchrotron emission spectrum is ofteractaised by the spectral index,
which is defined in terms of the flux density(r) oc Sor~.

1.2.2 Inverse-Compton Scattering

Compton scattering occurs when a photon collides with agb@rand imparts some of its energy
to the particle. If the particle has sufficient energy alsedalle photon will gain energy from the

collision; this is inverse-Compton (iC) scattering. Théatistic particles in radio galaxies have
enough energy to up scatter photons to X-ray energies. sritiesis | am interested in iC scattering
within the lobes.

Within radio galaxies, there are many sources of photonshvhiay be scattered to X-ray
energies; the radio synchrotron photons (SSC: synchregtirCompton emission), the cosmic mi-
crowave background radiation (iC/CMB), photons from theted AGN (NIC: nuclear iC emission)
and starlight from the host galaxy (iC/SL: stellar iC emosgi The first two sources of scattered
light are relatively easy to calculate as the source photddsfiare close to isotropic with respect
to the electrons in the lobes. With NIC, the photons come famty the direction of the core so
the photon field is anisotropic with respect to the electiiartbe lobe, and with iC/SL, the photon
field is also anisotropic as the photon density at a partiqdaition within the lobe depends on the
distribution of the stellar population of the galaxy.

Following the discussion of Hardcastle et al. (1998), ing¢hse of SSC and iC/CMB, we can
assume an isotropic distribution of photons of enetggcattering off a population of relativistic



electrons which have the iC spectral emissivity given byiBkil& Lightman (1979):

3nesNorF(€;)

15
o (L5)

jiC(Vf) =

where N is the number density of electrorf$,is the photon number intensity(= n(e;)c/4m,
wheren(e;) is the photon number density); ande; are the initial and scattered photon energies
andf(z) = 2zIn(z) + = + 1 — 22° wherez = €7 /47%¢;.

If we further assume that the lobe is a sphere and thus uselti®nship between the average
photon density and the local photon production ratéBand & Grindlay 1985), we find that the
photon number density for synchrotron photons is

3 J(Vi)dlji

nssc(v)dv; = —R

1.
4c hVZ' ( 6)

whereR is the radius of the emitting region andv;) is the synchrotron emissivity at. The total
emissivity is then given by:

2,2 f(x)dv;dE @.7)

‘min )

9 Emaax Vmazx N E J v;
Jssc(vy) = 1—6m§c4ufaTR/ / M

Emin
where N (F) is the electron number density as a function of energy, whagles the form of a
power-law (Section 1.2.1).

The iC/CMB follows the same arguments where the photon nuadesity of the CMB photons

is given by

8rvldy;
nemp(vi)dv; = ——— (1.8)
A3(e* —1)

which leads to an total emissivity for the iC scattering of Blghotons of
Emaz /Vmaz N(E)VZ

JCMB(Vf) = 67ThmzC4VfO'T/ ho;
E 'min EQ(GW — 1)

f(x)dv;dE (1.9)

min

These expressions for iC scattering are the basis afythehcode designed by Hardcastle et al.
(1998) and used by me in Chapter 3 to estimate the change inatiafeld strength within the lobes
of 3C 353 required to produce the observed enhancement X-thg emission. This is possible as
iC scattering depends on the electron number density anomibte magnetic field strength.

The NIC and iC/SL radiation fields are anisotropic so are mmaohe complicated to calculate.
Brunetti et al. (1997) argue that there may be a significantritmtion to the extended X-ray emis-
sion from the iC scattering of IR-optical photons from a cahguasar by the low-energy electron
population. They derived expressions for anisotropic i@tscing of photons from a hidden quasar
and found that the first indication that this is a dominantsewf iC photons would be asymmetry
in the observed X-ray emission from the lobes; if the radiis aere inclined to the sky, the more
distant lobe would be more luminous. | have used the meth&wfetti et al. to model NIC in the
lobes in this work.



In order to estimate the starlight photon density, it is 8eaey to estimate the distribution of
various star spectral types, which can be done using olis@rahconstraints on the spectral energy
distribution (SED) for the host galaxy. Croston et al. (2088timated the starlight photon density
for Centaurus A (NGC 5128, hereafter Cen A) by deprojectimglf-band surface brightness of
van den Bergh (1976) and the method of Mellier & Mathez (198®7jind the photon density at
a given distance. They then defined a spectral energy distibfor the galaxy using previous
measurements and normalised it to thdand data. They could thus model iC scattered emissivity
for the starlight using theynchcode. These iC model predictions for the jet in Cen A, whicthés
object studied in Chapter 5, are shown in Figure 1.2 with ithhéd from observations in the radio
and X-ray (Hardcastle et al. 2007b; Goodger et al. 2010) a&wl(Aharonian et al. 2009). This plot
illustrates the contributions from each of the photon figtthe predicted iC X-ray emission and
TeV v-ray emission.
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Figure 1.2: Synchrotron and iC scattering flux predictioagdunction of frequency for the jet in

Cen A. Shown in black is the synchrotron emission, orang&shbe iC-scattered starlight. Blue
shows the iC scattered CMB and green is the synchrotrorCsatipton prediction (SSC). The red
data points are the radio and X-ray constraints on the epnigedbm the jet from Hardcastle et al.

(2007b); Goodger et al. (2010). The green bowtie is the Tedsuement from HESS (Aharonian
et al. 2009). The pink lines show the sensitivity curves ferrki (lower energy; after 1 year's

operation) and a reference design for the CTA (higher en&@iour exposure) (Hardcastle, private
communication).



1.2.3 Thermal Emission

In addition to the synchrotron radiation and iC scattering,also detect thermal emission from the
central regions of active galaxies and the hot intraclustedium. Thermal emission includes black-
body radiation, bremsstrahlung and line emission from thilistonal excitation and de-excitation
of heavy elements. These mechanisms are shown diagranaityaiticFigure 1.3.

Thermal bremsstrahlung is due to the random thermal motibparticles. In thermal equilib-
rium, the collisions between electrons and the Coulomb Héidns cause them to decelerate and
emit photons. The emissivity of the particles depends mainlthe particle density and less so on
the velocity, and therefore temperature. The emissivitg sihgle ion is given by:

327 27 1/2
ebrem(y) = 7?

2\ 1/2 e
Z2g(v, T, Z)ninemec®rs (n;e; > e T (1.10)

where Z is the charge of the emitting ions;. is the mass of an electron amd is the classical
electron radiusn. andn; are the number densities of the electrons and i@his the temperature
of the gask is the Boltzmann constant ads the Planck constant.

Whereas the synchrotron emission and iC scattering frorfetiteres investigated in this work
can be modelled by power laws, the thermal spectrum of a lsasgauch more complicated and re-
quires detailed models of the line emission processes.Lubhiaut this work, | have used two models
of the thermal emission (Figure 1.4ekal which combines bremsstrahlung emission with the line
emission from several heavy elements based on the work byeMewal. (1985, 1986) and Liedahl
et al. (1995), andpeg the Astrophysical Plasma Emission Code, which utilisesAktrophysical
Plasma Emission Database, and outputs plasma spectralswaldieh include di-electronic and
radiative recombination followed by cascades, as well dissiomal excitation and de-excitation,
two-photon emission, radiative recombination, and rgktic bremsstrahlung (Smith et al. 2001).
For consistency with previous work, | used tmekalthermal models for the majority of the work
in this thesis; however, in Chapter 6 | use tpecmodel as | aim to measure the temperatures to
the best that | can and tlemecmodel includes superior data on the energy transitionsinwttie
gas. Usingapeconly significantly affects the transitions at higher tengperes so our conclusions
would be unchanged by the slight differences between theskeis
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Figure 1.3: Diagrams of the bremsstrahlung emission meésmaieft) and line-excitation and de-

excitation (right). As in Figure 1.1, in the left panel thdlpaf the electron is shown by the dashed
cyan line, the incident low-energy photons is shown by tlitewave and the higher-energy X-ray
photon by the orange wave. In the right panel, the movemettteoklectron between the upper

energy level (pink) and the lower energy level (cyan) is siéwy the green lines.
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Figure 1.4: Thermal predictions for X-ray emission usingriekalmodel (left panel) and thapec
model (right panel). The data plotted is the MOStiandradata for NGC 533. The temperature of
the hot gas in this group is 1.21 keV, with a fixed Galactic absorption afy = 3.01 x 10?° cm!

and a redshift of = 0.0181.



1.3 Observational Constraints on the Structure of Active Géaxies

As discussed in Section 1.1, as technology advanced iregllifmcies from radio to gamma-ray, the
information on active galaxies increased until there wee#t aver a dozen classifications of active

galaxy.

Using the 3CR catalogue, Fanaroff & Riley classified raditaxjas according to their mor-
phology into those galaxies which were core-brightenedassed Fanaroff Riley class | (FRI) —
and those that were edge brightened — classed Fanaroff &deyg Il (FRII). Examples of these
classifications are shown in Figure 1.5. Fanaroff & Rileycdigred that the difference in morphol-
ogy was correlated with the luminosity; FRI hadigrg yrrr. < 5 x 102 WHz 'sr! and FRII
have higher luminosities. The FRI/FR Il dichotomy has bdendtandard split for the population
of radio galaxies for that past 40 years and so the discugsitre following sections uses these
classes. It has since been found that the FR I/FR Il luminasilit also depends on the host galaxy
magnitude (Ledlow & Owen 1996) and the environment (seei@edt5).

FRI

plume/lobe ¥

one-sided

,’45 two-sided
jets

hot spot

Figure 1.5: Examples of the two Fanaroff & Riley classes tiffagalaxies. 3C 31 (left) is classified
as class | and 3C 405 (Cygnus A; right) is a class Il radio galhmages were taken at the VLA in
1.4GHz.
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However, shortly afterwards Hine & Longair (1979) were sind the optical emission from
these 3CR radio galaxies and came up with a classificatie@nselsimilar to that of Seyfert galaxies,
dividing radio galaxies into those with weak and those witbrgy emission lines. Radio galaxies
with strong emission lines were defined as being class A {biglitation radio galaxies, HERGS),
which included galaxies with narrow-line emission (NLR@ga}l galaxies with broad-line emission
lines, stronger forbidden lines and weaker Fe Il lines (BISR@hose radio galaxies with weaker,
lower-excitation lines were defined as being class B (logitakion radio galaxies, LERGS). This
population split is discussed further in Section 1.4 as vegiire multi-frequency data to further
analyse these populations.

1.3.1 Radio Emission

At radio frequencies, we predominantly detect synchrogarission from the jets and from the
extended emission of radio galaxies and radio-loud quagaich indicates that the particles within
these features are moving relativistically. As the workis thesis focuses mainly on radio galaxies
and their environments, in this section | shall introduaedtandard model for radio galaxies and the
observational evidence for this picture, and then | shaktuls the observations in other frequency
bands and how they have contributed to the models of radexiges. The structures revealed in
different wave bands vary greatly so a multi-frequency apph to studying AGN is vital. To
emphasise this, Figure 1.6 shows our closest active ga@eny, A in radio, IR, optical, UV and
X-ray regimes.

Cores and Jets

The termcore refers to the central parsec-scale region, which is unvedoin most cases and
generally coincident with the centre of the host galaxy.it@aehertz radio frequencies, the spectrum
is inverted or flat withoe < 0 and is thought to be dominated by emission from the synabmetr
emitting, self-absorbed bases of jets. Observations otdne regions obtained using Very Long
Baseline Interferometer (VLBI) showed apparent supemanimotions in the small-scale jets of
active galaxies, which suggested highly relativistic jetenial at these scales affected by relativistic
beaming (e.g. Pearson 1996).

If we define the bulk relativistic Doppler factof) = 1/T'(1 — Scosf), then the observed
luminosity, S, Within a jet is enhanced or suppressed depending on theityetwidhe blob and
the viewing angleSy,ps = Se DP, WhereS,,,, is the emitted luminosity ang = 2 + o (« is the
synchrotron spectral index; Lind & Blandford 1985). If thielbis moving towards the observer,
then the luminosity is enhanced by this relativistic beajniand if it is moving away, then the
luminosity is suppressed (e.g. Phinney 1985). A changearDihppler factor due to a change in
the direction of motion or the velocity of the blob will affethe observed flux. These effects are
therefore discussed in Chapter 5 where | present work oretha Cen A.



Figure 1.6: Multi-frequency observations of Cen A. The ceitihage (top left) was taken at 1.4 GHz with the VLA in multiglenfigurations (A, B, BnC,
CnD). The optical image (top centre) was taken with the WiggdHmager at the MPG/ESO 2.2-m telescope at La Silla, Ql@ledit; ESO). The X-ray
image (top right) was taken witBhandraand shows low-energy X-rays in red, intermediate-energyayé in green and the highest-energy X-rays in blue -
(Kraft et al. 2003). The IR image (bottom left) was taken &y3n with Spitzer(Quillen et al. 2006) and the UV image (bottom right) is frorAIGEX.
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The larger scale jets of radio galaxies can be split into types (Bridle 1982; Bridle & Perley
1984). Type jets have wide opening anglgés £ 30°) and magnetic fields which lie perpendicular
to the jet axis. These jets are mostly found in FR Is where tireytypically two-sided and fade
with distance from the core. FRIIs generally have Type I$ j@hich are one-sided (Muxlow &
Garrington 1991) and extend to kpc scales with a brightespot on the jet side (Laing 1989). The
polarisation observations suggest that Type |l jets havgnmiic fields which lie parallel to the jet
axis and do not fade with distance. These jets are mosthyykaatd have a difference in brightness
of at least a factor of 4 between the jet and fainter couritdrje to relativistic beaming.

Both of these types of jet are highly relativistic at parseaies but at larger distances, the jets of
FR s are thought to decelerate to sub-relativistic, traitsspeeds; this is suggested by their two-
sided and symmetric nature on larger scales (Laing et aB)129likely reason for this deceleration
is entrainment of thermal particles from the environmentjrdtially laminar jet emerges from the
core, but downstream the region becomes turbulent regutinvelocity shear, entrainment and
deceleration of the fluid (e.g. Bicknell 1984; Laing & Bridk®02). The larger opening angles
of these Type jets, and their apparent brightening andhiaaiso supports these models of less
efficient energy transport in FRIs.

In these turbulent FR | jets, we often see compact regionsighiter material — knots — along
the jet that are also seen in the optical through to the X-egimme. The synchrotron loss timescales
are comparable to or shorter than the light-travel time ftbennucleus in these observation bands,
which suggests that these knots are regions of in situ p@edazeleration. This particle acceleration
affects the energy being transferred along the jet and mtddbe material. These knots are the
topic of interest in Chapter 5 where | present work which gtigates the temporal behaviour of
the knots in multiple frequencies to determine the partédeeleration mechanisms at work in the
jet knots of Cen A. One such particle acceleration mechamsraconfinement of the jet which
would cause brightening and flaring at the base of the jet §agders 1983), but compressions and
collisions with obstacles as well as impulsive particleadexation processes, such as magnetic field
reconnection, may also be active further along the jet.

The more powerful FR 1l jets, however, remain collimated mlomger and are much narrower,
which means that they are less well understood as they hdyerexently been resolved trans-
versely. Early results suggest that the jets are edge bright(e.g. Swain et al. 1998) but as they
remain relativistic (Hardcastle et al. 2009b), they areamttaining material like the FR | jets so can
transport energy efficiently to hotspots where they terteina

The hotspots are compact, flat-spectrun® (< a < 0.7) regions at the ‘working surface’ of
the jet (Blandford & Rees 1974). In higher resolution radi@ges, multiple components have been
detected in the hotspots with the jet terminating atphienary hotspot (Laing 1982). It has been
suggested that the oth&econdarnhotspots may be the result of a precessing jet where the daigon
hotspots are previous impacts (e.g. Blundell & Rawlings1d@® deflections of the primary impact
of off clouds or a previous cocoon wall (Lonsdale & BartheB&9Williams & Gull 1985).
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Extended Lobe Emission

The term ‘lobe’ is a broad term used to describe a variety ¢éreded radio emission. In the
Fanaroff-Riley classification, low-power FR | jets oftent Imot in all cases, disperse into extended,
diffuse linear regions called plumes; however, the jets RfiIRravel into the external medium,
pushing it outwards disrupting the surrounding gas andiegues cocoon to form around the jet,
which fills with synchrotron-emitting electrons.

As the lobes interact directly with the surrounding matettege structure of the lobes depends
on the environment and on the jet power. Where a plume bendg fram the jet axis, the lobe
is referred to as a tail. Objects called wide-angle tailoaghlaxies (WATSs) have twin, FR lI-style
(Type 11) jets that abruptly flare into long, often bent, plesmand tails. If these jets are light, the
shape of these tails may be due to the motion of the host aleclasvironment, as these are often
brightest cluster galaxies (Hardcastle et al. 2005). Nasaingle tail radio galaxies (NATS) are also
detected in clusters; however, the large proper motion @hibst galaxy means that ram pressure
exerted by the intracluster medium causes the lobes to hebbek behind the galaxy, away from
the direction of motion, so the radio galaxy may appear telunly one tail.

Between the lobes, close to the core, there may be a faiftisdifegion which fills the gap
between the lobes. This region is referred to &sidge Within the lobes and the bridge there may
also be poorly defined, diffuse regions within the low susflicightness regions which are referred
to ashaloes and in some cases the lobe material broadens away fromtthgigeand produces
wings Examples of these morphologies are shown in Figure 1.7.

We detect radio lobes via the synchrotron emission procedbes effects of magnetic field
strength and the distribution of the radiating particlergi@s cannot be separated. By assuming
that the energy density of each of these fields is the same guapagtition model — then we can
estimate the minimum total energy of the radio source (eeghly 1991). Assuming equal filling
factors in magnetic fields and radiating particles, eqiiamn is given by

B2 Emaz
— =(1+ n)/ EN(E)dE (1.12)
240 Eomin

wherek is the proton to electron ratio. Burbidge (1956) showed tiraminimum energy condition
is very close to the equipartition condition so assumingpagtition produces a reasonable estimate.
However, in order to test this assumption, we require inddpet measurements of the magnetic
field strength which cannot be made with just the radio systcbn emission. X-ray observations
of the lobes have proved vital to this problem and are digzigs Section 1.3.4.
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3C83.1B

narrow-angle
tail

~ wide-angle
tail

Figure 1.7: Examples of the different radio descriptionsdjgop left is 3C465, a wide-angle tailed
galaxy (WAT), top right is 3C83.1B, which is a narrow-angdiléd galaxy (NAT), bottom left is
3C452, which is a good example of a bridged galaxy, and botight is 3C403, which has wings
on both lobes and is thus described as a X-shaped radio galaxy
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1.3.2 UV and Optical Emission

The hosts of powerful radio galaxies are generally ellgitend giant elliptical galaxies, typically
residing in groups and clusters. The less powerful activaxigs, such as Seyfert galaxies, are
found in spiral galaxies suggesting that there is a link lretwthe host properties and the generation
of radio sources; despite having an AGN, only small radiduiess are typically detected in spiral
galaxies (e.g. HCG 6764; Hota & Saikia 2006; Croston et @8B); however, an FR | double radio
source has been detected in the spiral galaxy 0313—-192 ¢Kakl2006).

Studies of the host properties have shown that the hosts & F#d to be more optically
luminous that those of FRlls (Lilly & Prestage 1987; Owen &ng1989), which may indicate
higher dust extinction in FR lIs (Gonzalez-Serrano et a@3)9this might affect the fuelling of the
central AGN. Govoni et al. (2000) found that the ellipticalsks of AGN tend to be bluer than the
corresponding population of field elliptical galaxies, ahisuggest that the AGN host ellipticals
may be undergoing current or recent star formation. Thesieabgorrelations relating the host
properties to the AGN activity are consistent with a modekwmhgalaxy mergers trigger AGN
activity (Heckman et al. 1986). This is also supported byetraution of the global star formation
rate in the Universe (Madau et al. 1996) which shows a markadasity to the evolution of the
co-moving number density of powerful radio sources (Durfopeacock 1990), thus suggesting
that the triggering of quasar/jet activity is intimatelghkied with the evolution of the general galaxy
population. There are still many uncertainties concertimgnature of merger triggering such as
the types of merger or interaction involved and at what sthggets are triggered. It is also unclear
whether there are multiple radio outbursts as the galaxidd bp during mergers and ultimately,
how radio galaxies fit into the overall galaxy evolution misd& he study of circumnuclear starburst
regions has therefore become very important for determininether mergers are triggering AGN
activity and starbursts; however, due to the small scalésesfe starburst regions, removing the jet
and other activity-related components from the centralcapemission is difficult (see Tadhunter
et al. 2005, and references therein).

The strong spectral lines detected in Seyfert galaxies, BERILRGs and BLRGSs), and quasars
indicate that there are multiple regions emitting in ogtizands originating from the central few
parsecs of the AGN. The narrow lines have widths corresponidi several hundred kilometres per
second, suggesting an origin in a region of low-density gamswvever, the widths of the broad-line
emission lines indicate velocities of the orden6f kms~! and the lack of forbidden emission lines
suggests a much denser region where collisional de-excitat more likely than the spontaneous
de-excitation which produces forbidden lines (Rees et391Dumont et al. 1998; Ferland et al.
1992). These narrow-line and broad-line regions (NLR an&Béspectively) are within a few tens
of parsecs of the centre of the AGN, and are directly deteict€geyfert galaxies as they are not
dominated by jet-related synchrotron emission like monegrful radio galaxies.
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Observations of the environments of active galaxies shaw rore powerful radio galaxies
(FR1Is) prefer poorer clusters and lower power radio galsxiFR Is) prefer groups of galaxies
(Prestage & Peacock 1988; Hill & Lilly 1991). In either catieg likelihood of a galaxy merger is
higher than in the field. This is thought to explain why altbbwnearly all nearby galaxies have a
super-massive black hole (SMBH) in their cores, onlyl0% are active (Kormendy 2001). The
activity of SMBH may also be controlled by the availabilitf/fael; mergers can provide abundant
cold material that can be accreted as can cooling flows ingh&res of clusters and groups, but it
has been suggested that some active galaxies accrete hethiels is not supplied during merger
events (Allen et al. 2006; Hardcastle et al. 2007a; Tasseé 20@8). This is discussed further in
Section 1.4.3.

The mass of the central SMBH has been shown to tightly caereléth the stellar bulge com-
ponent of the host (e.g. Kormendy & Richstone 1995; FereaeMerritt 2000; Marconi & Hunt
2003), which suggest that the properties of the host andl&ok Ihole are linked. It has thus been
suggested that they co-evolve until either all the gas has bensumed (e.g. Archibald et al. 2002)
or the central AGN is powerful enough to drive the remainiag gut of the galaxy (e.g. Silk & Rees
1998; Fabian 1999). Using the Sloan Digital Sky Survey (SPB8st et al. (2005) confirmed these
relationships and determined that although the fractioacti’e AGN is related to the stellar and
black hole masses, the dominant mechanism for triggeriny AGivity is mergers and interactions
between galaxies, which are more common in groups and posiecs.

Although we do not detect lobe emission from active galaiexptical wave bands, optical jets
have been known for nearly a hundred years; the jet in M 87 wstsdétected before it was even
identified as a galaxy (Curtis 1918). Other bright optic#s jeave been discovered with ground-
based observations (3C273; Greenstein & Schmidt (1964H6BCButcher et al. (1980)), but since
the launch of thédubble Space TelescodST), ~ 40 more optical jets have been detected (Jester
2003). The multi-band detections suggest that we are degeaptical synchrotron emission with
an optical spectral index of 0.6 — 1.6 (Stawarz et al. 2003)ickvindicates a spectral break (as
aopt > 0uqq). The length of optical jets of FRIs is generally much shottan those of FRIIs
(Butcher et al. 1980; Stawarz et al. 2003) but they are aljdorthan the light travel times of the
optical synchrotron emitting electrons, which gives fertsupport to a model involving an in situ
reacceleration process along the jet.

Observations in the ultraviolet band are difficult so thindas not often used in studies of
AGN. As mergers are thought to trigger activity within the REUJV bright galaxies may indicate
increased star formation from a merger, but this does notddiately identify the galaxy as an
AGN.
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1.3.3 Infra-rad Emission

Early infra-red (IR) observations of active galaxies fai®n optically selected Seyfert galaxies
and revealed an excess referred to as the ‘infra-red bumghieise objects (Harper & Low 1973;

Telesco & Harper 1980). High resolution IR imaging of thetcalkpc of active galaxies has since
revealed that this central emission is likely due to therttedremission of dust from central disks
in many AGN (e.g. Brookes et al. 2006). Only in the radio-l@adirces have non-thermal infra-red
emission been detected at kpc-scale distances from thethizrevas quickly associated with the jet
synchrotron emission (Edelson & Malkan 1986). The centaafier-scale dust disks are likely due
to recent mergers; the kpc-scale disk in Cen A is attribubetie collision between a small gas-rich
spiral and a larger elliptical galaxy (Baade & Minkowski #9®uillen et al. 2006).

The IR emission from more distant AGN is likely from the uroled core but is thought
to be contaminated with non-thermal synchrotron IR from jitebases. The dust also absorbs
large amounts of light from the central AGN reducing theipa@nt brightness. By comparing the
IR emission to other core related emission (in Optical, UM ¥aray), Cleary et al. (2007) and
Hardcastle et al. (2009b) have shown that the IR luminosityoirrelated with the total and core
radio emission and that BLRGs lie above this correlationldBRGs lie below, which suggests that
the non-thermal emission is more important in BLRGs thanliR$s and LERGs. Hardcastle et al.
(2009b) also compared the IR emission with the X-ray emmsa®the IR can tell us the luminosity
of a heavily obscured AGN. This is discussed further in thd section.

1.3.4 X-ray Emission

Many active galaxies are hosted by galaxies in clusters empg, the X-ray picture of many radio
galaxies is dominated by thermal emission from hot gas irsylséeem. The hot gas emits thermal
bremsstrahlung and line emission, which can be fitted usiagrtodels discussed in Section 1.2.3.
The early detections of this hot environment and the coaeding pressure measurements, allowed
estimates of the internal lobe pressure to be made by asgymassure balance (e.g. Worrall &
Birkinshaw 2000; Hardcastle & Worrall 2000). However, theseasurements may be overestimated
by a order of magnitude due to iC scattering (e.g. Brunettlef999). The difference in these
estimates of the internal lobe pressure could arise fronpartlere from the equipartition condition
or from a dominant relativistic population of protons. Eerbbservations suggested that the lobes
iC scatter photons from the CMB (Feigelson et al. 1995; Tas#tial. 1998, 2001; Hardcastle et al.
2002a; Isobe et al. 2002), the synchrotron emitted photams the electron population (Hardcastle
et al. 2002a) and to a lesser extent, photons from the nu¢Bumetti et al. 1997) into the X-
ray regime so that the contribution of this X-ray emissios t@be excluded while measuring the
external environment pressures. This was later confirméi thvé superior sensitivity and spatial
resolution ofChandra
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Basic physics principles dictate that as an FRI jet pushtesthe environment at supersonic
speeds, the ram pressure of the external environment pbslksnaintaining a balance; however,
the transverse expansion of the lobes is not so clear. Asideddy Scheuer (1974), if the lobes are
overpressured with respect to the environment, the trassexpansion would be controlled by the
pressure difference; this expansion could be supersodievanld then produce a bow shock around
the source (Model A by Scheuer 1974)). If the lobe is in presbalance with the environment, then
the transverse expansion will be subsonic while the lingpaesion may continue supersonically
(Model C). In order to distinguish between these lobe exjpansodels we need to understand
more about the particle content and the behaviour of theslobe

Bright X-ray thermal emission has been detected from thegdd the radio lobes in Cen A
(Croston et al. 2009) and NGC 3801 (Croston et al. 2007), hvhidicates shock heating of the
gas surrounding the radio lobes. In Cen A, we also detecthsgtron emission due to the linear
expansion of the inner south-west lobe accelerating thresnding gas to X-ray emitting energies.

As suggested in Section 1.2, the radio synchrotron emissidrithe X-ray iC emission can be
used to constrain the electron energy distribution and mtégfield strengths. We can also use
these constraints to test the equipartition condition Gusithg the magnetic field strength of the
models until the predicted X-ray emission agrees with thea)Xobservations. This technique is
used with the emission from 3C 353 in Chapter 3 and was useddstdh et al. (2005b) to estimate
the magnetic field strengths of FRI radio galaxies and gasBhey show that the majority are
close to equipartition or slightly electron dominated.

The external pressures of the intracluster medium can leerdeted from the surface brightness
profile and an estimate of the temperature of the group oterlag galaxies, which can in turn be
converted into density, pressure and entropy profiles (segdd 1.5). If the external pressures are
greater than the internal ones, then we would not see exdestdectures as their expansion would
be suppressed and they would collapse. This suggests éhktttbs are either in pressure balance
or overpressured with respect to the environment. The ésgexffect of an AGN on other gas
properties is discussed in Section 1.5.

The jet knots discussed in Section 1.3.4, also emit synahra@mission in X-rays, which sug-
gest that they are also regions of in situ particle accetaratAlthough offsets have been detected
between the radio and X-ray knots of distant radio galaatsibuted to downstream advection
of synchrotron emitting electrons, higher resolution ocaitihages show that there are radio coun-
terparts which are unresolved in previous images (Harldcastl. 2003). The fact that we detect
X-ray synchrotron emission from these regions indicated these are areas of current particle
acceleration as the synchrotron loss timescales are oftiee of tens of years. The particle accel-
eration mechanisms that could accelerate particles te thesy emitting energies are investigated
in Chapter 5.
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We also detect X-rays from the central regions of activexgasaas a bright point source and
it is the X-ray spectrum from these core regions that difféeees AGN from star-burst galaxies.
This X-ray emission is due to non-thermal emission from &te and from a corona of hot electrons
(e.g. Shapiro et al. 1976; Sunyaev & Truemper 1979). In rgdiet active galaxies, we detect only
the corona-related X-ray emission, whereas in LERGs, we detlect the jet-related emission. We
can also detected absorbed X-ray emission from obscured, MBbre the corona-related emission
is absorbed and we detect the jet-related emission onlympbkes of the spectra of radio galaxies
with and without the central absorbed component are showigure 1.8.

By comparing the absorbed and unabsorbed components ef Xaemy cores with the central
emission in radio, optical and IR (see Section 1.3.3), Hastle et al. (2009b) have shown that the
galaxies with absorbed components tend to be associatbdheiradio bright NLRGs and BLRGs
whereas those without the absorbed hard X-ray componeasaoeiated with low-excitation radio
galaxies. This also suggests that the jet origin is outsidkeotorus (Hardcastle et al. 2006a). The
implications of these properties are discussed in Sectibi3.1
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Figure 1.8: Examples of the X-ray spectra of a low-excitatadio galaxy (LERG; left panel) and a
narrow-line, high-excitation radio galaxy (NLRG; rightrpa). The additional absorbed component
in the NLRG indicates the presence of the torus.
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1.3.5 Gamma-ray Emission

Astronomy in they-ray regime is only now being realised so that there arefeay detections
of AGN. The Fermi Large Area Telescope (LAT) has detected high-energy (MeV/Gy-rays
from M87 (Abdo et al. 2009) and from the giant radio lobes oh@e(Cheung & Fermi-LAT col-
laboration 2010), and more recently, the H.E.S.S. (Highrgin&tereoscopic System) experiment
(Aharonian et al. 2006), has detected very high energy (VHB) y-rays from M87 (Aharonian
et al. 2003, 2006) and from Cen A (Aharonian et al. 2009). hHasvever, unclear where exactly
thesey-rays originate.

Hardcastle et al. (2009a) us&dMAP 408 MHz — 90 GHz radio data to constrain the high-
frequency radio spectra of the giant lobes of Cen A, whicbvad them to estimate the TeV iC
emission from the lobes. They show that TeV emission is akBiy from the northern lobe as
the emission is best fit with a continuous injection modet thaves the maximum energy of the
emitting particles unconstrained. The Fermi-LAT Colladian (2010) resolved TeV emission from
the giant lobes of Cen A which they interpreted as iC scattegéic radiation from the CMB and
IR-Optical extragalactic background light (EBL) at higlegrergies (Georganopoulos et al. 2008).

Several other possible mechanisms have been proposedfpratiuction of VHEy-rays, par-
ticularly in Cen A. Kraft et al. (2001) have detected morentl#290 X-ray point sources in the
vicinity of Cen A, but source ensembles, such as the sum afah&ibutions from supernova rem-
nants (SNRs) or planetary nebula (PNe), require an untieatismber of sources to produgerays
(Aharonian et al. 2009). Hadronic models (Reimer et al. 26Qgjgested that the protons of
andz* created in the inner jet could emit synchrotron radiatiothese energies, and Stawarz et all.
(2006) suggested that created in the immediate vicinity of the SMBH might iC scatteclear
starlight photons to theseray energies. Both of these models are consistent with E®@%idetec-
tion. Another suggestion is that the particles in the shddke southwest inner radio lobe, or in
the kpc-scale jet, that are accelerated to the TeV energikthat emit X-ray synchrotron radiation
could be iC scattering photons into theay regime (Croston et al. 2009).

1.3.6 Summary of Active Galaxy Characteristics

In Section 1.3 | have presented the observational evidesrcehé features associated with active
galaxies and here | summarise the current picture of actilexies and the outstanding questions
that are relevant to this thesis.
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The Central AGN

The central AGN consists of a SMBH of mass greater thaM, (Woltjer 1959), which radiates

vast amounts of energy as it efficiently accretes materialpéder 1964; Lynden-Bell 1969). The
accreted material may form a disk (e.g. Shapiro et al. 19T8y&ev & Truemper 1979), or it

may accrete directly onto the SMBH (Bondi accretion; Bor@ghd). The jets, if present, probably
originate at or near the SMBH although the precise mechaigamot well understood. The jets
radiate via iC scattering of the nuclear photons as well aghbysynchrotron emission process.
Synchrotron and iC emission mechanisms were discussedctiofd.2. We also detect a corona
of hot gas close to the SMBH that Compton scatters opticall@ntliclear photons into the X-ray

regime.

Centralised Cold Structures

Surrounding the central engine, there may be a torus ofatihick, neutral gas and dust normally
at the same orientation as the accretion disk. Tori are géyeseen in IR due to thermal emission
by the gas and dust; however, the absorption of soft X-rayogtidal emission also reveals dusty
disks (see Figure 1.6).

In AGN with accretion disks and tori, between them lies theablrline region (BLR), a collec-
tion of gas clouds, highly ionised in the inner reaches arallow-ionisation state further out, and
surrounding the torus is the narrow-line region (NLR); thesgions are discussed in Section 1.3.2
and are inferred from optical spectra. These gas cloudstamipnised by high-energy photons
from the accretion disk. All these features exist within teatral few parsecs of some AGN, but
not all (see Section 1.4.3); these features consist of calémal and thus indicate accretion of cold
gas.

Jets

We do not see jets in all active galaxies; however those tteatlatected can broadly be classed
as low-powered, FR I-type jets that decelerate as they nmieethe surrounding gas and entrain
material, and more powerful, FR lI-type jets that do not dete (see Section 1.3.1). FRI-type
jets tend to be turbulent, with knots of bright material whtre jet plasma is re-accelerated. Knots
are less often seen in FR lI-type jets; they are generalitdaiso less is known about these knots.
The specific particle acceleration mechanisms that prothuese jet knots are unclear, although
there are plenty of suggestions. Impulsive particle acattsn mechanisms such as small-scale
magnetic field reconnection would cause short-lived flaghget knots. In Chapter 5 | also inves-
tigate longer-lived particle acceleration mechanism$1agadiabatic compression, shocks due to
collisions between the jet material and an obstacle such@bR#dyet stars or molecular clouds
(Hardcastle et al. 2003), reconfinement of the jet plasnga &anders 1983) and enhancements due
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purely to relativistic beaming. The confinement mechanignite jet itself is not well understood
but these issues are beyond the scope of this thesis.

At the end of the jets in FR lI-type jets, we observe bright $ymits, which are likely the result
of the jet encountering the wall of cocoon produced durirgekpansion. There have been various
mechanisms proposed for the location and number of hot dptésted including a precessing beam
and deflections off clouds in the area (Lonsdale & Barthelb198illiams & Gull 1985).

Lobes

The appearance of the lobes is largely due to the power ofthengd the environment into which
it is expanding. The expansion is generally subsonic as emaway from the core, remaining in
pressure balance with the environment. In FR I lobes, thedaare generally in pressure balance
or overpressured so the expansion heats the surroundintf fesexpansion is supersonic, such as
in Cen A, it can cause a strong shock (Croston et al. 2009)RIhlébes, the shape of the lobes is
generally dependent on the interaction with the environtmesulting in more diffuse, plume-like
lobes. The models for the expansion of the lobes depend ymainthe minimum energy condition,
which is often approximated by the equipartition conditisa the energy densities of the magnetic
fields and particles within the lobes are important fact@mston et al. (2005b) found that the lobes
in 70% of the 33 classical double radio galaxies and quagsdtseir sample were in equipartition
or slightly electron dominated. However, in FRI lobes, theeinal pressure due to relativistic
electrons is insufficient to balance the external pressMi@rdanti et al. 1988; Hardcastle et al.
1998). The most plausible origin of the required additiangrnal pressure is either material that
has been entrained and heated, or magnetic dominance atthéCroston et al. 2003, 2008a). In
Chapter 3 | examine the emission from the lobes of the FR liceo8C 353 to determine whether
this source is in equipartition and also whether the emissialependent on the magnetic field, the
particle energy, or both.

Within the lobes we see filamentary structures that sughasthe lobe material is not uniformly
distributed throughout the lobes [e.g. Fornax A (Ekers e1@83; Fomalont et al. 1989); Hercules
A (Dreher & Feigelson 1984); and Cygnus A (Perley et al. 1p8#)n example of the filamentary
structure seen in 3C 310 is shown in Figure 1.9. These stegtmay be due to projection effects,
where a denser, brighter string of material is seen as ataighout the features of the lobe material
that cause this enhancement is not well understood. In €hdptuse the radio and X-ray emission
from different regions of the lobes to determine whetherahmssion is related and | test whether
the emission can be produced using models where the elestrengy density and the magnetic
field change by different amounts.
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Figure 1.9: Radio image of 3C 310 showing filamentary lobacstire.

1.4 Unification of Active Galaxies

As already discussed, AGN have a variety of characteristias allow us to classify them based
on their radio morphology and broad-band spectra. Initiginapts to combine these objects into a
single unified model started with a model by Scheuer & ReatlKE279) where they argued radio-
quiet QSOs and flat-spectrum radio quasars were the sama,gbf viewed at different angles.
However, the common occurrence of low-brightness emissionounding flat-spectrum quasars
means this picture is not viable as the unaligned quasarsdwmi be radio-quiet (Perley et al.
1980). Orr & Browne (1982) went further and linked core-doated and lobe-dominated radio-
loud quasars (CDRLQs and LDRLQSs) also using projection aadkffects of relativistic beaming.
They showed that observing a quasar directly down the jetitesbin a core-dominated, radio-
loud quasar with a flat spectrum. Quasars observed at argthe fet axis would thus be classed
as lobe-dominated, steep-spectrum, radio-loud quasamscutrently, Antonucci & Miller (1985)
were developing a model for Seyfert galaxies suggesting3iia and Sy2 galaxies have the same
structures and that the observed differences are due totemalgpthick disk obscuring the broad-
line emission lines in Sy2 objects. This also required anraent for the viewing angle determining
whether the disk obscured all of the BLR emission. These tsadaunification were the first steps
towards radio galaxy and quasar unified models using thedihgeangle and relativistic beaming
to group objects (Barthel 1989). Eventually these modetdved to a scheme where the central
AGN is a consistent feature with additional features, suslaccretion disks, tori and jets due to
environment and accretion modes.
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1.4.1 Radio Loudness

The population of AGN can be split into radio-loud and radiget active galaxies depending on
their luminosity at 1.4 GHz (greater or less thanl0>®> WHz !, e.g. Sadler et al. 2002). At lower

luminosities, the radio source population is dominated tmyssion from other sources such as
star-burst galaxies although there are still some AGN. Tdlaxies presented in this thesis are all
radio-loud by this definition.

The presence of a powerful jet is believed to be the causeioifiit and although samples
of active galaxies can become contaminated with star-lyaistxies, the radio brightness and jet
power should be a continuum down to a limit determined whigeegilaxy is no longer active and,
as discussed in Section 1.3.2, this activity is dependeth@host and the large-scale environment.

1.4.2 Fanaroff-Riley Subclasses

The Fanaroff-Riley dichotomy describes the morphologitiffiérences between galaxies, which are
related to the jet power but not directly to the structurehaf tentral AGN. It is more likely that
the behaviour of the extended lobe emission is dependeriteohdst and large-scale environment
(Bicknell 1995). This is supported by a correlation betwtenFR I/FR 11 divide in luminosity and
the optical luminosity so that this FRI/FR Il luminosity &gk closely linked to the break in the
radio luminosity function (RLF) (Ledlow & Owen 1996).

The majority of the early work on the RLF focused on its eviolutand the contributions from
starburst galaxies, and flat and steep-spectrum objeatks@a & Wall 1999). However, Kaiser &
Best (2007) considered the FR classes which include bothrfthsteep-spectrum objects and used
dynamical models (e.g. Falle 1991; Kaiser & Alexander 129% the synchrotron emission from
the radio lobes of FR 1l sources (Kaiser et al. 1997; Blundell. 1999; Manolakou & Kirk 2002)
to develop a model which unifies FR lls with the ‘standardbtient FR Is by suggesting that all
objects have an FR I (Type Il) jet in their centres, whichdkawhen it reaches a lower density point
in the environment and undergoes reconfinement of the j&RIls, the weaker jet reaches pressure
balance and the dense external material replaces the |aeeimhaeventually reaching the jet flow,
at which point, the jet becomes unstable and turbulentigegntraining material and expands into
the extended linear plumes. In FRIs, the jets are stronggittaus maintain relativistic speeds and
continue to be overpressured, thus protecting the jet flomfthe ambient material. These lobes
eventually reach a pressure balance but by then have adhiegevell known rounded shape of
classic FRII lobes. Kaiser & Best also calculated the lingitiet power Q,,;, = 3.3 x 1037 W),
which is consistent with the dividing line for the FR clastmsnd by Rawlings & Saunders (1991).

Although most FR Is have low-excitation optical spectra Hrelmajority of FR IIs have high-
excitation optical spectra, there are also low-excitai@tlls (e.g. Jackson & Rawlings 1997; Chi-
aberge et al. 2002; Hardcastle et al. 2004) and high-ekmitdR Is (e.g. Blundell & Rawlings
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2001). This suggests that although the large-scale lobetste can adequately be explained as due
to the jet power and environment, it is still clear that thisra more physical difference in the core
AGN of some active galaxies.

1.4.3 High and Low Excitation Galaxies

If active galaxies are divided up into those with and withbigh-excitation emission lines, the
story of their evolution and the similarities in their sttues becomes more elegant. As mentioned
in Section 1.3, Hine & Longair (1979) defined two classes divacgalaxy, those with ‘weak’
line emission (low-excitation radio galaxies; LERGSs) ahdse with ‘strong’ emission lines (high-
excitation radio galaxies; HERGS).

The presence of high-excitation emission lines in HERGgatds the presence of BLRs and
NLRs in these objects and the absorbed X-ray emission stgggesretion disks too. In order for
these features to be present, the SMBH must be efficientlseticg cold material T ~ 1000 K)
from a relatively thin accretion disk (Hardcastle et al. 280 If the HERG has a jet, then we
detect NLRGs, BLRGs and Quasars at increasing viewing angle if there is only a weak jet,
we detect Sy2 then Syls as the angle increases. The standddd fior accretion in these objects
is that angular momentum is lost through viscosity, whigelit produces energy that is radiated
away in a quasi-blackbody spectrum that peaks in the ofitivabands (Shakura & Sunyaev 1973).
The OVV objects also fit into this unification scheme as beaowed-dominated radio-loud quasars
(CDRLQSs) which are optically varying (Urry & Padovani 1995)

The lack of strong emission lines in LERGSs suggests thattheotlhave BLRs or NLRs within
their cores and their unabsorbed X-ray spectra and lackrofiggtmid-IR emission suggest they
have no tori or accretion disks either (Hardcastle et al9BpOHardcastle et al. suggest that the
unabsorbed X-ray emission as well as the strongly cortlaptical and radio emission indicate a
jet origin. They go further to suggest that the lack of stutetin the core of LERGs could be due to
accretion of hot gas; if the accreting material is hot, thendisk would be geometrically thick to the
extent that it would be almost spherical around the SMBH aodle&vBondi accrete onto the SMBH
(Hardcastle et al. 2007a). Hardcastle et al. also showddhbadNLRGs (and by association the
BLRGs and RLQs) cannot be fuelled in this manner. This is istest with models of advection-
dominated accretion flows (ADAFs) where the energy genérdiugh the viscous nature of the
accreting material is advected rather than radiated awaighwsuggests that LERGs should be less
luminous than the HERGs counterparts (Narayan 2005). Toiglgm with this model is that the
hot gas would be cooling radiatively which might result irhantdisk of cold material around the
SMBH as well, which would lead to the formation of structuvelsich are not seen. The BL Lac
objects also fit into this picture as the beamed LERG popmrigtBrowne 1983; Urry & Padovani
1995).
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This picture is also supported by Baldi & Capetti (2008) whpared UV and optical emission
to detect evidence of recent star formation. They foundexdd of recent star formation in HERGs
but not in LERGSs suggesting that recent mergers have tegigstar formation and power the AGN
by supplying cold gas. This is also the conclusion of work lrivért et al. (2010) who compared
the4000A break strength of radio galaxieszat- 0.5. They found that the LERGs and HERGs have
different star-formation histories, with LERGs having midence for recent, cold-gas-powered star

b CD RLQ, OWV

formation.

Central
SMBH

Figure 1.10: Diagram showing the features of AGN and the eatifin of radio-loud HERGs and
radio-quiet active galaxies by viewing angle. LERGs areghatwn as their structure suggests that
they do not contain a torus, NLR, BLR or central accretiok dis
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1.5 Environments of Radio Galaxies: Groups and Clusters

The division between defining a group and a cluster is a vageebat generally a group has less
than 50 member galaxies within a diameter of 1 — 2 Mpc, whilsstelrs have many more (up to
~ 1000) members and have typical sizes of 3 — 4 Mpc (Sarazin 1986).

In addition to the member galaxies, groups and clusters Gavabundance of hot intergalactic
gas at temperatures af)” — 108 K; clusters tend to have temperatureskd® > 2.0keV (' ~
2.3 x 107 K). This intracluster medium (ICM) is detected in the X-raytaermal bremsstrahlung
and atomic line emission. The ICM also Compton scatters thid Go that clusters are seen as
shadows in CMB maps through the Sunyaev-Zel'dovich (SZ3af{see Carlstrom et al. (2002)
for a review). The velocities of the galaxies within the systare in the range 800 — 1000 km's
suggesting that there is also a large amount of dark matthinagroups and clusters giving the
system a mass d0'4 to 10'° M.

In the X-ray regime, the surface brightness of these syspaaks in the centre and decreases
with radius. Traditionally, a hydrostatic isothermal mbtlas been used to describe the surface
brightness profile, assuming that both the hot gas and tlexigal are in hydrostatic equilibrium
and isothermal. The model is defined in gas densitlay (e.g. Birkinshaw & Worrall 1993) as

2\ —36/2
n(r) = ng <1 + ﬁ) (1.13)

(&)
wherer, is the core radius and, in isothermal systems, is the ratio of the specific energhehot
gas;
B = vmyo? [kTyas (1.14)

wherev is the mean molecular weight;, is the mass of a protom, is the one-dimensional velocity
dispersion, and, is the temperature of the intergroup medium. In non-isotiaisystems3 is
just a measure of the slope of the density profile at large. radi

In some cases, the gas density profile may be complex so afmojgoubles model is required
(Croston et al. 2008a), which is defined as the projecteddfreght sum of two3 models in gas

7"2 7318177,/2 7"2 7318/2
Lt TN <1+ﬁ> (1.15)

whereN is the relative normalisation of the twbmodels. In clusters, where the velocity dispersion

density:

n(r) =ng

is relatively high, there can be some change in the temperatithout significantly changing the
shape of the surface brightness profile; however, in grotiygsgas must be fairly isothermal for
the 8 model to be a good fit. Several other models also provide adediis to the real data, in
particular fitting centrally peaked profiles. These incleddoubleg model, which consists of a
6 model forr < r.,; and another for > r.,; with normalisations ang values that assure the
gas density is continuous (Pratt & Arnaud 2002), a modifieabtis model (the KBB model by
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Pratt & Arnaud 2002), which includes the factpthat determines the degree to which the profile
is peaked, and a modified singlemodel (the AB model by Pratt & Arnaud 2002) that is able to
fit central cusps; instead of thg, factor in Equation (1.13), the normalisationAsr /r.)~®. The
complicated structures in the density profiles due to asjitbubbles or shocks within the hot gas,
will reduce the quality of the fit but some models can imprdwefit to the central structures as can
deprojecting the profile (Croston et al. 2006).

Observations of the temperature profiles of the hot gas igettsystems show that in many
of these systems, the temperature drops at large radii agddrop towards the core, so that an
isothermal model is not a good representation. Howevergitansider a point,..; at which the
cooling time, t...;, is the same as the age of the systeég,then the weight of the gas at larger
radii is balanced by the thermal pressure of the gas withim rddius. As the gas radiates by
thermal bremsstrahlung, the central gas cools. To maiti@&rpressure balance at,,;, the gas
density within this radius must increase resulting in a fldwnaterial inwards. This is a cooling
flow and this picture is largely consistent with the obsertemperature profiles; however, the
central temperatures are only a factor of 2 — 3 less thangadaadii (Allen et al. 2001; Vikhlinin
et al. 2005). The X-ray surface brightness profiles obsewidd ROSATwere highly peaked with
steep temperature gradients towards the centre, whichampl higher rate of cooling that was
inconsistent with the mass deposition rates for colder ggsired to produce the observed star
formation and line emission (see Fabian 1994, and refesetiegein). Later observations with
Chandraand XMM-Newtonshowed that the cold gas mass deposition rates were oveast
in the earlier results and that the minimum temperature efntlulti-phase gas within the cluster
appears to only cool to approximately 1/3 of the outer clusenperatures; the emission lines
expected from cooling through lower temperatures are ren ge.g. Peterson et al. 2003; Sakelliou
et al. 2002).

Most groups and clusters are dominated by a central ‘brsglteister galaxy’ (BCG) which

is typically a giant elliptical, but some have several laggdaxies in the core, which may in the
future coalesce into a massive BCG. In models of hierartimiaxy formation (e.g. White & Rees
1978), eventually all the galaxies in the group or clusteulaoalesce into a high-luminosity,
super-massive galaxy. In this scenario, the galaxies fon@rwgas condenses at the centre of dark
matter haloes. The main problem with this theory is thatédpsts a broad halo mass distribution
that, given a constant mass-to-light ratio, would producgenhigh- and low-luminosity galaxies
than are observed as shown in the luminosity function inteidull (Croton et al. 2006).

One solution to explain the lack of super-massive galasiss, provides a explanation for cool
cores detected in the X-ray gas, only cooling to 1/3 of theptemrature of the outer regions. If there
is an active galaxy within the central regions of the grouploster, AGN feedback could heat the
gas within the centre preventing it reaching cold tempeestand also quenching star formation, as
the gas would not be able to cool enough to condense inta gt&MN feedback could thus explain
the lack of high-luminosity, high-mass galaxies (Crotoraket2006; Bower et al. 2006). At the
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other end of the scale, feedback from supernovae may beetiteegpough to explain the lack of
low-luminosity, low-mass galaxies by expelling the intdertic gas from smaller galaxies and thus
qguenching their star formation (Benson et al. 2003).

The presence of an AGN in the centre of the group or clustanldraiso affect other gas prop-
erties such as the entropy. Entropy determines the steiofuthe IGM and records the thermody-
namic history of the system’s gas, so an AGN in the centre efgttoup or cluster may therefore
explain the observed excess entropy of the gas (Ponman E898). A radio-loud AGN in the
centre of a group or cluster could transfer energy from thre tm radii of a few Mpc, steepening
the entropy profile, and multiple periods of activity woulttamulate energy to the levels detected,
thus increasing the entropy beyond the predictions of srhj@rarchical formation and evolution.
As discussed in the review of clusters by Voit (2005), theayt of a system is defined as

T
K= Lz (1.16)
73
HmpPg

The quantityK is the constant of proportionality in the equation of state- K pf,/ ® for an adiabatic
monatomic gas and is directly related to the standard thdymamic entropy per particles =
kgInK3/2 + s, wheres is a constant that depends only on fundamental constanthamdixture

of particle masses. The gas density and temperature prafiethus manifestations of the entropy
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Figure 1.11: Galaxy luminosity functions in tike(left) andb; (right) photometric bands, plotted

with and without radio mode feedback (solid and long-dadiveb respectively) as modelled by
Croton et al. (2006). Symbols indicate observational tsdoy Cole et al. (2001), Huang et al.
(2003) and Norberg et al. (2002) as listed in each panel. #audsed by Croton et al., the inclusion
of AGN heating produces a good fit to the data; without thigihgasource their model over predicts
the luminosities of massive galaxies by about two magngualed fails to reproduce the sharp
bright-end cut-offs in the observed luminosity functions.
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distribution of the system. As high entropy gas floats andémiropy gas sinks in the system, the
entropy directly affects the structure of the IGM.

If the material is accreting smoothly, then the entropy géépends on whether the material
is preheated as it crosses an ‘entropy shock’ into the clustehe material is cold the gain is
just due to the entropy shock, but if the material is hot, tti@re is also a component related to
the preheating of the material (e.g. Knight & Ponman 1997%zT& Norman 2001). Following
the arguments of Voit (2005), in the first case, the entropfilerdepends on the mass accretion
history and the profiles should be self similar with respecktg, which is where the entropy is
200 times the critical entropy of the Universe. If the matkis hot, then the profiles break from
self-similarity and the core is isentropic. In reality theterial is accreted in lumps of different
densities, not smoothly, so the lumps mix with the ICM of thaimhalo resulting in a complex
shell of shocks as the material falls into the cluster. H@wvemumerical simulations produce self-
similar entropy profiles as expected from the scaling prigof hierarchical structure formation
(Navarro et al. 1995; Kaiser 1986).

In keeping with the temperature and density profiles, theopgitdistribution decreases towards
the core; however, the profile is flatter than expected fdrselilar clusters (Voit & Ponman 2003).
This supports AGN heating in the central regions. HoweesgntChandraobservations of groups,
suggest that AGN heating is at kpc distances from the coherdahan from the very core; Jetha
et al. (2007) found no difference in the central entropy pesfof radio-loud and radio-quiet groups
and we would expect an isentropic core at the level of theopwtfloor in radio-loud groups with
heating. The entropy floor level is thought to be due to prtihg; non-gravitational heating of the
ICM prior to cluster collapse (Ponman et al. 1999).

Although other mechanisms are capable of transferringcsefii energy to the cluster gas to
counterbalance cooling cores, the impact of radio galasiekearly important; however a detailed
analysis of these processes is beyond the scope of this @egartures from self-similarity indicate
additional physics at work in the cores of clusters and gsosp in Chapter 6 | investigate the
relationship between luminosity and temperature for ckifi populations of groups.
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1.6 The Aims of This Thesis

In this thesis, | present work primarily using radio and X-i@ata, to investigate the processes
involved in transporting energy from the cores of activeagas to their environments. In particular,
| address the following outstanding questions:

e What are the properties of magnetic fields in FR lIs?

¢ How do the magnetic fields and electron energy distributiectthe lobe energy densities?
e What is the nature of jet knots in FR Is?

e What is the in-situ particle acceleration process at wotkiwiFR | jets?

What is the internal structure of FR 1 jets like?

e How do active galaxies in groups affect their environments?

In the next Chapter, | discuss the challenges of reducing raad X-ray data, outlining the
standard techniques that | have used in this thesis. In €h3apt present work using the X-ray and
radio emission from the lobes of FR Il active galaxies with #im of relating the changes in the
surface brightness to the changes in the electron energyrspeand the magnetic field strength of
the emitting material. | also consider the energies of teetedn and magnetic field densities to find
out where the energy is stored in the lobes. This work waspaeddor publication in the Monthly
Notices of the Royal Astronomical Society (MNRAS) in 2008o(&lger et al. 2008).

In Chapter 4, | extend this work to look at the smaller scaknges in the lobe emission to infer
the differences within the lobe that produce the filamensanycture seen in many radio galaxies.
This work was submitted to MNRAS in February 2010.

| have also worked on the X-ray and radio emission from thefi&@en A to investigate how
the jet is re-accelerated and how the energy is transfeoréitketlobes. In Chapter 5, | present this
work on the jet knots, where | used the temporal changes d@rthission is to determine the particle
acceleration mechanisms at work in this jet. This work wasiphed in 2010 in the Astrophysical
Journal (Goodger et al. 2010).

Then in Chapter 6, | examine the X-ray properties of a samptglaxy groups to investigate
whether the presence of a radio-loud galaxy affects the ggeepies following up the initial work
by Croston et al. (2005a).

Finally, | summarise the conclusions of this work and draamttogether to discuss the impli-
cations to the current theories of galaxy formation andwiarh in Chapter 7.

Throughout this work | use a cosmology in whi¢hy = 70kms ! Mpc~!, ©,, = 0.3 and
Qa = 0.7. | define the spectral index such that flux densilyx v~ and the photon index as
I' =1+ «. The errors in this work aréo errors unless otherwise stated.
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Chapter 2

Data Reduction Processes

Throughout this work, | have used radio and X-ray data to @rble energetics and dynamics of
radio galaxies and their interactions with their environtse The radio data were taken at the
NRAO Very Large Array (VLA) in New Mexico, USA, and at the NCRBiant Meterwave Radio
Telescope (GMRT) in Pune, India. The X-ray data were obskewith the XMM-Newtonand the
Chandraspace telescopes. In this Chapter | review the standarditpeds used to overcome the
challenges of radio and X-ray data reduction.

2.1 Radio Data Reduction

The standard method for radio data reduction using the Asinical Image Processing System
(AIPs) developed by the National Radio Astronomy Observatory ABR involves calibrating the
raw data in flux, phase and polarisation. The raw data censist FITS (Flexible Image Transport
System) file containing an entry for the amplitude and phasedch ‘visibility’ for each integration,
for each baseline, for each polarisation. The recordediirtgifunction, V,, (71, 72), is related to the
radio brightness](v), of the target by a Fourier transform;

V., (71, 72) :/ / I, (s)e2mismi=T2)/eqQ) (2.1)

where(71 — 72) is the separation of the antennas aittlis related to the distance to the targgt,
by ds = |R|*d) (Clark 1999). These visibilities are used in the method desd below. A typical
fits file contains hundreds of thousands of observed vig#sli

When thesev data are read intaiPs, the order in which the objects were observed as well as
the number of visibilities per object can be viewed udisty in ‘scan’ mode. These data are then
calibrated using the following techniques.

33
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2.1.1 Phase and Flux Calibration

If the atmosphere were homogeneous and plane-parallelet@&dnth’'s surface and the array of
antennas, the atmosphere would affect each antenna eqU#léy differences in the path length
of the radio waves can be calculated and an additional tinteyd=an then be introduced in the
electronics so that the signal arrives at the correlatdieasame time.

However, because of the curvature of the Earth’s surfacetandnotion of the Earth through
space, the height of the antennas changes as does therpositie source in the sky, so that the
path length of the radio waves through the atmosphere ceangk time and elevation. In the
troposphere, there is a dry component and a wet componeahtobavhich delay the radio waves
via refraction. The ionosphere is a magneto-active plasimdetays the signal via refraction but
also rotates the plane of polarisation (see Section 2. T8 .signal is also absorbed and re-emitted
by these layers in the atmosphere thus affecting the ols$@wedensity of the source.

To correct for these delays and the reduction of the flux denge observe calibrators through-
out the observation run. A flux calibrator is observed at thgitning (and/or the end) of the
run followed by a phase calibrator which is observed alteigavith the target. These calibrators
are observed as they have known flux densities that are motggr variable, they have accurate
positions and they are isolated, small-diameter radiocgsumostly core-dominated, radio-loud
guasars; CDRLQSs) so that they can be treated as constantdinixgources. The differences be-
tween the amplitude and phase of the observed data and thakdada can be used to calculate an
initial correction to the phase and amplitude of the source.

The phase calibrator is used to correct the amplitude ansepbver time, compensating for the
changing atmospheric effects (refraction, absorptionratation of the plane of polarisation) and
the change in the path length and time delays of the incidetib waves due to the elevation of the
source. The flux calibrator is then used to correct for diffees between the real flux density of
the source and the observed flux density.

Once the corrections have been determined, we use the cargegpnto scale the phase cal-
ibrator solutions to the absolute flux using the flux calibratgain solutions and then apply these
combined adjustments to the target usihgpl. Theuv data shown in Figure 2.1 demonstrated the
affect of these calibration steps on the raw data. It alsavshibe quality of the final data with the
radio-frequency interference (RFI) removed by flagging.

2.1.2 Bandpass Calibration

When the bandwidth is comparable to the observing frequexssuming a mean flux density over
the bandwidth introduces radial smearing away from thetpajrcentre. This effect is also known
as ‘chromatic aberration’. This is particularly evidentaat frequencies so in Chapter 3 where | use
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multi-frequency observations of 3C 353, the data were basglpalibrated. To reduce bandwidth
smearing, we use channels to divide up the bandwidth, whiehhen calibrated per antenna, per
time, to a constant level using a small subset of channelssingle antenna, where there is little
RFI. The differences in gain, which is a combination of anuple and phase, between the observed
values and that of the calibration subset are calculatecpplied to the channels to correct for the
frequency dependence of the gain. This is done usingith&tool bpass The data are then flagged
for RFI before being spectrally averaged using the spdhtto reduce the number of channels to a
more manageable number and reduce the effect of any rergdfih This calibration is performed
before flux- and phase-calibration when required.

2.1.3 Polarisation Calibration

Polarisation at the VLA is detected using circular polai®adetectors whereas during the reduc-
tion and analysis of the data, we use the Stokes parametdrs;tbtal intensity, Q and U the linear
polarisation parameters and V, the circular polarisatidaring the conversion to these parameters
within the antennas, a small amount of right-circular pekgtion shows up in the left-circular polar-
isation channel and vice versa. This ‘leakage’ term can lileded by observing a calibrator that
is preferably unpolarised so that the value in the crossHthannels is the sum of the two leakage
terms. This is accomplished using the taskalin AIPS.

The variation of the target’s parallactic angle is knownttsodiscrepancy between the measured
polarisation and the known polarisation of the calibratali¢ates the polarisation of the instrument,
offset by a constant amount due to the actual polarisatidheoSource. This also corrects for the
rotation of the plane of polarisation due to the ionosph&fe observe a target of known polarisation
and use theuips tool rldif to establish the absolute value for the source and correthhdéoconstant
offset.

The polarisation of 3C 353 was studied by Swain (1996) sorigalion calibration was not
required in the work presented in Chapter 3. However, in @i we use the polarisation of the
jet knots of Cen A as an indication of shock behaviour so jgaéion calibration was carried out.

2.1.4 Self-Calibration and Imaging

The calibrated data can then be used to create a map of tlet bsr@pplying a Fourier transform
to theuwv data. We can improve on the quality of the map using the ‘CLE&lyorithm (Hogbom
1974) which deconvolves the brightest point in this map wighoint source, then the next brightest,
for a given number of iterations.

This cleaned map is then used to ‘self-calibrate’dhealata initially in phase so that more exact
corrections can be calculated. In the previous calibrasieps, calibrators were used to estimate
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the corrections required to adjust the observed visigdito the true values of the source. However,
these calibrators are not at the same position in the skyeatatget, and they were observed at
different times. To improve on the accuracy of the correxdito the phase and the amplitude of
the target data, we use a map of the target, with the estintaieections applied to make a better
model for the target.

By combining these phase self-calibrations with increglgicleaner maps, the corrections are
improved and the real structure is revealed. Once theseatimns show no further improvement,
self-calibration of the amplitude and phase is applied ssaiso corrects the flux density. This can
result in the loss of accurate absolute flux calibrationdf teany iterations are applied.

2.1.5 Baseline Calibration

In some cases it is necessary to calibrate the baseline® alistances between the antennas are
not accurately known. The previous assumption that thesga@eded to calibrate each baseline are
simply the geometric products of the gains of the two anteimmalved in the baseline is no longer
valid, so a single gain cannot be determined for each antandaused to calibrate all baselines
to that antenna. This is particularly important for verytidynamic range so was utilised in the
reduction of the Cen A data in Chapter 5.

We use theaiPs tool blcal to correct for this; thew data is divided by the best model produced
after self-calibrating the data thereby estimating theclias-based errors. These corrections are
then applied during another calibration step or by usiplif setting theblver keyword to 1.

2.2 X-ray Data Reduction

In this work, |1 usedXMM-Newtonand Chandradata; however, | only had to reduce data from
XMM-Newtonas the work | did withChandradata was part of a collaboration and the data was
already reduced when | received it. In the following Sediboutline the basic steps for reducing
Chandradata andKMM-Newtordata. | then describe the methods of producing images artrape
from these data. Finally | discuss the challenges of analytsie spectra and removing background
contamination.

X-ray data is recorded as events soexentsfile contains information on the position, energy
and time of each photon received by the instrument. Thernmdtion of the location of the detection
allows us to make images while the energy information allos/to extract spectra. The raw detec-
tions are processed using a pipeline that is instrumenifgpso the steps included are summarised
in the next two sections faChandraand XMM-Newtondata.
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Figure 2.1: lllustrating the radio data reduction processgiL-band (1.4 GHz) data for 3C 353. The
raw uv data is shown in the top left panel, the top right panel shdatsftux and phase calibrated

data, and in the bottom panel is the final, flagged data. Thé enatent difference made during the

calibration steps is to adjust the amplitude range from Oy-t8 0 — 100 Jy. The flagging processes
removes the spurious data so the ‘true’ data is plotted itgitidm panel.
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2.2.1 Calibrating ChandraData

TheChandraobservations used in this work were taken with the AXAF CCRd¢ing Spectrometer
(ACIS) instrument. The Standard Data Processing (SDP)s&ldata is split into several levels, the
first of which are automatically performed by tidandraX-ray Center. Level O converts the raw
telemetry into FITS files and at level 1, an instrument cdioacis applied to produce the events
files. Level 2 filters the events file to good time intervals (§Bnd produces a candidate list.

Using the events file produced at level 1, the data are cleahsgurious events. Using the
tool acis run_hotpix hot pixels, afterglow events, and pixels with bright biae alentified and
the information is stored in a file that is applied to the esdfiie using theacis processevents
tool; afterglow events are those where a cosmic ray hasaictieat with the CCD leaving a residual
charge. The final step in this basic pipeline is to flag and renstreaks where a significant amount
of charge is randomly deposited along pixel rows as theyead out. These data are automatically
flagged for ACIS observations at level 1 and can then be rechavéevel 2. This can be done
manually for other chips using the todéstreak

Spectra are extracted from theShandradata using the1A0 tools developed by th€handra
X-ray Center. In Chapter 5, where the X-ray spectra of thkrjets in Cen A are analysed, the tools
specextracandpsextractwere used for extended and compact sources respectivedyreponse
files are calculated during both of these tasks. The impoetar these response files is discussed
further in Section 2.2.4.

In Chapter 4, | use energy filtered events files to examinedlaionship between the X-ray
and radio emission from the lobes of Pictor A (Pic A) and 3C.358I relate the X-ray counts in a
region directly to the radio surface brightness, | used iesagf the data rather than spectra. These
images were from a single observation so the ‘image’ is teats\file. However, in Chapter 5, | use
10 separate observations of Cen A, so the images were exposuected at an appropriate energy
and then combined, weighting according to the value of tip@swre map (Hardcastle et al. 2007b).

2.2.2 Calibrating XMM-NewtonData

XMM-Newtondata consists of three events files, one for the PN camera raadoo each of the
MOS cameras. Th&MM-Newtondata reduction in this work was done usigags version 7.0.0.
and the following standard method.

On receipt of alKMM-NewtonX-ray dataset, the standard EPIC, MOS and PN pipelines a&nd th
standard filters XMMEA _EA and #XMMEA _EP were applied to calibrate the dataset and remove
hot pixels and out-of-field events from the events list. Asdlrd, the MOS cameras were filtered
to include single, double, triple and quadruple eventsesmonding to compact eventaf TERN<
12), while the PN dataset was filtered to include only single dodble eventsRATTERN< 4). |
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made histograms of the events for each camera in order ttfidftares, which were excluded from
the analysis by removing the sections of the observatiorchwvhad high count rates.

Using thesAs tool evselectwe can extract the spectrum of any region of the image inatudi
the response files required for further analysis (see Se2tih4). To make an image of the data, the
datasets were energy filtered to include energies betw@eand. 5.0 keV, unless stated otherwise,
before usingevselecto generate images. When we combined the images, we acddontie chip
gaps and livetime variations between the cameras by Igigahling the MOS images by the ratio
between the countrate for the PN image to the countrate ¢f BE2S image, before combining
the three images linearly. Next, we combined the exposunesniar each camera and divided
the combined image by the total livetime. The combined,est&ihage was then divided by the
combined, scaled exposure map thus removing the chip gapsthie final image. The images
produced at each step are shown in Figure 2.2. These exposuested maps are not corrected
for vignetting as the particle background would be scaledtitpe edges of the image which is not
realistic.

2.2.3 X-ray Imaging

As described above, the process for producing images ibtlgligifferent for each instrument.
However, once the data have been combined and the chip-gapsben removed by scaling, the
point sources, which are unrelated to target object so arellysselected for exclusion from the
spectral analysis, can be removed from the images witlcthe tool dmfilth filling in the gaps
using the countrate of a nearby region of the same size. Theifirage can then be Gaussian
smoothed with various sized kernels to highlight the déferfeatures.

While the data is read off of the chips, X-rays are collectadtte CCD that have incorrect
positions, known as ‘out of time events’ (OTEs). Becausecttip is being read, these OTE are

Figure 2.2: An example of the image correcting process UNIBE 5322 data. In the left panel is
the scaled, combined camera image, in the middle panel isttiesponding scaled and combined
exposure map, and on the right is the chip-gap correctedbicet image.
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.— Read-out Streak

Figure 2.3: An example of the contamination by out of timentsg(OTES) in images of the
NGC 5129XMM-Newtordata. In the left panel is the contaminated pn camera imadbeimiddle
panel is the raw OTE image, and on the right is the OTE cordeqte camera image. The read-out
streak is visible in the first two images towards the top riggrher of the images.

allocated to the wrong row on the CCD (RAWY). They thus hawe Wrong energy correction
applied during the data reduction process. These evengslénothe spectral features and can be
seen in images as a strip of wrongly reconstructed eventigmosiin RAWY. This ‘read-out streak’

is shown inXMM-Newtondata in Figure 2.3. The fraction of OTEs depends on the imstni
and the observation mode as it is dependent on the integratid read-out times. The fraction of
OTEs inChandradata is much less than XMM-Newtordata so affects only observations of bright
point sources; however, IKMM-Newtondata where the fraction is higher, it can be relevant for
observations of extended sources too.

In full-frame (FFW) mode orXMM-Newtonthe fraction of OTEs is significant in the pn data at
6.3 % while in extended full-frame (EFF) the effect is ordly3 %. The MOS cameras are negligibly
affected. These OTEs are subtracted from the images byrgeat image of the OTE by giving all
the events arandom y coordinate during the pn pipeline, @adhg it by the appropriate percentage.

2.2.4 Generating Spectra

We generate source and background spectra separatelthsitigls described above, but for each
dataset we also calculate response files (for each camedéMit-Newtonand for the appropri-
ate detector foChandrg. A ‘Redistribution Matrix File’ (RMF) and an ‘Auxiliary Rgponse File’
(ARF) are generated so we can characterise the responseddtiérctor and thus simulate an output
spectrum as observed by the cameras. A response functiafcidated as a product of the RMF
and the ARF. The RMF calculates the detector response atpesition on the chip and therefore
corrects for instrument effects specific to the spectrum thedARF calculates an effective area
curve as a function of energy taking into account the telgssceffective area, the filter transmis-
sion, the CCD quantum efficiency, the region and patterrcgetes, the fraction of the PSF in the
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region and the OTESs’ smearing. These files are linked to tlrae®d spectra so these effects can
be accounted for during the spectral fitting process. Theetdd spectra are also grouped into
bins typically containing 20 counts usifigngroupso that the errors on the values in each bin obey
Gaussian statistics and to smooth the spectra to aid fitting.

2.2.5 Spectral Fitting

In this work, the spectral fitting was performed usirgPEC an X-ray spectral fitting package
developed by NASA's High Energy Astrophysics Science AreHResearch Center (HEASARC).
The grouped data are read int@PEC complete with information on the background spectrum,
the detector response (RMF file) and the effective area (AR} firhe background spectrum is
discussed in the next Section. If the target is extendedarthe edge of the image, then vignetting
becomes important and the spectra are weighted accordinjiyre source region is small and
compact, then this may not be a significant effect.

Xspecallows users to fit the data with multiple models construdtedh individual components
so that many spectral contributions can be individuallyeditt For example, emission from the
cores of AGN can be fitted with an absorbed power-law modeichvivould take account of the
synchrotron from the bases of the jet, and emission from ¢th&Xkray gas in the environment may
be fitted with thermal model as discussed in Section 1.2.eBsfit components can be allocated
different values of absorption taking account of absorpfimm the local environment or from
foreground Galactic absorption. This control allows usetst various combinations of theoretical
components and thus determine what the target’s spectrantually showing us.

2.2.6 Background Contamination

The source spectrum extracted from these data are contaalibg background emission from a
variety of sources, the significance of which depends ondiget's position on the image.

Other sources of contamination are much harder to quantifydarring this thesis the widely
accepted ‘best’ methods for taking account of these fattasschanged. In general, if the source
region is small and centralised on the chip, then the parbielckground and instrument noise does
not vary significantly across the region of interest arldcal background subtraction method can
be applied. This was the case in the analysis of the core 0b3@Ghapter 3) and for the jet knots
in Cen A (Chapter 5). A background region, which is positibetse to the source region, is used
to measure the background contamination from local enmet and from the Galactic medium.

In more extended sources, such as the groups studied ineZt@pnhd the merging cluster in
Chapter 3, the contamination from particle background asttument noise varied significantly and
adoublesubtraction method was required (Arnaud et al. 2002; Cnostal. 2008a). A model of
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the expected particle and instrument spectrum is measuacedudbtracted from the source spectrum
in addition to the local background contamination, whiclsti§ found using a local background
region. The details of how the model spectrum was measureddh situation is described in the
relevant chapters.

Where there was a significant contribution from OTES, this alao scaled and subtracted from
the source spectrum at this stage. Once the extracted &pectrbeen background subtracted, the
final spectra were binned to 20 counts per channel in mosscheeiever, where the cases where
there was an abundance of good data, the spectra were bmB€dcounts per channel. With the
XMM-Newtondata we ignored the first 20 channels in the MOS data and thesfirin the pn
data as these channels typically have energies less th&aa\).which is below the response of the
cameras. Similarly, in th€handradata we ignored the first 28 channels (up to 0.4 keV). We then
usedxsPEcto fit models to the extracted spectra between energies 0f4 keV and~ 8.0 keV.
Above this range, the telescope sensitivity drops off asetergy increases, and the sensitivity
to non-X-ray events also drops off, but not necessarily atsdime rate so that the signal to noise
decreases.



Chapter 3

The FR Il Radio Galaxy 3C 353

In this Chapter | present work on the FRI radio galaxy 3C 368 #s environment. This work
was accepted for publication in the Monthly Notices of theg&@dstronomical Society (MNRAS)
in 2008 (Goodger et al. 2008). | used multi-frequency raditadvith X-ray data to analyse the
spatially changing emission on lobe-wide scales to bettderstand the role that the electron pop-
ulation and the magnetic fields play in controlling the raglfachrotron and X-ray iC emission.

3.1 Introduction

Extended X-ray emission from the lobes of powerful, FR llioaghlaxies and quasars is thought to
be produced by iC scattering of the CMB (Feigelson et al. 18RBdcastle et al. 2002a) and of IR
photons from the core (Brunetti, Setti, & Comastri 1997)thaligh the synchrotron self-Compton
emission from the lobes can also be modelled, it is negkgidampared to the iC emission from
other populations except in the very smallest lobes (Hatticat al. 2002a). These radiation mech-
anisms are described in detail in Section 1.2. Recent Sudithe integrated X-ray properties of
radio lobes have been carried out for large samples (Crest@in2005b; Kataoka & Stawarz 2005),
showing that the CMB is the dominant photon population in htases. Combining an iC/CMB
model for the lobe X-ray emission with information obtairfesim radio synchrotron emission pro-
vides a method of constraining the electron population aadmatic field energy density, which
cannot be accomplished using radio data alone. Unlike tise iee lobe material is not moving
relativistically so there are no beaming effects to consitlging this analysis (e.g. Mackay 1973).
Understanding the contributions of the electron densifethe synchrotron and iC emitting elec-
tron population and the magnetic field allows us to estimatectly the total energy in the radio
source, and thus the amount of energy that can be transtertkd environment, without assuming
equipartition (see Section 1.3.6), and also allows us testigate the distribution of internal energy
within the source.

43
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In 2005, Hardcastle & Croston carried out a spatially restIX-ray iC study of the bright
X-ray and radio source Pic A. They used the variation of theayradio ratio across the lobes to
investigate the variation in electron distribution and metge field strength throughout the source.
They found that variations in either component alone cootderplain the observed X-ray and radio
properties of the lobe. Similar spatially resolved X-raydsés of other bright FR Il radio galaxies
are needed to follow up these results. Here | report on oagens of the radio galaxy 3C 353.

3C 353 is a FRII radio galaxy associated with the cluster Z#817-0108. Although it is one
of the brightest extragalactic sources in the sky at lowdesgies, it is relatively poorly studied,
presumably due to its low declination and low Galactic lat&. Swain (1996) observed 3C 353 at
four radio frequencies with the VLA and published a studyhef polarisation variation across the
jets, which favoured a spine-sheath model (Swain, Bridl&atm 1998). Their VLA observations
revealed filamentary structure within the lobes making 38 &b excellent target for a spatially
resolved study of electron distribution and magnetic fieKisay emission from the cluster associ-
ated with 3C 353 was first detected by lwasawa et al. (200856A GISandROSAT HRImages.
The radio source resides in a giant elliptical galaxy on tigeeof the cluster, which Iwasawa et al.
found to be bright in the X-ray with a luminous point sourcéncaling with the radio galaxy’s core.
Iwasawa et al. determined global cluster temperatures sed optical observations to identify the
cluster's members. They confirmed a redshift et 0.0304 for 3C 353, a redshift of = 0.028 for
three bright member galaxies, and used the velocity digtdb to confirm 3C 353 as a member of
the same system. The angular scale is thus 1 arcsec = 0.61 kpc.

In this Chapter, | use neW{MM-NewtonX-ray observations and radio observations from the
VLA and the GMRT to investigate the nature of the electroniritistion and the magnetic fields
in the lobes and hotspots of 3C 353. | also determine theerltsmperature, density and pressure
profiles and examine the cluster’s interaction with the $0be3C 353.

3.2 Data

| used a combination of new and archival radio data and XiM-NewtonX-ray data to exam-
ine the broad-spectrum electron energy distribution of 38 3These radio data extend to lower
frequencies than have been studied previously, whilsetikegay data have greatly improved sen-
sitivity and resolution compared to tHe&SCAdata of Iwasawa et al. (2000). These X-ray and radio
data were reduced using the standard methods presentedjneCR and summarised for each fre-
guency in this Section including the additional technigrezpiired to reduce these lower frequency
and multi-channel data.
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Figure 3.1: 1.67 GHz total intensity radio image of 3C 353.8tdrcsec resolution
3.2.1 Radio

| obtained VLA observations at 1.67 GHz and 4.8 GHz from théA\drchive as well as previously
unpublished observations at 327 MHz taken at the VLA and at\diiz taken at the GMRT in
2006. | also obtained images of 3C 353 at 74 MHz and 8.4 GHz frontollaborators. All these
radio data were reduced in the standard way usimg (see Chapter 2). The radio observations
are summarized in Table 3.1 and Fig. 3.1 shows an exampledaf&ige quality achieved. Fig 3.2
shows the radio contours at 327 MHz, 615 MHz, 1.67 GHz and #3.G

4 Band; 74MHz,4m

The 74-MHz observations used are those discussed by Kassiin (2007) and the reduction is
described in that paper. In addition to bandpass-, flux- drabe- calibration, they emphasise the
need for RFI excision and introduce 'field-based’ phasécation to include the changing column
density of the ionosphere across the relatively large fiethe74 MHz image.

P Band; 327 MHz, 91 cm

These 327 MHz observations of 3C 353 were taken at the VLA en2ffth May 2006 using the

nearby Pie Town antenna of the Very Large Baseline Array ()-8 increase the long baselines
of these A configuration data by a factor of two. | carefullynitored the Pie Town antenna during
the calibration steps to ensure that the long baseline$/edrv
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Initial bandpass calibration using 3C 286 resulted in simq@tase and amplitude variation
across all channels. As a flux calibrator, 3C286 is slighgiotved at this frequency. If the fractional
bandwidth is great enough that the intrinsic visibility & 386 varies across the pass band, a model
is required (http://lwa.nrl.navy.mil/tutorial/tutotiatml). At 327 MHz with the Pie Town antenna,
| found that this effect is negligible so 3C 286 was used adlthecalibrator without a model, ef-
fectively treated as a point source. 3C 286 was used to atdilthe phase across all baselines. The
resultant calibrated dataset was flagged to remove noisesgieetrally averaged using thers task
splat averaging every 4 channels to reduce the number of chatmé|svhilst producing a single
source dataset. The calibrated data included baselines 8pK\, twice what would have been
achieved with only the A configuration.

The B-configuration dataset was bandpass calibrated u€i2@8 to calibrate the channel gains,
then flux calibrated using 3C 286 and phase calibrated wilt61@67. After flagging and phase
cross-calibrating with the A-configuration dataset, thiaslets were merged and a multi-facet deep-
cleaned map of 106 fields was produced. The dynamic rangeedfirtal map is 580:1 with a
resolution of6.7 x 2.9 arcsec.

615 MHz, 48 cm

These 620 MHz observations were taken at the GMRT on 19th2Dfig. The two observing fre-
guencies (upper and lower sidebands) were calibratedateparPreliminary bandpass calibration
was performed using 3C 286 followed by flagging and one iamnatf flgit to remove RFI from all
sources f{git uses user-defined values of sigma and scatter allowancedmatically remove RFI
from the general trend of the data). This flagged dataset exs thandpass- and flux-calibrated
before being manually flagged and another iteratiofigitf applied. The dataset was spectrally av-
eraged into a multi-source dataset, cutting the number afimdls from 128 to 6, whilst applying
the bandpass calibration. This dataset was finally flux- drad@-calibrated before 3C 353 it
into a single-source file. The flux and phase calibrator usasl 1¥43-038. One iteration of phase
self-calibration was performed before the data from the dlwserving frequencies were split into
individual channels and recombined using the tiotonto a single dataset containing all of the
averaged channels. This combined dataset was phase ldmifteal twice more and the final image
has resolutior?.50 x 4.41 arcsec and dynamic rangeo : 1.

L Band; 1.67 GHz, 22 cm

Observations from the VLA using A-, B- and C-configurationsre/flux- and phase-calibrated sep-
arately using NRAO 530 as the phase calibrator. Due to tleeatibn of the observing frequencies
in the C-configuration dataset, the data at the two freqesneere split and recombined usidiy-

conto match the frequency allocations of the A- and B-configaratlatasets. Once combined, the
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data were phase self-calibrated and deep cleaned, withA@@erations otleanapplied. The final
image has a resolution of 157 1.4 arcsec and a dynamic ranges00 : 1.

C Band; 4.8 GHz, 6.3cm

For maximumuv coverage, | used VLA observations in the B-, C- and D-conéigans, each
of which were phase- and flux-calibrated and flagged. | combivo epochs of D-configuration
observations to increase the signal to noise.

The final combined dataset was phase and amplitude sdifrat@d, normalising the gain. There
was no significant reduction in the maximum flux when comp&wgzhase-only self-calibration, but
the image quality was improved. The final image has a resol@t24 x 1.81 arcsec and a dynamic
range of 1180:1.

X Band; 8.4 GHz, 3.6 cm

The X band images of 3C 353 were kindly provided by Alan Bridlbe deep cleaned images have
a dynamic range of 2500:1 and a resolutiol &0 x 1.30 arcsec. The details of the reduction are
described by Swain (1996).
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Figure 3.2: Radio contour images of 3C353 at 327 MHz (top),le®15 MHz (top right),

1.67 GHz (bottom left) and 4.8 GHz (bottom right) all conwdvto 7.5¢7.5 arcsec resolution.
The contour levels are &irx(1,2,4,...) mJy/beam whet® = 0.0106 mJy/beam for 327 MHz,
0.0113 mJy/beam for 620 MHz, 0.0045 mJy/beam for 1.67 GHZ0a0@L 7 mJy/beam for AGHz



Table 3.1: Radio Observation Details

Band Frequency Telescope:Config. Date Duration Band Widthas® Calibrator Dynamic Range Res.
(GHz2) (s) (MHz) (arcsec)
4 0.074 VLA 07/03/1998 7740 1.3 3C 405 2090:1 25.0 x 25.0
P 0.327 VLAA+PT 27/05/2006 25660 3.125 3C 286 580:1 6.75 x 2.92
VLA:B 04/10/1998 3010 0.098 141468067
- 0.615 GMRT 19/07/2006 19847 16.0 1743-038 590:1 6.41 x 4.27
L 1.665 VLA:A 19/05/1968 20710 12.5 NRAO 530 500:1 1.78 x 1.44
VLA:B 14/08/1968 6640 25.0 NRAO 530
VLA:C 16/09/1985 1441 50.0 1741-038
C 4.847 VLA:B 14/08/1986 6799 50.0 NRAO 530 1180:1 2.24 x 1.81
VLA:.C 22/08/1985 1679 50.0 1741-038
VLA:D 15/11/1993 532 50.0 1730-130
VLA:D 28/09/1984 3360 50.0 1725+044
X 8.440 VLA:BCnD 13/03/1994 12.5 2500:1 1.30 x 1.30

8y
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3.2.2 X-ray

| observed 3C 353 on the 25th August 2006 and 17th February 20 XMM-NewtonEPIC
MOS 1, MOS2 and pn cameras. The initial observation (Setdghf25th August 2006 yielded
39522 sand 39525 s for MOS 1 and MOS 2 respectively and 34 @t2sfpn camera, whereas the
second observation on the 17th February 2007 (Set 2) wa®9#r3s and 10487 s for MOS 1 and
MOS 2 and 5653 s for pn. The pn camera was in Extended Full Frange for both observations
and the MOS cameras were in Full Frame mode.

The datasets were initially processed usinag version 7.0.0.and the standard method described
in Chapter 2. Set 1 MOS datasets were free from flare eventstuti PN dataset was filtered with
a count threshold of 2 counts per second to remove a smaleflare at the end of the observation.
In Set 2, all cameras were affected by flaring; the MOS and pasdts were filtered with count
rate thresholds of 0.3 and 0.7 counts per second respgcthebnly 1510 seconds remained of the
pn data, this data set was excluded from further analysig. riet livetimes for Sets 1 and 2 were
44039 for MOS 1 and MOS 2 and 26 052 for pn.

The MOS and pn datasets were energy filtered to include ersebgitween 0.5 and 5keV be-
fore generating images from the filtered events files. Thebioed exposure-corrected image was
Gaussian smoothed with a kernel of 10.4 arcsec to highllghttusters and radio lobes using the
CIAO commandaconvolve

X-ray spectra were extracted usiegpecgeta script that combines thevselect arfgen and
rmfgencommands irsAs, from regions defined to examine the emission from the northed
southern sub-cluster regions, and the east and west lolsethe/core and lobes are small regions
near the pointing centre, so that vignetting is not impdrtansed local background subtraction.
However, for the cluster, vignetting needs to be considerde filtered events files were weighted
using evigweightbefore spectra were extracted using a double subtractidhoae(e.g. Arnaud
et al. 2002). Background template files for the field of viewevwmade using files created by Read
& Ponman (2003) and scaled to the same particle backgrowetlds these observations. A local
background region away from the galaxy and the cluster whsetkusingps9. A template back-
ground spectrum was subtracted from the source spectruntsdile to account for instrument and
particle noise before a local background region was usedhltract residual background emission
due to the differences in the Galactic/extragalactic bealkgd levels of the source and scaled back-
ground datasets. Due to the low signal to noise of Set 2, oetylSould be used in the double
subtraction method applied to the cluster. The spectra there binned to 20 counts per channel
after background subtraction, ignoring the first 20 chasfied the MOS cameras and the first 50
channels for the pn camera, which correspond to energiesiel keV.
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Figure 3.3: Radio contours of 3C 353 at 1.67 GHz with a 0.3ké¥ XMM-Newtorimage (MOS 1,
MOS 2 + pn) of the X-ray emission from the radio lobes and thestelr Zw 1718.1-0108 (left)
Gaussian smoothed with a kernel of 10.4 arcsec; the same intagned in to show the iC emission
from the lobes (right).

3.3 Results

In this Section | discuss the results of the X-ray spectrahjtand radio flux density measurements.
X-ray fitting was carried out usingspecv 11.3 in the energy range 0.3 — 7.0 keV. Where thermal
models were fitted | used a redshift of 0.03.

3.3.1 Absorbing Column Density

The column density towards 3C 353 is uncertain. Iwasawa.d2@00) adopt a value of.0 x
102! cm~2 based on the Hmeasurements of Dickey & Lockman (1990). However, they tiodé
the visual extinction in the direction of 3C 353 would copesd to a column density of a factor
~ 2 higher. From the Galactic dust measurements of Schlegél @©988) | estimate amly of 1.4
mag, which would correspond to a column density~o®.6 x 10%! for standard Galactic gas/dust
ratios. The true value is likely to lie somewhere betweesdlextremes.

| therefore used these new data to estimate a column denmgtld | extracted spectra for
bright point sources around 3C 353 using local backgrougtbns. In Set 1 there were 5 point
sources bright enough for spectroscopy. | fitted power-lavdes with free absorption to these
sources and found a weighted mesiy = (1.64 + 0.07) x 102!cm~2. As this is consistent with
the range estimated above, | adopt the mean value in thesim#hat follows.
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Table 3.2: Radio Core Fluxes

Band Frequency Flux Luminosity
(GHz) (Jy) (WHz'sr'}

P 0.327 0.097  1510%

- 0.615 0.089 1.410%?
1.665 0.116 1.810%2
4.847  0.140  2.R10%
8.440 0.149 2.310%2

X O -

The X-ray point sources are not shown in Fig. 3.3 and weraueec from all spectra extracted
where the cluster was examined. The emission from the radaxg was also excluded.

3.3.2 The Nucleus

In the X-ray, the nuclear region was defined with a radius chrBec to include as many nuclear
photons as possible while excluding the X-ray emission ftieenradio lobes. The background was
estimated from a local background region positioned abloeeadio galaxy so as not to include any
emission related to the radio galaxy. In the radio, the raralegion was much smaller, adjusted in
each dataset to be a close fit to the nuclear emission. Theipealsity was determined using the
AIPs taskjmfit for each frequency, the results of which are shown in Tal#le 3.

| fitted a model to the nuclear X-ray spectra consisting of wgrdaw component at Galac-
tic absorption (see Section 3.3.1), a second power-law oot with redshifted intrinsic ab-
sorption and &7 = 1keV thermal component. The best fitting model had = 268 for 237
degrees of freedom (d.o.f.). The photon indices of the wrdlesl and absorbed power-law com-
ponents werd” = 1.49 + 0.1 and1.33 £ 0.3 respectively, and the intrinsic column density was
6.1 + 0.6 x 1022cm~2. The unabsorbed X-ray component has a 1keV luminosity tensi
1.86 x 10" WHz!'sr !, whereas the absorbed X-ray component with the absorpéomoved
and extrapolated to include energies from 2—-10keV has anlosity of 2.82 x 10*2ergs™!. |
discuss the interpretation of the nuclear emission in 8e@i4.1.

3.3.3 Lobe Properties

By considering the X-ray emission from regions encompastire East and West lobes but ex-
cluding the hotspots and the core, | extracted spectra frentdmbined X-ray dataset using local
background regions which | fitted with both thermal emissioodels and power laws. Assuming
a circularly symmetric model for the core, | determined tha per cent of the counts in the East
lobe spectra are from the core whereas the core counts adooumquarter of those in the West
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lobe spectra. Using thEMM-Newtoncalibration files, | determined the fraction of the core spec
trum expected to be scattered into the West lobe region tof®r 4ent of the total core emission,
and so | included a fixed component in the West lobe spectrabfiisisting of the best-fitting core
model with a normalisation fixed at 0.04 times that of the cdrbe details of the core spectrum
are given in Section 3.3.2. Due to the low signal to noise daf25¢he West lobe was undetected
in this dataset and so the spectra were extracted from Sdy1 loronsidered the effect of using
local background regions above and below the galaxy as welhaannulus around the East lobe.
| found the background level to be different above and belogvgource, so to best take account
of this variation | used an annular background region forEhast lobe where the lobe appears to
interact with the cluster. For the West lobe, a local backgdoregion located to the south of the
galaxy, at a similar distance from the brightest clusterssion took account of the emission from
the southern sub-cluster sufficiently to allow a good fit t $pectra.

The power-law model gave better fits than the thermal modeddth lobes withy? = 39.6 for
34 d.o.f for the East lobe ang? = 23.1 for 24 d.o.f for the west lobe. The photon indices were
I'=1.94+ 04 andIl’ = 1.2 + 0.6 respectively, corresponding to= 0.9 + 0.4 anda = 0.2 + 0.6.
The low frequency X-ray spectral index, measured betwe&nvB2z and 1.67 GHz, is- 0.7 for
both lobes, so that the X-ray spectral indices of both lolbegansistent with an iC/CMB scattering
model. | discuss the nature of the lobes in Section 3.4.2.

3.3.4 The Nature of the Hotspots

Both the East and West hotspots are clearly detected indith feequencies. The West hotspot
is undetected in the X-ray; however, the East hotspot has-gayXounterpart.5 + 0.8 arcsec
(4.0 + 0.5 kpc) from the centre of the radio hotspot. This has too lomaigo noise for spectral
analysis to be performed, with only 60 counts between 0.3 AfdeV. The same feature was
detected inChandraobservations (Kataoka et al. 2008) with an offsetid@f + 0.5 arcsec. A jet
knot was also detected in the vicinity of the East X-ray hotguggesting that the difference in the
offset measurements could be due to contamination fronkitas

The iC analysis performed on the lobes cannot be applied &erthe electron populations
responsible for any iC X-ray and radio synchrotron emissigide in different regions. X-ray
hotspots in radio galaxies of similar radio luminosity to 3&3 are generally thought to be pro-
duced by synchrotron emission, and so this is likely to bedibrainant emission process for this
X-ray hotspot as well. The offsets measured between theyXand radio hotspots are consistent
with what is seen in some other sources (Hardcastle et a2e2@D07b; Erlund et al. 2007).
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3.3.5 Cluster Characterisation

Unfortunately, the southernmost section of the southebrctuster extends beyond the field of view
of the XMM-Newtoncameras; however, a comparison to &&CAimage of lwasawa et al. (2000)
shows that the peak of the X-ray surface brightness is ileclud these data.

| extracted spectra from the northern and southern sulbeckisising a double subtraction
method with annular local background regions. Thermal rsofilted usingmekalin X SPECgive
good fits (> = 258 for 175 d.o.f andy? = 544 for 490 d.o.f for the northern and southern sub-
clusters respectively) withT = 3.3+ 0.3 keV for the northern sub-cluster akd® = 4.0+ 0.5 keV
for the southern sub-cluster both fitted with an absorptioWg = 1.6 x 10! cm~2. Iwasawa et al.
(2000) determined the temperature of the combined sultectusd bekT = 4.3 + 0.2 keV using a
Galactic absorption aNy = 1.0 x 10?! cm~2 whereas when the upper limit.¢ x 10*'cm~2) was
used, the temperature dropped3té4 + 0.21 keV which is consistent with the mean temperature
of the cluster. The northern and southern sub-cluster megiwe shown in Fig. 3.4. The differ-
ence in temperature of 1keV supports the idea that the two sub-clusters are origisabarate
components undergoing a merger. Taking a north-south tslioeigh the cluster using rectangular
regions of208 x 104 arcsec from 17:20:50.074, -00:53:13.77 (Fig. 3.5), themeoi sudden rise in
temperature where the sub-clusters meet and thereforedenee for a violent interaction between
these components.

A thermal model was fitted to annular regions in the northewh southern sub-clusters. The
results are shown in Table 3.3. The residual local backgtomas accounted for using regions
in a relatively source free area of the field of view. Using amwar background region gave
consistent temperatures for both sub-clusters. The rmorthé-cluster shows a linear increase in
temperature with radius with a best fit 8fr) = 0.010r + 1.528 keV while the southern sub-
cluster is isothermal within the errors. 3C 353’s East labs &t a radius of 250 — 350 arcsec from
the centre of the northern sub-cluster but it may also bectiteby the southern sub-cluster. The
annular temperature at this radidg/{= 3.5 + 0.5 keV) is consistent with the global northern sub-
cluster temperatures{" = 3.3 £+ 0.3 keV) as well as the temperature measured by the slice at this
radius ¢7 = 3.9 + 0.6 keV). | therefore adopt a temperature3o$ + 0.5 keV for the environment
of 3C 353.

As 3C 353 interacts mainly with the northern sub-cluster asdhe southern sub-cluster is
not fully covered within theXMM-Newtonfield of view, surface brightness and pressure profiles
were constructed for the northern sub-cluster only. Tord@tee the centre of the northern sub-
cluster | used a centroiding routine for each of ¥XidM-Newtoncameras. Annular regions were
used to extract a surface brightness profile, excluding hiie gaps, X-ray point sources, emission
from 3C 353 and from the southern sub-cluster and the pos@fadhe missing chip in the MOS
1 camera. An annular region was used to account for the m@sidoal background emission.
The surface brightness profiles for each camera were fittddavnodel consisting of & model
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Figure 3.4: Northern and southern sub-cluster regions funich spectra were extracted to deter-
mine the sub-cluster global temperatures. The crossedn®gare those which were excluded from
the analysis and include the X-ray point sources and 3C 3B8.cfosses indicate the limits of the
slice used. The inner edge of a large annular region maskigdge of the camera can be seen at
the bottom of the image.
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Figure 3.5: Temperature variation of north-south slicetlgh cluster with rectangular regions of
208 x 104 arcsec from a zero of offset at 17:20:50.074, -00:53:13.77.
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Figure 3.6: Surface brightness profile for the northern dubter showing the PN dataset with the
best fitting3 model which hagl = 0.35 and core radius 194 arcsec.
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convolved with theXMM-NewtornPSF based on the on-axis parametrisation described XNté-
NewtonCCF files XRT1XPSF0006.CCF, XRT2XPSF0007.CCF and XRTXPSF0007.CCF
before being fitted with & model (Fig. 3.6).

| examined the annuli in quadrants to highlight any densdtsiation in a north-south or east-
west direction. The northern quadrants and the south-easitrgnt were consistent. | excluded the
south-west quadrant from the final profile to ensure thatyXemraission from the radio galaxy, and
any local disturbances in the cluster gas, were removed.rdhdting surface brightness profiles
were consistent for all cameras. The joint best-fitting nholde all cameras, had a core radius of
194 arcsec and = 0.35. Considering do confidence interval for 2 interesting parametgrsyas
unconstrained (though | consider values below 0.35 andeabd¥ unrealistic), whereas the core
radius of the northern sub-cluster was limited to betweehd® 412 arcsec. | discuss the results
of this section in Section 3.4.3.

Table 3.3: Temperature profiles for the northern and sontbigb-clusters

Northern Southern
Radius kT y2/d.o.f.| Radius kT x2/d.o.f.
(arcsec) (keV) (arcsec) (keV)

0-50 1.8+0.3 29/19 0-75 5.240.7 537/348
50-100 22+0.3 121/65 | 75-150 4.2+0.3 638/444
100-150 2.8+0.4 130/102| 150-200 4.7+ 0.4 250/167
150-250 3.5+0.3 129/108| 200-250 4.9+ 0.5 296/183
250-350 3.5+0.5 286/172
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3.4 Discussion

3.4.1 The Nature of the Core

The double-peaked nuclear X-ray spectrum, consisting ofavity absorbed component and a
second component with only Galactic absorption, is typiéavhat is observed in narrow-line radio
galaxies (NLRG) (e.g. Sambruna, Eracleous, & Mushotzky9199randi, Malaguti, & Fiocchi
2006; Belsole, Worrall, & Hardcastle 2006; Hardcastle, isya& Croston 2006a). However, when
| plot the unabsorbed luminosity of the heavily absorbedlearccomponent in 3C 353 against
its 178-MHz total radio luminosity, as done by Hardcastlalet(2006a) (Figure 3.7), | find that
3C 353 lies almost 1 order of magnitude below the correlatimy determined for NLRGs: that
is, 3C 353 is overluminous in the radio for its X-ray lumirtgsor underluminous in the X-ray
for its radio luminosity, and lies closer to the region of fhlet occupied by low-excitation radio
galaxies (LERGS). By contrast, the unabsorbed componeatisistent with the correlation found
by Hardcastle et al. between unabsorbed X-ray luminosityrartlear 5-GHz radio emission.
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Figure 3.7: X-ray luminosity of the accretion-related cament as a function of 178-MHz total
radio luminosity for LERGs (open circles), NLRGs (filledd#s), BLRGs (open stars) and quasars
(filled stars) as presented in Hardcastle et al. (2006b) thighposition 3C 353 indicated by the
Cross.
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The optical emission-line classification of 3C 353 is uraiert Laing et al. (1994) use the ratio
of the flux in the [OiI] line to that in the Hy to distinguish between the NLRGs and LERGs. The
best published optical spectrum of 3C 353 is that of Simpdaa.€1996), and their quoted line
fluxes clearly place 3C 353 below the [0)/H« cutoff of 0.2 proposed by Laing et al: thus by this
definition 3C 353 would be a LERG. However, if the line fluxes eorrected for reddening using
values determined from the Schlegel, Finkbeiner, & DavB9@) dust maps (see Section 3.3.1),
then the emission-line ratio rises @l 7 & 0.02, where the errors are derived from the normal 10
per cent errors of Simpson et al. and are almost certainlyawo within the errors | cannot say
whether 3C 353 should be classed as a LERG or NLRG. The n&t@(@2b3’s nucleus both in the
optical and in the X-ray remains ambiguous.

3.4.2 Lobe Emission and Properties

Using the method of Croston et al. (2005b), the X-ray obsiEma were compared to the predictions
of an iC model, based on synchrotron modelling of the radimstds usingsYNCH (Hardcastle
et al. 1998). The broad-band spectra for the lobes are shoviAigure 3.8. The measured 1-
keV flux densities of the East and West lobes ateé5 + 1.6 nJy and2.7 + 1.0 nJy respectively.
The equipartition magnetic field strengths for the East arestVlbbes are 0.89nT and 0.84nT
respectively, while if | assume that all the X-ray emissieriG in origin then the measured flux
densities correspond to magnetic field strength8.6f + 0.06 nT and0.68 + 0.2 nT. Therefore,
while the weakly detected West lobe has a measured magraticstrength within errors of the
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Figure 3.8: Broad-band spectrum for the East (left) and \(viegit) lobes of 3C 353 . A synchrotron
emission model (solid line) is fitted to the radio data (asks). The measured X-ray flux is rep-
resented by the dot with the bowtie indicating the error. @hted line shows the iC X-ray flux
prediction and the dash-dotted line shows the predictedisgtron self-Compton emission, both
with the equipartition magnetic field strength.
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predicted equipartition value, the East lobe’s measuraghetic field strength exceeds the predicted
equipartition value by a factor 2 so thatB,;s/B., ~ 0.4. The West lobe’s measured magnetic
field strength is also consistent with a substantial depaftom equipartition. This implies that the
lobes of 3C 353 are electron dominated, which is not unusaradidering the range of field strengths
in the sample of Croston et al. (2005b). This factor woulddsiuced for 3C 353 if the lobes were
not in the plane of the sky.

The measured magnetic field strengths in the lobe corregpadnternal pressures 6f4+0.6 x
10~ Paandl.9 + 0.2 x 10713 Pa for the East and West lobes respectively.

Using the radio datasets, | constructed a spectral indexbatpeen the 1.67-GHz and 327-
MHz images, Figure 3.9. It revealed a variation®f ~ 0.2 across both lobes. Within the radio
luminous region of the East lobe, excluding the hotspots,siectral index is roughly constant,
a = 0.66 + 0.01 despite the filamentary structure seen in Figure 3.1, wkdrethe West lobe,

a = 0.63 £ 0.01 excluding the hotspot. | note that the radio lobes do not appebe entirely
separate, and thus consider the region in between the radindus lobes, north and south of the
core to be an inter-lobe region, which cannot be unambidy@ssociated with either lobe. This
inter-lobe region has a relatively steep spectrunaccf 0.75 + 0.01 whereas the hotspot in both
lobes exhibits a flatter spectrum aof = 0.60 + 0.01. Figure 3.9 shows the spectral index map
between 1.67 GHz and 327 MHz with contours from the 327-MHp.ma

The X-ray/radio ratio was determined for the hotspot, laheiater-lobe regions, using the high
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Figure 3.9: Spectral index map between 1.67 GHz and 327 Mienailio contours at 327 MHz for
levels 0f0.01x(1,2,4,...) mJy/beam. The beam size (7.0 arcsec) is showehgircle in the bottom

left corner.
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signal to noise of the X-ray data set. The 327 MHz radio mapesblution7.0 x 7.0 arcsec was
used with the convolved, exposure corrected X-ray map abges0.3 to 7.0 keV. The X-ray/radio
ratio was found to be a factor of 4 greater in the steep imtee-Iregion than in the flat, hotspot
regions. If the magnetic field strength and the number dessiif both the iC and synchrotron
emitting electron are constant across the lobe, the Xadigrratio would also be constant, but this
is not what is seen in 3C 353. Hardcastle & Croston (2005)daausimilar result in their study of
Pic A and consider the following three models to explain thg/ing X-ray/radio ratio:

(i) Some other emission process could boost the X-ray eanisaithe inner regions;
(i) The central regions contain more low-energy electnaative to the outer regions;

(i) The magnetic field strength varies as a function of posi

A contribution from the core was included in the X-ray spaktanalysis which also takes ac-
count of the contribution of the unabsorbed X-ray emiss&soaiated with the jet and the absorbed
X-ray emission from the accretion disk. Emission from theeccannot therefore boost the X-ray
emission in the inner regions. The spectral fits show no eceldor a contamination of the lobe
spectra by galaxy-scale thermal emission. Neither couldastbe due to the galaxy’s proximity
to the cluster as local background regions were used to atéouany thermal emission from the
sub-clusters. For iC scattering of nuclear photons to beltiminant process, the core bolometric
luminosity needs to be at leas>® W. This is not unrealistic, however modelling the lobe scefa
brightness for this scenario using the results of Brun2@idQ) as described by Hardcastle et al.
(2002a) and with 3C 353 in the plane of the sky, reveals a gmidicross the lobe which is not
observed in either the X-ray image nor the X-ray/radio ratitsing the spectral energy distribu-
tions of Haas et al. (2004), | deduced a typical IR spectrun3€353 by scaling a dual power-law
fit to the spectral energy distribution of 3C 33. 3C 33 was ehoas it has a similar luminosity
and is classified as a NLRG/FRII. The IR spectrum was nore@lis/ the ratio of low-frequency
radio luminosities of the two sources. The predicted fluxsitgrfor the nuclear iC emission is
6.5 x 10712 Jy at 1 keV, which is a factor of 700 fainter than the predicted iC/CMB emission and
the observed flux density @ and11.6 nJy respectively). Thus I can rule out model (i).

If | consider the magnetic field to be constant at the measlateel averaged magnetic field
strength of 0.39nT and apply an iC model to the lobes, | findetméssion at 327 MHz traces
electrons withy ~ 4000 whilst the measured iC emission traces electrong at 1000. As the
critical frequency for synchrotron emission goesiyds| find that a variation in the X-ray/radio
ratio of a factor of 4 requires a variation in the spectraleixtetween 10 MHz and 327 MHz of
~ 0.5. Even if the equipartition magnetic field strength of 0.89s&ssumed so that the 327 MHz
emission traces electronspf~ 3000, the observed spectral index variation requires a fastdr2
variation in the X-ray/radio ratio which is still much lowtran observed. This is also the case with



61

Pic A (Hardcastle & Croston 2005); a variation in the low4gyeelectron densities alone (model
i) cannot explain the variation of X-ray/radio ratio acsdke lobe.

Alternatively, if | assume constant electron densitieskfoth the synchrotron and iC emission
electrons and also that the magnetic field strength doesamgtalong the line of sight, | find that
the observed variation in the X-ray/radio ratio then regglia variation in the magnetic field of at
most a factor of2.5. For a given frequency, this means the spectral index obdeavlow frequen-
cies, between 1.67 GHz and 327 MHz, for regions of high Xremi6 ratio should correspond to
the spectral index between 3.5 GHz and 825 MHz for low X-&its ratio regions. | consider the
spectral indices between 4.8 GHz and 1.67 GHz to limit thetspleindices of the low X-ray/radio
ratio regions and find that they exceed the upper limit ptediby the observed X-ray/radio ratio.
From this comparison, | cannot rule out the possibility thaarying magnetic field alone could be
responsible for the observed variations in the X-ray/radi®m and the spectral indices. | therefore
considered a colour-colour diagram using the method of {&atne et al. (1993). In their study of
Cygnus A, they argue that a single curve on a colour-coloagrdim is consistent with a homoge-
neous distribution of relativistic electrons togetherhwiarying the magnetic field strength across
the source. The colour-colour diagram for 3C 353, shown gufe 3.10, has a similar single curve
and so is consistent with this picture. In Pic A, Hardcastl€&ston (2005) argued that the detailed
positional variations of radio spectra and radio/X-rayoratere not consistent with such a model,
but these data for 3C 353 are not good enough to rule it out here

| conclude that a varying electron spectrum alone cannaiwatdor the observed variation in
X-ray/radio ratio in the lobes of 3C 353 but that a magnetitdfsrength that varies by a factor
of ~ 2.5 throughout the lobes can explain it. Similar conclusionseareached by Hardcastle &
Croston (2005) in their study of Pic A.

3.4.3 The Cluster-Lobe Interaction

The surface brightness profile was converted to a pressafiéepising the method of Birkinshaw &
Worrall (1993), so that the radio lobe pressures determiittdsyNCH could be directly compared
to the external pressure from the cluster at the positiom®fadio galaxy. The centre of the East
lobe lies~ 280 arcsec from the centre of the northern sub-cluster. At tudgat distance where the
temperature of the environment is takerBds+ 0.5 keV, the external pressure is much greater than
the internal pressure of the lobes. As FR I radio galaxieseapected to be in pressure balance or
over pressured, either 3C 353 is not in the plane of the clustdhere is an additional contribution
to the pressure from non-radiating particles such as hotrtdleor relativistic protons in the lobes.
Previous studies of FR Il radio galaxies in groups and ctastave shown that pressure balance can
usually be achieved without additional protons (e.g. Gnogtt al. 2005b; Hardcastle et al. 2002a;
Belsole et al. 2004). | therefore assume that 3C 353 is ndtarptane of the cluster and using the
East lobe, determine that 3C 353 requires a shift in radisitipon corresponding te- 600 arcsecs
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Figure 3.10: Colour-colour diagram for 3C 353 made at 7 @rossolution.

to be in pressure balance with the northern sub-clusters plaices 3C 353- 510 kpc either in
front or behind the centre of the cluster. At this positidie WWest lobe’s internal pressure is also
consistent with the external pressure. The position of 3\@h respect to the pressure profile is
shown in Figure 3.11. At this distance from the cluster, tktermal pressures seen by the lobes are
different by a factor of- 1.8, which may help to explain the difference in appearance efdbes,
the East having a spherical appearance whilst the West $oblemgated with hotspots at the outer
edge.

3.4.4 Additional Features of Note

In addition to the usual radio-lobe structure, the East wt@C 353 contains a dark circular region
of unknown origin at 17:20:36.088, -00:58:44.15 (Figurg) 3 Detectable in all radio frequencies
except 74 MHz (presumably due to its low resolution), the snead fluxes in this region are a factor
of 100 above the rms background but are a factor of 2 faintam the surrounding lobe emission.
The X-ray image shows no sign of any feature in this regionraither does the Digital Sky Survey
(DSS). As the emission is independent of frequency | canautean foreground absorber and the
required geometry is unrealistic for an obstruction in thieel Without further information | am
unable to identify this feature.

lwasawa et al. (2000) included optical observations of thster region centred on 3C 353 taken
with the University of Hawaii 2.2 m telescope in their an#&ysf Zw 1718.1-0108. They identified
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three additional massive galaxies, none of which residénénniorthern sub-cluster (Figure 7.2).
Deeper optical observations would help to establish whdtiere are any galaxies associated with
the northern sub-cluster and whether 3C 353 is the dominantlyer of this sub-cluster despite its

position at the edge.
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Figure 3.11: Pressure profile for the northern sub-clustews by the greyed in region, with the
measured pressure of the lobes of 3C 353 at the projecteshdést(solid line) and at the posi-
tion with the radial shift applied to where the East lobe ipiassure balance with the sub-cluster
(dashed line). The measured iC emission was used to deteth@rpressure within each lobe. The
temperature of the cluster at the radial distance of 3C 3%3usad.
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3.5 Summary and Conclusions

The results can be summarized as follows:

By fitting an iC model to the lobes, | found the East lobe to mxbn dominated and the
West lobe to be consistent (within the large errors) withigantition.

| determined that a variation in the electron spectrum caanoount for the varying X-ray
and radio emission alone, but that a change in the magndticstiength across the lobes is
required.

| have obtained a good X-ray spectrum of the nucleus of 3C B&& the X-ray and optical
properties of this source are ambiguous but it appears to deegion of parameter space in
between those normally occupied by narrow-line and lowitation radio galaxies.

| have detected an X-ray counterpart for the East hotspsebliy4.0 + 0.5 kpc.

The northern and southern sub-clusters were found to bieeisotl with a temperature dif-
ference of~ 1 keV supporting a model in which they are two originally sgp@rcomponents
undergoing a merger with no evidence for a violent intecacti



Chapter 4

Radio Galaxy Filaments

Shortly after the work in Chapter 3 was published, our reswitre confirmed by Kataoka et al.
(2008) usingChandraX-ray data. In this Chapter, | use their X-ray data for 3C 383nell as
previously published data for Pic A (Hardcastle & Crosto®20to investigate the small-scale
variations in the radio and X-ray emission using a new, ptuifpioint statistical method. This work
was submitted to MNRAS in February 2010.

4.1 Introduction

As discussed in Chapter 3, spatial comparisons of the radioXaray emission from the lobes of
radio galaxies give us insight into the spectral behavidtn®electron population and the effect of
the magnetic field on the energy of the lobes.

The proximity of 3C 353 and Pic A means that we clearly detadia filaments of brighter
material within their lobes. This lobe filamentary struetis detected in many other radio galaxies
[e.g. Fornax A (Ekers et al. 1983; Fomalont et al. 1989); Hiexx A (Dreher & Feigelson 1984);
and Cygnus A (Perley et al. 1984)]. From these previous rabgervations, we know that these
filaments are seen in a range of shapes; some resemble sprtieay resemble shock fronts and
others form ‘triangles’ (Fornax A) and ‘mushrooms’ (3C 3535 the filaments are much brighter
than the surrounding lobe material, they are likely to berpressured, and they are also highly
polarised (van Breugel & Fomalont 1984; Swain et al. 1998telyest al. 1997). Perley et al. (1997)
writing about Pic A, discuss the required enhancementsimtiagnetic field and the electron density
for the observed fractional brightness enhancement of 208y state that the B-field would have
to be a factor of 5 stronger in the filaments or the electrorsitienvould have to be an order of
magnitude higher. Either would make these features ovespred with respect to the inter-filament
regions. These filaments may be interpreted as a simplectimjeeffect in shell-like structures
caused by shocks and turbulence (e.g. Cygnus A; Perley&4), spherical waves (e.g. Hercules
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A; Mason et al. 1988), or the filling of bubbles of tenuous gasfined by surrounding magnetic
fields and a hot ambient medium (e.g. 3C 310; van Breugel & Famha984).

Previous 3-dimensional (3D) magnetohydrodynamic (MHD)wdations have considered the
influence of the environment on the jet (Tregillis et al. 2002Neill et al. 2005) and the interaction
between the expanding cocoon and the environment (KrauséegaAder 2007); however, recent
2.5 dimensional MHD simulations of the jet-environmentnaiction reveal complicated pressure
and density structure which suggests that there are turboiagnetic fields within the jet cocoon
(Gaibler et al. 2009). The filamentary structures that nesif these simulations are overpressured
and overdense, which is consistent with the observationgtiomed previously. Unfortunately, a
study of the small-scale behaviour has not yet been cartiedconcentrating instead on the effect
of poloidal and toroidal fields on the turbulence at the co®edge.

To understand the nature of these filaments, we require ast&tibn. In most of the galaxies
where we detect radio filaments, the thermal bremsstratfitige environment dominates the iC
(e.g. Cygnus A, Centaurus A, M87, and Hercules A) and in tiezaf Fornax A and Centaurus B,
they cannot be efficiently observed with the present geioeraf X-ray telescopes due to their large
angular size. As previously mentioned, there are X-ray NiBGletections of the lobes in Pic A and
3C 353; however, the X-ray iC/CMB emission from the radiorfints is not directly identifiable
by eye in theChandraor XMM-NewtonX-ray observations limiting the analysis by Hardcastle &
Croston (2005) and Goodger et al. (2008) to characterisatiohe global variations.

In this work | present point-to-point comparisons of theioag/nchrotron and X-ray iC emis-
sion from the lobes using a statistical method developedléaut particular relationships between
the radio and X-ray emission which does not require detestad the individual filaments. Instead,
| statistically investigate whether the radio and X-ray sion is correlated; it is this correlation
that can constrain the energy densities of the electronsraaghetic fields. | initially determine
whether the radio synchrotron and X-ray iC emission fromA&nd 3C 353 are correlated (Sec-
tions 4.3 and 4.4) using the X-ray and radio data from pres/jmublished work (Section 4.2). | then
simulate the observed X-ray data using a ‘linear’ model desg a situation where the observed
changes in emission are due to changes in the electron pigpuleith a constant magnetic field
strength (Section 4.5.1), and a ‘linearly-scaling’ modetere the energy density of the magnetic
field scales linearly with the energy density of electronyiafion (Section 4.5.2). By comparing
these simulated data with the observed correlations, It@nghe physical conditions within the
filamentary structure of the lobes. The implications of toastraint are discussed in Section 4.6.
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Table 4.1: Radio Observation Details

Galaxy Frequency Config. Date Duration Band Width
(MHz) (s) (MHz)
PicA  1446/1496 A 03/10/1987 3600 3.125
A 01/10/1987 360 12.5
AnB  03/07/1986 4680 12.5
BnC  02/10/1986 4680 12.5
CnD  01/02/1987 2880 12.5
3C353 1665/1385 A 19/05/1968 20710 12.5
B 14/08/1968 6640 25.0
C 16/09/1985 1441 50.0
4.2 Data

| used radio and X-ray observations of Pic A and 3C 353 in thiskwall of which have been
previously published. Our radio data were taken at the NRA&G Varge Array (VLA) and | make
use ofChandraobservations for X-ray measurements as | require sufficipatial resolution to

detect the filaments with good statistics. The details od¢hadio and X-ray data are summarised
in Tables 4.1 and 4.2 respectively.

421 PicA

The radio observations of Pic A used in this work were firssprted by Perley et al. (1997) and
kindly provided by R.Perley. | used the 1.5GHz images in thisk, which were presented in
Hardcastle & Croston (2005) (resoluti@rd x 7.0 arcsec). The X-ray data used are the combination
of three observations taken in 2000 and 2002 (ObsIDs 34@) 368 4369). | used images in the
energy range 0.4 — 7.0 keV to measure the X-ray flux densitydi\P

422 3C353

| used the 1.67 GHz radio data for 3C 353 observed at the VLAdasribed by Goodger et al. 2008,

with resolution1.78 x 1.44 arcsec), and a 90 KShandraobservation taken in 2007 (presented by
Kataoka et al. 2008) for this statistical study (ObsIDs 78868 8565). | used images in the energy
range 0.4 — 8.0 keV to measure the X-ray flux density in 3C 353.
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Figure 4.1: X-ray data of the west lobe for Pic A in the energnd 0.4 — 7.0 keV smoothed with

a Gaussian with a kernel of 3 pixels (1.5 arcsec) with thecgrid regions shown in green, the

excluded regions shown in red and the background regionsrsimocyan. The edge of Pic A is

defined in yellow. The background value was determined uiagaverage of all the background

regions (cyan). The white contours show the 1.4 GHz radission at 0.007, 0.038, 0.212, 1.166

and 6.412 Jy beam (resolution 0.492 arcsec).
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Table 4.2: X-ray Observation Details

Galaxy Date ObsID Livetime Filtered Livetime
(s) (s)

PicA  18/01/2000 346 25737 25737
17/09/2002 3090 46959 36351
22/09/2002 4369 49126 49126

3C353 04/07/2007 7886 71811 70400
04/07/2007 8565 18179 17900

Figure 4.2: X-ray data for 3C 353 in the energy band 0.4 — 8W0staoothed with a Gaussian with
a kernel of 3 pixels (1.5 arcsec) with the source grid reg&im®wvn in green, the excluded regions
shown in red and the extended local background regions in.cyae edge of 3C 353 is defined
in yellow. Each source region (green) is matched with anreldd background regions (cyan) at
the most similar distance from the centre of the Northerndubter as defined by Goodger et al.
(2008). The white contours show the 1.4 GHz radio emissidnhGfi1, 0.011 and 0.110 Jy beam
(resolution 0.492 arcsec).
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4.3 Method

As | cannot identify the filaments directly in our X-ray dat&hose to perform a statistical test on
the radio and X-ray emission to determine whether the earissis correlated and if there was a
simple relationship between the radio flux density and thay)eounts. | did this by constructing a
grid of regions over the entire radio galaxy, measuring #ekbround-subtracted X-ray counts and
radio flux density in each region, and plotting these vaeslalgainst each other.

The first step in this analysis was to determine the best sizéé regions; | required tens of net
counts per region after local background subtraction anslol meeded enough regions to establish
the correlation with good statistics. With this number of c@unts, | could use Gaussian statistics
to estimate the error on these source grid regions. | fouatcetigrid size 020 x 20 pixels ( 6.9 kpé
for Pic A and 6.0 kpe for 3C 353) was large enough to resolve the filaments so thsunements
are independent, had sufficient net counts per bin for afgignt detection and gave enough regions
across the source to perform adequate statistics. Thestfendifferent region sizes did not change
significantly (Figure 4.3). The grid regions for 3C 353 arewsh in Figure 4.2 and for Pic A in
Figure 4.1, both colour-coded as described below.

Using the radio image as a guide, | defined a generous oulmamp in yellow) around the
galaxy to separate the source and the background grid se@gimeen and cyan respectively). Any
grid region that included a contribution from either a paiatirce or a chip gap was excluded from
this analysis as were the grid regions which lay on the g&dahgundary, as these contained a
contribution from both the source and the background (shiomned). | also masked out the jet,
core and hotspots as | was only interested in the variati@magsion from the lobes.

The X-ray counts were calculated usiogpo 4.1 and the taskimstat To account for back-
ground emission, | used an average of all the backgroundrggions for Pic A as its X-ray back-
ground is relatively uniform across these data, and | used loackground regions located to the
north of the galaxy for 3C 353 as it is located on the edge of egimg cluster and thus has a
complicated background.

For 3C 353, for each lobe region the background grid regiad us the one with the most
similar distance from the centre of the northern sub-ctu&te defined by Goodger et al. 2008, ,
see Chapter 3) to that of the source grid region. This backgtarid region was then extended
to the north so that its area was five times that of the souriderggion to reduce the error on the
background X-ray emission. We considered using the cleskg region to the source grid region,
but as there is a gradient in the background emission, appately parallel to the major axis of
3C 353, due to thermal emission from the sub-cluster, ugiegctosest edge region to the source
grid region resulted in some net counts being underestimiatéhe East lobe and others in the
West lobe being overestimated. The overall trend of thesewlas not significantly affected by the
choice of background (Figure 4.4). As | used an average tfi@lbackground grid regions for Pic
A, the X-ray error was already sufficiently low and thus regdino further averaging.
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Figure 4.3: Comparison of the effect of grid size on the treh8C 353.

The corresponding radio flux densities were found using\soé based on tHeintoolspackage
to determine the flux from the same source and backgroundneghat | used in the X-ray analysis.
The error on the radio flux density is negligible and depermdg on the image noise £ 1.8 mJy
beant! and~ 0.3 mJy bearm! for Pic A and 3C 353 respectively), which is relatively camt
across the radio image.

4.4 Correlation Results

The observed X-ray counts and radio flux densities for 3C 3BRic A are plotted against each
other in Figure 4.5. At first glance, there is no obvious datien between the X-ray and radio
emission for either galaxy, and a Spearman’s rank test aggests that the probability of a correla-
tion is low with correlation coefficients gf = 0.11 andp = 0.32 for Pic A and 3C 353 respectively.
Using the standard significance test£ p/N — 1), | find that for Pic A, these data are not sig-
nificantly correlated{ = 2.11) but for 3C 353 | findz = 4.72, indicating a significant correlation
between the X-ray and radio emission for 3C 353. The appdnightX-ray count branch at low
radio surface brightnesseS{ < 0.06 Jy) in our Pic A data (shown in purple in Figure 4.8) is due
to a known change in the X-ray/radio ratio across this regidnich is discussed in Hardcastle &
Croston (2005). Omitting this additional component in oistribution would result in even less
correlation in these data.
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| now know that these data are formally correlated; the dqueds what the nature of this

correlation is. | therefore simulated data assuming firgteal relation and then a linearly-scaling

model as described in the following Section, to compare wighobservations.
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Figure 4.4: Comparison of the effect of background choicehentrend of the data for 3C 353.

Using one background region at the most similar distanaa ftee centre of the Northern subcluster

is shown top left (rad), using the average of the three regidhe most similar distance from the

Northern subcluster is shown top right (radav). Using tleses$t three regions is shown bottom

right (av) and the method opted for is shown bottom left; &télg a region with the most similar

distance from the Northern subcluster, which is north ofgakaxy, and extending the region north

to five times the size of the source region (ext).
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4.5 Simulations

In this Section | considered the most physically plausibé&lels to test: a linear relationship and a
linearly-scaling relationship.

| would expect a linear relationship between the radio am@yemission if the radio features
were due to changes in the electron energy spectrum and adbdihanges in the magnetic field
strength. This assumes the filaments are present in the datay even though they are individually
undetected in our data. It is not necessary to know the magfield strength in the lobes or
filaments as | can assume that it is a constant.

In a linearly-scaling relationship, | am modelling a sitaatwhere the magnetic- and electron-
energy densities are changing in stéfi;(= CUg) as would be the case if the changes in the radio
emission were due to changes in both the electron populatidrthe magnetic field strength. The
expressions for the radio synchrotron and X-ray iC emisgiere rearranged to determine how the
expected X-ray emission behaves for a given radio flux ingbenario (Section 4.5.2). By testing
this scenario, | can evaluate the extent to which the spatihbnging emission is due to the electron

population.

60

‘ brigh{ radio
top branch

S0 ¢ faint radio x|

X-ray counts

-10

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Radio Flux Density (Jy)

Figure 4.8: The high X-ray surface brightness region in tleeAPare shown in purple on both the

map (left) and the scatter plot (right), while the low X-rayfeice brightness regions are shown in
blue and the remaining bright radio surface brightnessoregiwhich surround the hotspot in the
map are shown in green.
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4.5.1 A Linear Relationship

In the linear relationship model, | used the ratio of obsér¥eray counts to observed radio flux
density as the constant of proportionality between theoragid X-ray emission. | accumulated
the X-ray counts and radio flux density for all of the sourcel gegions to determine a global X-
ray/radio ratio 0269.81 + 0.72 counts/Jy for Pic A and1.49 + 0.01 counts/Jy for 3C 353. These
ratios were then used to simulate the X-ray counts from tti® ifux density of the observed data.

To simulate the expected X-ray counts accurately, | intceduscatter to the source and back-
ground counts using a Gaussian distribution as an appréxim# the Poisson statistics due to
the large number of counts. Examples of these linearlyagdlaimulated data, for both Pic A and
3C 353, are shown in Figure 4.6. | repeated this simulatigheX-ray data 100 000 times for each
galaxy and performed a Spearman’s rank test for each siiml&i obtain a distribution for the
correlation coefficients for this model. By comparing thistidbution of the correlation coefficients
with the value for our observed data £ 0.12 for Pic A andp = 0.32 for 3C 353), | determined
the probability of the simulation reproducing the corrslatmeasured in our observed data.

| found that we would expect our observed data to be linearyetated as weakly as observed
or more so at most 1/1000 of the time for 3C 353 allowing us ®out a linear relationship between
the observed radio and X-ray to 99.9% confidence for 3C 353veier, for Pic A the lowest value
of p produced in 100 000 simulations was 0.698, so | can configdenli out a linear relationship
for these Pic A data.

4.5.2 Linearly Scaling Energy Densities

| also simulated the X-ray counts on the basis of a model ickvttie emitting material has linearly-
scaling magnetic and electron energy densitiés,= CUpg, so that the changes in radio surface
brightness are due to changes in both the electron populatid the magnetic field strength. In this
scenario, we would expect the radio synchrotron and theyX@amission to change in the same
direction, but not to the same extent.

As is well known from the theory of synchrotron emission (Seetion 1.2, e.g. Longair 1994),
the radio synchrotron emission is affected by both the mlagbopulation and the magnetic field;
Jrsyn o< No BPt1D/2. The X-ray iC emission is only affected by the electron pagiah as the
CMB is constant across the radio structurg;c o« Ny (Equation (1.9)).

In this model, we assume the magnetic energy denSity,= B2 /2., is proportional to the
electron energy density/r = [ EN(E)dE, so B « Ny, and we can substitute this condition
into the expression for radio synchrotron emission andielie the magnetic field strength from
the relationship.J, sy, o Nép+5)/ * This can then be rearranged and substituted into the X&ay i
relationship so that the X-ray iC emission is related to #dia synchrotron emission a&;c o
JAEE5) n this work | have useg = 2 5o thatxic o Jidom.
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| applied the same scattering to this simulated data as ilirthar relationship simulations, and
I normalised these simulated data to the total observedyXeants. | found that the distribution of
correlation coefficients drops below the value from our ol#ons in 5% of these simulations for
3C 353 and never in 100 000 simulations for Pic A. This modeltbarefore only be ruled out with
high confidence for Pic A.

In reality there is likely to be some curvature in the electspectrum. The high-frequency radio
spectral index of the lobes Pic Ais= 0.85 (Perley et al. 1997) while the overall spectral index of
the iC X-ray emission from the lobesds= 0.5 — 0.6 (Hardcastle & Croston 2005) so that spectral
curvature is clearly present in this source. These valuggest that the effective values of p range
from 2 in the low-energy electrons to 3 at much higher energies. | have therefore tested a model
wherep = 3 so thatJy;c J}s/;n using our Pic A data and the observed relationship coulld stil
not be reproduced in 100 000 simulations. In order to testature models in general, we would
require a model for the electron energy spectrum which waekt to be evaluated at every point
in the lobe: such detailed modelling is beyond the scopeisfabrk.

4.6 Discussion

With this new statistical analysis, | have shown that théaahd X-ray emission is significantly

correlated in 3C 353 30) and with a20 significance in Pic A. This is not entirely unexpected
as the geometry of the lobes means that, if there is isotmmission per unit volume, the surface
brightness would be brighter in the centre of the lobes andldvtade away towards the edges.
The precise distribution of electrons in the lobes is unkma@a a purely geometry-based model is
difficult to define; however, the observed correlation wilhtain a contribution due to the geometry
so that the correlation due to the filamentary structure skeethan the total correlation observed.

Our simulations of a linear relationship between the radia flensity and the X-ray counts
represent changes in the surface brightness as being debaoging electron energy spectrum with
a constant magnetic field strength. | have determined tleadliserved correlation between radio
flux density and X-ray counts is weaker than would be expeotdds model in either the West lobe
of Pic A, with a null hypothesis probability less than 1/1@D0or in the lobes of 3C 353 (probability
less than 1/1000). | can therefore confidently rule out thisdrly related model for both galaxies to
greater than 99.9% confidence. | also simulated a lineadjed relationship between the electron
population and the magnetic field. These simulated datadeped the observed correlation in
5% of the simulations for 3C 353 but never in 100 000 simufetifor Pic A. This relationship
represents a physical model where the changes in the emiasiodue to changes in both the
electron population and the magnetic field strength. Ta&gether, these results suggest that the
filaments are likely due to strong spatial variation of thegmetic field strength alone.
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On larger scales, our earlier work on Pic A and 3C 353 (Hattie&Croston 2005; Goodger
et al. 2008, respectively) led us to argue that the obserpatias variation in the radio/X-ray ra-
tio could not be attributed to changes in the electron enspgctrum alone; we required spatial
variation in the large-scale magnetic field strength in tieb as well. However, we found in both
cases that thglobal energy density of the sources was dominated by the ele¢tnotisthe energy
density in the magnetic field being a factor of a few lower (Skapter 3).

Given that our new results imply strong variation of the n&gnfield strength from point
to point in the lobe, and therefore along any given line ohsig the lobe, we must interpret
the constraints on the magnetic field from our earlier worlapglying to theaveragemagnetic
field strength in the source. That is, the mean energy deimsityagnetic field falls below that in
electrons, but there are regions of the lobe, seen in sytiohremission as filaments, where it can
be significantly higher. Similarly, the large-scale sdatiiation in magnetic field strength reported
in our earlier papers is a variation in the mean rather thamglrelated to the small-scale variation
implied by the filaments.

The strong point-to-point variation of the magnetic fieldolied by our preferred model will
have implications for spectral ageing in the radio lobegs. gample, it has been suggested (Blun-
dell & Rawlings 2000) that in addition to synchrotron cogliother loss mechanisms and migration
of the electrons between regions of different magnetic B&lengths cause simple spectral ages to
be overestimates of the time elapsed since acceleratioodd&o et al. (2008) considered the spec-
tral indices of the radio emission using the radio ‘coloalear’ analysis of Katz-Stone et al. (1993),
and could not distinguish between a JP-type (Jaffe & Pef@I8)land a KP-type (Kardashev 1962;
Pacholczyk 1970) spectral ageing model, as the data didenan khe line predicted by either model
(see Figure 4.9); instead we concluded that the emissiorcem@sistent with a homogeneous dis-
tribution of relativistic electrons together with a vargimagnetic field strength across the source,
which was also found to be the case for Cygnus A (Katz-Storaé. 4993). Both the JP-type and
KP-type models assume a constant and known magnetic figldgsty; our current picture of the
magnetic field variation in our targets is more consisteri wiodels such as the ‘leaky-box’ model
(Eilek et al. 1997; Kaiser 2005) which allows the electromsmove between regions of high and
low magnetic field. This model predicts a radio spectrum abot GHz which is dominated by the
higher magnetic field regions and becomes steeper over filme.simple leaky-box model better
fits the curvature of the Cygnus A data (presented by KatneSén al. 1993), where the curvature
of the model is dependent on the rate of diffusion of the émgjtelectrons (Figure 4.9). As 3C 353
has a curvature similar to that of Cygnus A, | can conclude ttie colour-colour plot could well
be better described by the leaky-box model, consistentaitlpreferred model for the small-scale
magnetic field structure.
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To summarise, | have shown that the relationship betweenatlie synchrotron and X-ray iC
emission in Pic A and 3C 353 is likely due to a strong poinptiat variation in the magnetic field
strength rather than changes in the electron energy dittib This is consistent with a leaky-box
spectral ageing model, which may well be a good descriptiaiheradio colour-colour plots for
3C 353 presented in Goodger et al. (2008) (Chapter 3, Figli@).3 Our results thus imply that
spectral ageing models for radio galaxies in general mag nedake inhomogeneous magnetic
fields into account. The current generation of MHD simuladi@o not consider the behaviour of
the magnetic fields sufficiently to confirm our results. Tienme, to further constrain the cause of
these overdense, strongly polarised lobe filaments, we detedtions of iC X-ray emission from
these radio filaments in a greater number of radio galaxidsfdly 3D MHD simulations focus-
ing on the material within the radio lobes. Unfortunatelytlae thermal bremsstrahlung dominates
the iC in the X-ray of most galaxies where radio filaments Hsen detected, our sample is limited.
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Figure 4.9: Colour-colour diagrams showing the convemtiepectral ageing model predictions for
the leaky box model with various diffusion rates indicatgdhe difference line styles (Kaiser 2005)
with the observational data for Cygnus A from Rudnick et 8094) (left panel) and the standard
KP, JP and continuous injection (Cl) models taken from Kstizre et al. (1993) (right panel).
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4.7 Summary and Conclusions

In this work, | have used a point-to-point, statistical nuetho investigate the small-scale behaviour
of the radio synchrotron and X-ray iC emission in the lobesaofio galaxies, as opposed to the
studies of large-scale variation carried out in previouskwoOur results can be summarised as
follows:

e The radio and X-ray emission is correlated in Pic A and magaificantly in 3C 353.

¢ Alinear relationship between the radio flux density and th@)counts is ruled out to 99.9%
confidence for both Pic A and 3C 353 suggesting that the atiwal is not simply due to the
geometry of the lobes, and neither is it due to a local chamgjes electron energy spectrum.

e | can also rule out a linearly scaling relationship betwedsm e¢lectron and magnetic field
energy densities t599.9% confidence in Pic A and to 95% confidence in 3C 353, ciamdis
with global results.

e By eliminating these relationships, | conclude that thenfdats are most likely to be due to
strong spatial variation of the magnetic field strength.

e It is important that varying magnetic fields be included iedpal ageing models and MHD
simulations; in particular, it is apparent that ignoringststructure will introduce systematic
errors into estimates of spectral ages.
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Chapter 5

The Jet Knots in Centaurus A

Here | present work on the knots in the jet of Cen A, which walslipbed in The Astrophysics
Journal (Goodger et al. 2010). It incorporates nearly tweades of radio VLA an€handraX-ray
data including &ChandraVery Large Program (VLP). | used this multi-frequency dataxplore
the temporal behaviour of the jet knots and constrain thégbaracceleration mechanisms that
cause and sustain these jet knots (see Section 1.3.1). Thgssurface-brightness regions are
observed in a wide range of observing bands suggestinghbed aire very energetic processes at
work in these knots. How these regions affect the energyitien®f the particles and magnetic
fields within the jet, and whether additional material isreimed by the jet are important questions
for understanding the overall energy transfer betweenahand the lobe.

5.1 Introduction

It is generally agreed that the observed emission from edfrBiley class | (FRI; Fanaroff &
Riley 1974) radio jets is due to the synchrotron procesd atalelengths, with similar jet structure
observed from the radio through the optical into the X-rag.(élardcastle et al. 2002b; Harris
& Krawczynski 2002). The jets of FRI radio galaxies are thuutp decelerate as they move
away from the core, entraining material and expanding irgtume of diffuse matter (e.g. Bicknell
1984). One of the most significant implications of the syottan emission model is reflected
in the characteristic loss timescales: in a stable envimnmthe X-ray emitting electrons have
lifetimes of the order of tens of years, tracing regions ofeut, in situ particle acceleration, while
the radio emitting electrons last for hundreds of thousarig®ars, showing the history of particle
acceleration in the jet.

In order to investigate these regions of particle accat@rave need data with sensitivity and
resolution sufficient to detect jet substructure on spatiales comparable to the synchrotron loss
scales. This prompts us to look to the two closest bright FRllar jets: M87 and Cen A. Both
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of these jets have been detected in multiple frequencies fhe radio through to the X-ray (e.g.
Feigelson et al. 1981; Kraft et al. 2002; Hardcastle et @132@006b; Harris & Krawczynski 2002).
The proximity of these radio galaxies, 16.7 Mpc and 3.7 Mspeetively (Blakeslee et al. 2009;
Mei et al. 2007; Ferrarese et al. 2007), make them uniqualjetratories with spatial scales of 77 pc
and 17 pc per arcsec respectively. The details revealeckistthcture of these jets have been the
focus of many recent studies (e.g. Biretta et al. 1999; Hastlle et al. 2003; Kataoka et al. 2006;
Cheung et al. 2007). Within the smooth surface brightneserid in both of these jets are clumps
of bright material — the knots — embedded in diffuse matgaibkemitting via synchrotron emission.
The precise mechanisms causing the particle acceleragponsible for the diffuse structure and
the knots are still unknown.

The most surprising result of recent observations of thesesistems was the radio-to-X-ray
synchrotron flare of HST-1 in M87. In 2002, the X-ray flux of H&Thcreased by a factor of 2 in
only 116 days (Harris et al. 2003), implying a change withireenitting volume with a characteristic
size less than 0.1 pc for a stationary source (much less tigasize of HST-1,~ 3 pc). The X-ray
brightness then faded in the following months only to flaraiagpeaking in 2005. At its brightest,
this flare was higher than its 2001 level by a factoro50. The UV and radio light-curves were
found to vary in step with the X-ray up to this peak (Perlmamale2003; Harris et al. 2006), but
the subsequent decrease appeared to drop off faster in thg than in either the optical or the UV,
which drop off in step (Harris et al. 2009). In additional histspectral variability, it was established
with the Hubble Space Telescope (HSARd the NRAO Very Long Baseline Array (VLBA) that
some of the knots in M87 move superluminally, including sgfions of the HST-1 knot (Biretta
et al. 1999; Cheung et al. 2007). Together, this suggestsvihare observing synchrotron losses in
addition to either beaming or compression/rarefactiornefjét fluid.

Cen A is a factor of 4.5 closer than M87 so we can resolve motalglen the complicated
fine structure of the jet. The originally identified featuraamed A-G by Feigelson et al. (1981),
have since been resolved into at least 40 individual knotaftket al. 2002; Hardcastle et al. 2003)
with additional emission from diffuse material. Some of th#use emission has been described
as downstream ‘tails’ of emission from the knots (Hardeastlal. 2003) or as evidence for limb-
brightening of the jet (Kraft et al. 2000). In 2003, Hardtastt al. presented 8.4 GHz radio ob-
servations from the NRAO Very Large Array (VLA) of Cen A. Thabrk used archival data from
1991 and new observations from 2002 to study the jet knotsramdtigated the offsets and rela-
tionships between the radio knots and their X-ray countés@and vice versa. They found that only
some of the radio knots appeared to have X-ray counterdaeaging many as ‘radio-only’ knots
and ‘X-ray-only’ knots. They also considered the tempotanges in the radio knots, specifically
their proper motions, finding that some of the radio knotseaapving. These moving knots had
comparatively little X-ray emission suggesting that hagiergy particle acceleration is less efficient
in these regions than in the jet as a whole.
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Some of the current models explaining the presence of knitkérmthe generally smooth dif-
fuse material of the jet include compressions in the fluid flallisions with obstacles in the galaxy
causing local shocks, reconfinement of the jet or some ottevige process, and magnetic recon-
nection. Hardcastle et al. (2003) ruled out simple compwassf the fluid as a mechanism for
producing X-ray-bright, radio-faint compact knots in favf in situ particle acceleration asso-
ciated with local shocks; however, compression could ptdly a part in the other knots. They
concluded that the most likely model to describe the majarftthese knots is an interaction be-
tween the jet fluid and an obstacle such as a molecular cloadigh mass-loss star. By exploring
the temporal behaviour of the X-ray and radio emission, we waderstand the evolution of the
knots and constrain the various models of particle acd@derased to describe the jet features.

In this Chapter | us€€handraand VLA data spread over almost 20 years to measure the X-
ray and radio spectral indices knots, flux density variatjgolarisation variations, and the proper
motions of the jet knots in Cen A. My aims are to detect valitgtin the radio and X-ray properties
of the knots, either extreme variability similar to that o611 in M87 or more subtle changes,
and to compare these properties, which will allow me to qaistthe knot formation processes
at work in the jet of Cen A. The details of the radio and X-rayadeeduction are discussed in
Section 5.2. In Section 5.3 | discuss the details of our aigijnethods and the global results for
the knot population, highlighting particularly interesjifeatures. In Section 5.4, | compare these
knot properties with the predictions of various models foe formation of knots, their particle
acceleration and the jet structure. Finally | outline thestikely processes for forming knots in
Cen A in Section 5.5.

5.2 Data

In this work | use both new and archival VLA radio data at 4.845814 GHz and 22 GHz observed
over almost 20 years. Cen A has been observed at 4.8 GHz wiWitA since 1983 and at 8.4 GHz
since 1991, including 6 monitoring observations taken bginse 2002 at roughly 18 month inter-
vals. | also present new 22 GHz data taken in 2007 as part oftafneguency program (AG0754,
P.I. J.L.Goodger) where quasi-simultaneous observatbtise jet knots were taken in these three
radio frequencies timed to coincide withandraX-ray observations. The details of these radio data
are shown in Table 5.1. All these data were observed with Bgowith beam widths of 50 MHz.
The radio frequencies used in this paper and in Table 5.haraverage values for the two IFs. All
the radio data were reduced anPs using the standard methods described in Chapter 2. The data
were phase-, flux- and polarisation-calibrated beforedspiit into a single source file. As our flux
calibrator, 3C 286, is resolved | followed the recommendethmd of using a model during the flux
calibration. The core of Cen A is very bright, containing85 % of the flux density of the image,
the Cen A data were calibrated with a point source model asitial iapproximation, before being
self calibrated in phase to the point where no further imgnognt was noticed. The data were then
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Figure 5.1: Stacked 8.4 GHz A-configuration radio image efitiner jet in Cen A showing the jet
and counterjet with the 19 radio knots labelled as well asABaliffuse region. The dashed box
indicates the location of the insert panel (top left), whstiows the A1 and A2 groups of knots. In
both the main image and the insert, black corresponds toy®éaht!; however, white corresponds
to 0.07 mJy beam' and 0.2 mJy beamt respectively. The beam 52 x 0.8 arcsec.

amplitude- and phase- self-calibrated and baseline eaibrusing the same method as Hardcastle
et al. (2003). The radio data were translated to the pulidliseerdinates for the core of Cen A (Ma
et al. 1998) in thew plane usinguvfixandputhead The radio jet with all the radio knots labelled
is shown in Figure 5.1; this image is the combination of a8l 4 GHz radio images, individually
scaled by the weighted mean of the rms background.

Cen A has also been observed in the X-ray withandral0 times since 1999 (observations
summarized in Table 5.2). These X-ray data span 8 years aratalen in such a way that the jet
is unaffected by the chip gaps or the read-out streak of thee aith the high resolution provided
by Chandra these well sampled data give us a unique opportunity toyghelitemporal properties
of the jet and its knots. The most recent data, taken in 20@re wart of aChandraVery Large
Program (VLP: P.I. R.P. Kraft), consisting 6fx 100 ks observations, giving a combined livetime
of 719 ks when merged with the earlier data. A summary of tlleigBon processes is given in
Sivakoff et al. (2008) and Hardcastle et al. (2007b). Thek® Wata have been used thus far to
study the X-ray binaries in Cen A (Jordan et al. 2007; Si¥fagbal. 2008; Voss et al. 2009), the
properties of its hot gas (Kraft et al. 2008), its interactigith the intracluster gas (Croston et al.
2009) and of its jet (Hardcastle et al. 2007b; Worrall et AD&). The merged X-ray data set, in the
energy range 0.4 — 2.5keV, is shown in Figure 5.2 with the Kkrsots labelled.
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Figure 5.2: X-ray image of the jet in Cen A with all 40 deteckeday knots labelled. The X-ray
image is in the energy range 0.4 — 2.5keV and shows only th@pasf the data which includes
the jet and counterjet. The dotted line indicates the exdérthe radio jet shown in Figure 5.1
and the dashed line indicates the position of the insertléfip which shows the A group of X-
ray knots. In the larger image, black corresponds to 28 efpinel (0.4 — 2.5keV) and in the
insert, black corresponds to 150 counts/pixel (0.4 — 2.5k&Vboth images, white corresponds to
0 counts/pixel. In both images, the pixel size is 0.07 arpses.

X-ray spectra were extracted for each of the jet knots (seéd®e5.3) and the diffuse regions
in the jet, using thec1A0 taskspecextragtwhich also calculated the response files, whaextract
was used to extract the spectra of all the point sources ifigltefor a comparative sample (Sec-
tion 5.3.4). As some of the jet knots are clearly extendetdénX-ray data (and | wanted to compare
with other more extended jet features), | uspecextractappropriate for extended sources) for all
of the jet knots for consistency; however, | ugestxtractfor the comparison sample, as it consisted
entirely of unresolved point sources. As the jet knots arapact sources embedded in the diffuse
jet and lobe material, local, on-source annular regionsewsed for the background subtraction.
The spectra were then binned to 20 counts per channel aft&gitmaind subtraction, ignoring the
first 28 channels that correspond to energies below 0.4 Ke&/ XFray fitting was carried out using
xsPEC11.3in the energy range 0.4 — 7.0 keV where@mandraresponse is well calibrated. In this
analysis,Chandradata processing was done usinigo version 3.4 anedtALDB version 3.3.0.1.
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Table 5.1: Radio Observation Details

Frequency VLA Date Program ID Dynamic Range Res. rms Noise

(GH2) Config. (arcsec) (mJy/beam)

48164 A 28-Oct 1983 AB0257 18300:1 1.230.33 0.042
4.8164 A 16-Mar 1986 AF0113 6570:1 1.410.36 0.264
48851 A 18-Dec 1992 AKO0316 27300:1 1.630.38 0.025
48851 A 07-Jun 2007 AGO0754 14800:1 1.58.38 0.349
84399 A 02-Jan 1991 AB0587 91800:1 048.20 0.071
8.4601 A 03-Mar 2002 AHO764 95700:1 0.%60.20 0.067
8.4601  A+PT  02-Jun 2003 AH0813 32300:1 049.21 0.233
8.4601  A+PT  14-Dec 2004 AH0855 77300:1 0X®.19 0.082
8.4601  A+PT  18-Feb 2006 AH0892 67500:1 0:69.15 0.103
8.4601 A 04-Jun 2007 AGO0754 92200:1 0.8D.23 0.069
8.4061 A 20-Dec 2008 AG0798 78800:1 0.8D0.21 0.069
224851 A 16-Jun 2007 AGO0754 14800:1 0xD.19 0.457

B 21-Dec 2007

*Observations with ID beginning AH were taken as part of a iowimig program (P.l. M.J.

which was continued by me (ID beginning AG).

Table 5.2: X-ray Observation Details

Obs. Date Detector Exposure
#) (s)

0316 05-Dec 1999 ACIS-I 26493
0962 17-May 2000 ACIS-I 36505
2978 03-Sep 2002 ACIS-S 44589
3965 14-Sep 2003 ACIS-S 49518
7797 22-Mar 2007  ACIS-| 96888
7798 27-Mar 2007  ACIS-I 90839
7799 30-Mar 2007 ACIS-I 94783
7800 17-Apr 2007  ACIS-I 90843
8489 08-May 2007 ACIS-I 93936
8490 30-May 2007 ACIS-I 94425

Hardcastle),
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5.3 Results

These radio and X-ray data allow me to analyse the tempotavi@ur of the knots in Cen A's jet.

| first consider whether the knots are really jet related oetlver some of them are coincidentally
positioned foreground or background objects (Sectionlkh.3Next, in Section 5.3.2, | examine
the multi-frequency radio and X-ray data to determine wéetB emission is significant in the jet
knots before establishing the proper motions of the kno&eiction 5.3.3. | then consider the radio,
polarisation, and X-ray variability of the knots (Sectidn8.4 and 5.3.5). | also measure the radio
spectral indices, X-ray spectral indices and X-ray/radix fliensity ratio to determine the broad
spectra of the knots (Sections 5.3.6 and 5.3.7). Combiriirget properties provides evidence to
test models for particle acceleration in the jet. | also #tigate whether any of the knot properties
depend on the position of the knot in the jet, following upyiwas work by Hardcastle et al. (2007b)
and Worrall et al. (2008).

| combined all of our 8.4 GHz radio data and all the X-ray ofaaions to make deep, high
dynamic range, radio and X-ray maps shown in Figures 5.1 ahd Bhese maps allowed me to
make a definitive list of all the radio and X-ray knots in thé j@he 19 radio knots investigated
in this work are mostly those defined by Hardcastle et al. 20Gth the addition of two knots,
located downstream of the previously detected Al knots. s@Hmots were present in previous
observations but were considered to be diffuse downstreniss®n. However, in the more recent
observations, they appear much more compact, so have bsamated A1D and ALlE and are
investigated in this work. In the 8.4 GHz radio maps, wheeerésolution i).8 x 0.2 arcsec, |
find bandwidth smearing significantly affects knots beyod@ drcsec which is beyond the F-group
of X-ray knots so does not affect the radio knots in the A-gunfation maps. | also note that the
radio jet is within the primary beam of the VLA at all of our @ged frequencies so primary beam
attenuation is not corrected for. Time-averaging smeasdraso not significant at these scales. |
examined maps which extend to the inner edge of the innes I(ibeluding the B-array VLA data of
Hardcastle et al. 2003) and find no evidence of additionalgamtradio knots beyond the B-group
radio knots already detected. Bandwidth smearing doesdfieat these images until beyond the jet.
The absence of knots at large distances from the nucleubeviliscussed further in section 5.4.1.

The 40 X-ray knots used in this work are a combination of thdeatified by Kraft et al. (2002)
and Hardcastle et al. (2003) with independently selectattalecoordinates. The coordinates were
optimised so that a fixed radius of 3 arcsec includes the ihajof the emission associated with
the knot and is larger than the PSF in all observations. Incdses where the knot is close to
the pointing centre this fixed radius slightly overestirsatee flux from the knot including some
background, although the majority of this excess is remaltgihg the background subtraction. |
compared the X-ray flux of our fixed-radius regions with the flueasured using regions with radii
that were modelled using the PSF and found that the changes light curve reflected the changes
in the PSF between observations. | therefore used fixedneglons to eliminate this effect. | used
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annular background regions to account for spatial vanatio the underlying diffuse emission. |

have investigated the systematic uncertainty due to vamian the surface brightness within these
annular background regions and find that the contributiaghad<-ray flux density is negligible (less

than 1%), even in the worst affected knots. As AX1A and AX1€ ery close together, manually

sized regions were used, adjusted to include as much of tissiemas possible, without including

too much emission from the neighbouring knot. The spectgpgrties of all the X-ray knots are

shown in Table 5.3.

5.3.1 Point Source Contamination

Kraft et al. (2002) investigated whether some of the appateray knots could be low mass X-ray
binary (LMXB) in Cen A or background AGN. They simulated pogources using the first of the
ChandraX-ray data sets used in this work (ObsID 0316) to determinethdr the compact knots
were point-like enough in their observations to be confusigld LMXBs and found many that are
consistent. They also considered the radial surface4yedstribution of X-ray sources in Cen
A, concluding that they expected 3 of the knots or sources to be X-ray binaries within Cen A
unrelated to the jet.

It has been shown (see Fabbiano (2006) for a review) thatrdfisant fraction of LMXBs
observed in early-type galaxies wi€handraare associated with globular clusters (GCs). It has
recently been confirmed that 41 X-ray point sources in oua deg¢ associated with GCs within Cen
A (Woodley et al. 2008; Jordan et al. 2007; Voss et al. 200®xaminedSpitzefIRAC 3.6- and
8-um IR maps (Hardcastle et al. 2006b) to check for IR countésparour jet knots, which would
indicate a coincident globular cluster and found a compRctdurce for GX3. | also checked the
GC catalogue by Jordan et al. (2007) and found a GC cointigdi#h GX3 only. Although we do
not expect all LMXBs to reside in GCs, we can rule out any khat has IR emission as likely to
be a LMXB due to its association with a probable GC. Sind®% of all LMXBs identified with
GCs lie in the redder GCs, those with a higher (near-solatpinadundance (e.g., Woodley et al.
2008; Posson-Brown et al. 2009), the latter would actualynore readily detectable in the near-IR
SpitzefIRAC observations than in ground-based optical images.

The X-ray knots AX2A and SX1 are compact X-ray sources wittcampact or diffuse radio
emission, and they lie outside the boundaries of the deteadio jet and counterjet. However, the
X-ray flux variability of AX2A is substantially different &m that of SX1; it was undetected until
2007 when it flared to 3 nJy, and it has not varied significasiiyce. AX2A may therefore be a
genuine new X-ray knot rather than a LMXB so is considereth&rrin Section 5.4.

Contamination from background AGN is highly unlikely; teesould appear as point sources,
possibly with optical counterparts and generally with 8afX-ray spectra (typical unabsorbed X-
ray AGN spectra have spectral indice9 + 0.08, Mainieri et al. 2007). | have also calculated
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Table 5.3: Spectral Properties of the X-ray Knots
Knot  Flux Density Spectral Index Ny

1keV (NJy) ax (x10%2 cm™3)
AX1A 10.65+1.64 1.08+0.04 0.51 £ 0.02
AX1C 21.43+2.97 1.06£0.04 0.52 £ 0.02
AX2 9.29+0.54 0.77 £0.07 0.55 +0.04
AX2A 3.19+£0.96 0.56* 0.084*
AX3 4.02+0.39 0.78 £0.16 0.40 £ 0.07
AX4 498 £0.28 0.9440.16 0.45 £+ 0.04
AX4A 0.30 £0.03 0.48* 0.084*
AX5 6.60 =0.39 0.59 £0.09 0.59 £ 0.08
AX6 9.39+0.35 0.51 £0.06 0.59 £ 0.05
BX1 3.69 +£0.27 0.83£0.11 0.12 4+ 0.02
BX2 19.39 £0.97 0.63 £ 0.02 0.11 £ 0.01
BX2A 1.44 £0.12 0.58 £0.12 0.084*
BX3 2.02+0.17 1.40=£0.35 0.154+0.10
BX4 4.944+0.30 0.91 £0.06 0.084*
BX5 3.06+0.23 1.13+£0.15 0.10 £ 0.03
CX1 2.36 £0.20 1.234+0.17 0.084*
CX1A 0.97 £0.07 2.20* 0.084*
CX2 3.59+0.37 0.79 £0.06 0.124+0.04
CX3 0.82 4+0.09 0.63* 0.084*
CX4 1.09 £0.18 0.54 £0.20 0.084*
EX1 0.78 =0.14 0.60* 0.084*
EX2 0.58 £0.06 0.60* 0.084*
FX1 1.92+£0.11 0.77 £0.12 0.084*
FX1A 0.34 +0.09 0.70* 0.084*
FX2 2.114+£0.25 1.28+0.27 0.12 4+ 0.09
FX3 1.36 £0.16 1.06 £0.30 0.084*
FX5 0.52 £0.03 1.20* 0.084*
FX6 0.77 £0.08 1.56* 0.084*
FX6A 0.47 £0.06 1.20* 0.084*
FX7 1.25+£0.18 1.07 £0.17 0.084*
GX1 1.104+£0.15 0.874+0.19 0.084*
GX2 1.00£0.13 0.63 +£0.14 0.084*
GX3 1.21 £0.30 1.24 £0.50 0.15+0.11
GX4 0.61 =0.10 1.20* 0.084*
GX5 0.13 £0.03 1.20* 0.084*

f weighted mean 1 keV X-ray flux density of the six 100 ks obs@oua taken in 2007
* parameter fixed as too faint for joint fitting; the spectradéx is an average of the local fitted
indices and the nH is the Galactic value.
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the number of AGN we expect in the jet using the backgrolagdVv — logS method described by
Moretti et al. (2003) and find only a 33% chance of finding an AGMNur jet.

5.3.2 Emission Mechanism

Using the three frequencies of radio data observed in 20@#%d a synchrotron model to the radio
emission from the inner A-group knots, which allowed me tedict the X-ray emission we would
expect from synchrotron self-Compton emission (SSC) aanh fthe inverse Compton scattering
of the cosmic microwave background (iC/CMB) and of the g&lsvoptical star light (iC/SL). |
used the sizes measured by Tingay & Lenc (2009) to estimaterttitting volume of the stationary
knots, which appear to have compact cores, combining thenes of the substructures in the cases
of ALA and A2A. | used the radio fluxes measured from radio nmaptched to the resolution of the
22 GHz data1.80 x 0.40 arcsec) and the weighted mean, 1 keV X-ray flux density fragrsth 2007
X-ray observations. At equipartition magnetic field strinsg the observed X-ray emission is much
greater than the predicted X-ray flux density, which is dated by SSC for the stationary knots,
AlA, A1C, and A2A. If we assume the SSC model is dominant intkray regime, the magnetic
field strengths required for the observed X-ray emissionfte stationary knots, are found to be
a factor of 500 — 600 weaker than the equipartition valueds Bhalso true for the knots that are
not detected by Tingay & Lenc (2009) and that are unresolnemlii data; a limit on the sizes was
used to find the limits on the equipartition magnetic fiel&stiths and the internal energies and
pressures of the knots. Table 5.4 shows the radius of theiegnitolume, the radio and 1 keV X-
ray flux densities, the equipartition magnetic field stresgB3,.,, and the required magnetic field
strength for SSC dominated X-ray emissi@ysc, of the A-group of knots.

In other features, such as the hotspots in FR Il radio gadaxiee magnetic field strengths re-
quired for the observed X-ray are only slightly less thaneheaipartition values (factors of 3 - 5
Hardcastle et al. 2004; Kataoka & Stawarz 2005). The mudfetagdeparture from equipartition
required for iC to be significant in the Cen A knots, combindthwhe steepness of the spectral
indices for these knotax(y > «a;c ~ 0.5) suggest that iC emission is not significant in the X-ray
for the majority of the jet knots. | therefore assume thatXhays from the knots are synchrotron
emission in the remainder of this work.

Using the equipartition magnetic field strengths, | was ablestimate the total energy density
of the knots and find that the internal pressures of theseslkaret of the order of 1 nPa, which is
much higher than the pressure in the surrounding diffusesmaht This is also evident from the
higher surface brightness of the knots, which is directlatesl to the internal energy of the knot
material.



Table 5.4: Emission model parameters for the inner A-graumsk

Knot Radius Flux Density X-ray lifetime Magnetic Field Stggh  Pressure
4.8 GHz 8.4 GHz 22GHz  1keV X-ray TikeV  Beg Bic Py
(pc) (mJy) (mJy) (mJy) (nJy) (yrs) (nT) (nT) (nPa)
A1A/AX1A 2.017 20.104+4.26 12.274+2.04 5.324+0.98 10.65+1.64 5.61 69.3 0.119 0.955
Al1B <6.586 46.92 +5.58 29.44 +2.67 13.83 +1.28 < 19.38 17.63 32.3 > 0.125 0.937
A1C/AX1C 2.293 41.45+5.66 25.33+2.70 12.32+1.30 21.43+2.97 486 76.3 0.135 1.546
A2AJ/AX2 2.727 37.13+5.82 15.57+2.78 6.32+1.33 9.294+0.54 746 57.3 0.119 0.871
B1A/BX2 15.300 2.64+0.64 0.93+0.61 - 19.39 +£0.97 30.89 22.2 0.038 0.131

T6
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5.3.3 Proper Motions

The results of Hardcastle et al. (2003) were based on onlfirdtewo epochs of radio data. With

these data, they were able to establish the bulk flow speda ¢ét (~ 0.5 c) and also demonstrated
that some of the knots move along the jet (A1B, A2, A3B, and #Hj)le others were consistent

with being stationary (A1A, A1C, A2A, A3A, ABA, B1A, SJ1, SJ8J3, S2A, and S2B). With the

multi-epoch data we can improve on the accuracy with whiehpitoper motions are measured. |
used maps with a matched resolutiordaf0 x 0.20 arcsec for these measurements.

The approach to fitting speeds | used was to use a modifiedbuen$ithe shift-and-fit method
of Walker (1997), as used in a simpler form by Hardcastle e{24103). As | have more than
two maps | attempted to fit a velocity vector, consisting obagular speed and direction, to each
knot. (More complex models are not justified by the qualitythef data.) To use the shift-and-fit
method | selected a reference image at a particular epocha Biven trial value of the angular
velocity vector the appropriate part of this image was thieiftexl (using a bicubic polynomial
interpolation) to the position implied for all the other eps, the difference of the two images was
formed, and the contribution tg? was calculated using estimates of the local on-source noise
both maps. The tota}? over all non-reference images was minimized using a Ma&bain Monte
Carlo (MCMC) algorithm (briefly described by Croston et al008) which allows the efficient
exploration of parameter space. A Jefferys (scale-inagrigrior was used for the magnitude of
the angular velocity vector to avoid bias towards large e@sluln principle this algorithm also
allows an efficient determination of the uncertaintiesr{fally the credible intervals) on the fitted
parameters. However, | found that these errors were doetdrat the systematic uncertainties due
to the choice of reference image; in weak knots a fortuitdamdion in the reference image can
give the appearance of a proper motion that is not actuaggmt. To remedy this | carried out
the fits for a given knot using each of our seven radio imag#srmas the reference image. Only
knots in which consistent, non-zero motions are detectedlfahoices of the reference image are
considered to be moving. In these cases our best estimate epeed of the mation is the median
of the Bayesian estimates of the angular speed for eachechbreference image, and the range of
speeds returned under different choices of the referenagéargives us an estimate of the systematic
uncertainties in the result. Where the velocities are istant, | have taken the upper limit to be
the largest velocity in this range.

This approach detected apparent motions in 6 of the raditslasowell as in the diffuse material
downstream of the A2A knot (the regions downstream of A2Alabelled A2B, A2C and A2D in
the following sections). To check that these motions arsibm | verified the motion visually. |
found that two of these knots, A1C and A2A are actually stetig and attribute the detected proper
motion to the evolution of the knot; A1C appears to grow ddvassn while A2A's front edge is
stationary with diffuse material appearing to break off ara/e downstream from this knot towards
A2B, A2C and A2D [all consistent with Hardcastle et al. (2JJ03 he visual checks also rule out
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the apparent motion in SJ1 as its proximity to the bright eoeans its shape is affected by artefacts.
| was left with three knots moving in the jet: A1B, ALlE, and ABBeir velocities are plotted as
vectors in Figure 5.3 and shown in Table 5.5 with the limitsthe stationary knots). This approach
is more robust that that of Hardcastle et al. (2003) as itidens all seven epochs of our radio data,
reducing the errors on the proper motions of the moving kraotd | have constrained the speeds of
the other knots that had no previously detected proper m&tio

It is worth noting here that A1B and A1E have no X-ray emissaggociated with them while
the region A3B can be described as consisting of three gyibae in the radio with a diffuse X-
ray counterpart, possibly breaking any correlation betwemmpact, radio-only knots and proper
motions.

| have also determined the directions of travel for the weeliablished moving knots (Table 5.5).
The axis of the inner, hundred-parsec-scale jet has aositigle (PA) ob4.1° east of north from
the core and its extrapolation provides a good estimateeofitis of much of the outer jet. The
moving knots all travel in directions eastward of this axiEhey also all belong to the A-group
of knots and, on closer inspection of this section of theljéhd that it also deviates eastward to
greater PAs. The jet axis in this region has a PAD8°. Two of our three knots move in a direction
consistent with this, withio errors. If the jet motion was purely conical, expanding cliseaway
from the core, the motion of the knots should be radial, butd that the directions of motion do
not match the knot PAs. The ridge line through the A-groupt&meay actually follow the regions
of highest radio surface brightness, swinging from nortRA®H4.1° at A2 to south of it at A3 and
A4. In Figure 5.4, deviations of the knot PAs frai.1° are plotted against distance from the core,
clearly showing this swing in the ridge line. | can only cam# that the fluid flow along the jet is
neither laminar nor in a straight line away from the core,sistent with a complex flow.

The median speeds of the remaining radio knots are genemaldller than the speed of the
slowest knot with a definite detection, Alk/¢ ~ 0.34), but in most cases the upper limits exceed
0.5¢, allowing the knots to be moving. Better data are requireéstablish whether this is the
case, so for the remainder of this work, | have consideresethath well established velocities to
be moving, those with low median speeds (.2 ¢), and low upper limits to be stationary and |
classify the others as inconclusive. In Table 5.5 thesesifieations are indicated by Y, N, and |
respectively. | discuss the association between the n®tibthe knots and their other properties in
Section 5.4.1.
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Figure 5.3: Velocity vectors for the moving knots in Cen Attwthe composite 8.4 GHz radio
map convolved to a resolution 6f8 x 0.2 arcsec showing the well-established velocities for the
A-group of radio knots (left panel) and the mean velocitiethe A1 and A2 knots is shown in the
right panel. The region included in the right image, is shavith the box on the left image. Black
corresponds to 0.1 Jy and white corresponds to 0.1 mJy irothpanel and 0.5 mJy in the bottom
panel. A velocity oflc is shown in the bottom left corner of these images.
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Figure 5.4: The offset between the position angle of therje€én A §4°) and the transverse
position of the radio knots as a function of the projectedadise from the nucleus for the knots in
the jet and counterjet (negative distances). The knots tlappear to lie at the PB4° for the entire
length of the jet.

5.3.4 Flux Variability

Another important property that can be measured from outivapbch radio and X-ray data is flux
variability. Ultilising the multi-epoch 8.4 GHz radio datae have been able to monitor the radio
flux variability over the last 17 years. | used radio maps ofaimed resolution.80 x 0.20 arcsec)
for this analysis to eliminate any flux variation due to vagyPSF. The initial light curves for the
radio knots showed a systematic variation of uptttH% common to all knots, which | attributed
to differences in the flux calibration, so | normalised théiodluxes using a weighted mean of the
brightest compact knots (A1A, A1B, A1C, A2A, A3B, and A4). hase these knots as the others
are weaker and/or more diffuse, and would therefore inttedarge uncertainties in our weighted
mean value. | also excluded SJ1, which shows strong varmiatitce 2004. The core was not used
in this normalisation as it is known to vary. The normalisetkdls are shown in Table 5.6. | fitted
a constant to these radio light curves and minimizedythéo determine whether the radio fluxes
are at all variable, with a reduced < 2.80 being the threshold for a constant radio light curve
(99% confidence for 6 d.o.f.). | detect radio variability laistconfidence level in 9 of the 19 radio
knots (49.4%). The light curves of the varying radio knotat thave X-ray counterparts are shown
in Figures 5.5 and 5.6 and Figures 5.7 and 5.8 show the ragtibdurves for the radio-only knots.



96

The most noticeable variation is in the counterjet knot 8d1ich has increased in flux by a factor
of 3 since 1991. Three of these radio variable knots showudticins on yearly time scales (B2,
S1 and S2A), while the remaining four split into two increas{A1C and SJ1) and two decreasing
(A1B and A1D) gradually over the 17 years.

| also considered variability in the 4.8 GHz data but as | hamty 4 observations over 24
years at irregular intervals, | cannot comment on any steont variability. These light curves are
all broadly consistent with the 8.4 GHz light curves, exaespdf which are shown in Figures 5.7
and 5.8. Accepting a reduced < 3.78 as a constant light curve (99% confidence for 3 d.o.f.) |
find 6 radio knots with some degree of variability at 4.8 GHalf bf which are also variable in the
8.4 GHz data, which is not to say that those which are apggreanstant do not agree with the
8.4 GHz variability. This is particularly evident in the Sdata, as only two observations overlap
with the time baseline of the 8.4 GHz data; these data couldtbgpreted as decreasing while the
4.8 GHz data increases, but there are too few data to drawargiusion from the 4.8 GHz light
curves. The dynamic ranges of these 4.8 GHz data are much tbam our 8.4 GHz data so they
are subject to much larger systematic errors.

| also detected long- and short-term X-ray variability. Gmined with the radio variability, this
allows us to search for any changes in beaming or particlel@@tion properties. | carried out a
joint fit to all 10 X-ray datasets for all the X-ray knots, fittji a single photon index and column
density for each knot, but allowing the normalisations toyva order for any variations in the flux
to be detected. The normalisations were converted to 1 kedtiBasities so the light curves could
be plotted including & errors. | then fitted a constant to the light curves, miningzthe 2 to
find the best fit. | was able to carry out a joint fit for 24/40 of tk-ray knots, 22 of which have
axfed < 1.10. For the remaining knots where there were not enough coontspictral fitting,
| firstly determined whether there was3a detection of the knot considering each observation
separately. Where the knot was detected, | fixed the phot@xito the average photon index of the
nearby knots. The flux was then determined from the backgrsubtracted counts and the model
count rate fromxsPeC Where the knot was not detected, 8welimit was calculated.

Knots with axfed > 2.41 (99% confidence for 9d.o.f.) are considered variable in thay |
find that 5 X-ray knots vary (12.5%) in addition to AX2A and S&hich are candidate LMXBs (see
Section 5.3.1), 3 of which have varying radio counterpartse light curves for the X-ray varying,
X-ray-only knots are shown in Figure 5.9 while those thateheadio counterparts are shown in
Figures 5.5 and 5.6.

To test whether the variability behaviour is consistentwitr different from that of the non-jet
point sources, | also extracted spectra for the off-jet pp@inirces. | manually checked the results of
celldetectto remove detections of image artifacts and the jet knotsrbalunning the same fitting
using annular background regions. | detected 423 pointtesuonly 183 of which are detectable
in all observations due to changes in the pointing and rallenf Chandrafor each observation
causing slightly different regions of the sky being imagédthough the PSF changes across the
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image for each observation, these point sources all lieinvitb arcmin of the core, so the changes
in the PSF of each knot are not significant. However, the abaimgPSF between each observation
are more significant and are reflected in the light-curvesioguan apparent flux variability. To
remove this effect from the light-curves, | have used regioith a fixed radius of 3 arcsec for these
point sources. | fitted a constant to the X-ray light curveshese point sources and found 105
show some degree of variability with 99% confidengé.§ + 10.3% of the point sources), a factor
of 3 more than the jet X-ray knot population. In 41 instandhs, background annulus contained
zero counts so these were re-extracted with a larger bagkdrannulus to determine a limit. If

| consider the point sources within 3.5 arcmin of the coreictitimits us to the length of the jet
from the core, | find that 76/141 point sources vaiy.9 + 8.7%) and if | reduce the sample further
to include only those on the East of the image, so those withfirof the jet PA, | find that 33/71
point sources vary46.5 + 5.7%). The effect of the PSF is not significant in these samplelslan
can conclude that we are looking at a group of different dbjacthe jet and not just coincidentally
positioned X-ray binaries in most cases.

5.3.5 Polarimetry

If there is compression/rarefaction of the plasma in thetnwe would expect changes in the
polarisation, as the magnetic field is assumed to be frozZertle plasma. | can therefore use the
polarisation data to investigate any link between the agtof the knots with physical changes in
the plasma. The co-added, matched resolution, Q and U insd@4 GHz were used to make the
deep magnetic field vector map shown in Figure 5.10. | madanthieidual Stokes Q and U maps
using theaips taskimagr. There are artifacts around the core for all epochs, whictribate to the
limited accuracy of the correction calculated for the “laeg&” terms determined kpcal, only the
2003 data set is unusable due to higher noise in these Stolied Q images. The overall direction
of the magnetic field is down the jet, consistent with what feasd by Hardcastle et al. (2003)
with no obvious change in the knots.

| detected &0 variation in residual maps of the Q and U Stokes paramet&®@7¢2002) in
the A1 and A2 groups. The diffuse emission further down theajgo showed evidence of low
level variability, but as this was uniform across the regtomas attributed to differences in the flux
calibration. | proceeded to measure the fluxes in Q, U andthiese data, normalising as described
in Section 5.3.4. Comparing the total intensity (1), thelarg polarisation § = % arctan(U/Q), in
this work | use the&) /U ratio as an approximation to this relationship) and the elegf polarisation
(p = \/Q2 + U?/I) allowed us to identify variations due to a change in thel tintensity, the
polarisation intensity, the polarisation position angléhmse due to the proper motion of the knot.
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Figure 5.5: X-ray and 8.4 GHz radio light curves for the raklimts in Cen A, which show some degree of radio or X-ray vdifgpAND have X-ray
counterparts; AL1C (top panel), B1A, (middle panel) and B&tfim panel). The right hand images are cropped to highibhhges in the X-ray flux density
during theChandraVLP observations.
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Figure 5.10: Radio polarisation in the inner jet of Cen A siigithe direction of the magnetic field

vectors on a composite, Stokes |, 8.4 GHz radio map. The iadige is in the range 0.1 — 0.01 Jy
and a vector 0.56 arcsec long represents 100%. The solidigedyighlights a possible axis of null

polarisation discussed in Section 5.3.5.

As previous described, the majority of knots show only a lewel variation in total intensity;
however 4/19 show changes in the degree of polarisation &#ySJ1, S1 and S2B (Figure 5.12),
and 6/19 show changes in the angle of polarisation (Figur®)5ncluding two knots which show
changes in both. Itis necessary to consider that one of #reste is moving, A1B, so the observed
changes in polarisation could be due to this movement. Hikwduthis moving knot, the number
of knots varying only in the angle of polarisation is unchaeigand | have one knot, A1A, which
is changing in both. These results are compared with théradéo and X-ray flux variations in
Section 5.3.8.

The A2 diffuse knot (A2B, A2C, and A2D) shows a change in@h#/ ratio indicating a change
in the polarisation angle across the region; however, ther@o X-ray counterparts for any of these
sub-regions and their radio spectral indices are consiteéif = 1.13 + 0.10, 1.01 + 0.16 and
1.22 4+ 0.27 respectively). Only the central section, A2C, varies ilatoadio intensity but the entire
region appears to be moving downstream away from A2A so tiesge in polarisation may be
due to the motion of this diffuse material. The detectedatam in the Al group knots A1A, A1B
and A1C, cannot be attributed to motion of the knots, as orilf8 As moving. In this instance,
the observed polarisation variability may be explained pression and rarefaction of the knot
material. There is no perpendicular field structure acragfthe knots, which might be expected
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in a local shock model; however, this might be masked by cmafgld jet polarisation structure.

However, there are systematic misalignments between tiAjand the magnetic field associated
with some jet features, notably A2 and A3B, which are hightiégl in Figure 5.11 which shows the
difference between the polarisation angle and the PA ofdéheGlarke et al. (1992) found only a

modest rotation measure (RM) in the inner lobes and jet, auygl aslight change in the Faraday
corrected magnetic field vectors in their 6cm (4.8 GHz) ratiita, so | do not expect the effect of
RM to to be significant. | will discuss the effect of various aets on the polarisation of the knots
further in Section 5.4.

It is interesting to note that there is an apparent null ingblarisation which crosses the diffuse
material of the A-group region, indicated on Figure 5.10 lgyey solid line. This line extends to the
core directly through the inner hundred-parsec-scaleuggasting that it is associated with mag-
netic fields originating in or close to the core. This lineoadplits the bright A1 and A2 complexes
from the A3 and A4 complexes. This could plausibly be a resiudt helical jet field structure.
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Figure 5.11: Greyscale map of the inner jet of Cen A showirgdifference between the direction
of the magnetic field vectors and the jet PA (5).4vith total intensity contours at 3, 8 and 16
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5.3.6 Spectral Indices

Hardcastle et al. (2007b) and Worrall et al. (2008) invedtd the X-ray spectrum of the jet in the
longitudinal and transverse directions, respectivelyddastle et al. (2007b) showed that the inner
jet is dominated by knots, consistent with local particleederation at shocks, while further down
the jet steeper-spectrum diffuse X-ray emission is moreidant. Worrall et al. (2008) found that

in the knotty region beyond the A1 and A2 complexes and wiiéiarcsec of the core, the weighted
X-ray spectrum of knots closer to the jets axis (the ‘innena} is harder than that further off axis
(the ‘inner sheath’) AT" = 0.31 4+ 0.07). This was interpreted as evidence that the jet speed is
higher closer to the axis, with more kinetic energy avaddbl producing a harder X-ray spectrum.

Here | compare the radio and X-ray spectral indices of imldigl knots with their longitudinal
and transverse positions. | have measured the radio spediees for all of the radio knots;
however, only 14 have well established indices. In the X-tdyave fitted spectral indices to 26
of the X-ray knots. | compared the X-ray spectral indicas (= I" — 1) of the jet-side knots,
irrespective of whether they have counterparts, as a fomdi distance from the core (Figure 5.14),
and of the offset between the angular position of the knottheget PA of54.1° (Figure 5.15).

All the X-ray spectral indices were consistent with thostedained by Hardcastle et al. (2007b)
and consistent with synchrotron emission witk > 0.5; the distances from the core of each knot
were also consistent owing to the knot selection processerWltompared the measured spectral
indices of all the radio and X-ray knots to the offset betwé®njet PA of54.1° and the angular
position of the knot (Figure 5.15), | find a continuous disttion of X-ray spectral indices with
no statistically significant correlation according to batiKS and a Wilcoxon-Mann-Whitney test,
although these test do not take account of the errors on @atrgpindices. | also considered the
knots in each of the regions defined by Hardcastle et al. (@08fd find no correlation in these
regions either. These comparisons will be discussed fuihgection 5.4.4.

| have also found the weighted mean of the spectral indiceslfoof the knots within the
regions defined by Worrall et al. (2008) as the ‘inner-spinad ‘inner-sheath’axy = 0.62 + 0.01
andax = 0.89+0.05 respectively, and agree with the findings of Worrall et ala barder weighted
X-ray spectrum in the spine than in the sheath over the samgghl@f jet (althoughVy changes by
a factor of 3, the absorption is fitted so does not affect tleetsal indices). Within these regions,
| have fitted spectral indices for 6/7 of those in the innenspAX3, AX4, AX5, AX6, BX2, and
BX5, and for 3/4 or those in the inner-sheath; BX1, BX3 and BXHose that are not fitted; BX2a
in the spine and CX1a in the sheath, are very faint knots ardisasissed in Section 5.3.1. The
interpretation of these measurements is discussed inoBexd.4.

| also calculated the radio spectral indices between 4.88#&Hz for all the radio knots
utilising our multi-frequency 2007 radio data. Due to the ldynamic range of the 22.5 GHz map,
we cannot measure fluxes for many of the knots; however, ésethvhich are resolved, the spectral
index for 4.8 — 22.5 GHzq2%?, is consistent with the 4.8 — 8.4 GHz spectral indef{). The



108

30 T T T T T T T T T T T
Radio Knots+——+— Radio Knots——+—
_ X-ray Knots =--x--~ X.ray Knots +--x---
25 ] T 1 ]
2.0 | -+ e
x 77
[0} I —
° | |
= : i !
S 15f | 1 + | i A
] e ' |
2 o o 1 4
I 3 M 1
1.0 - | -+ Tj 4 ! i 1 ! -
- 73 >1K ] 3< j} T T : ! >}< a0 4}
ook 1 | B
1 N e ! 1 * g
1 X b ! i
05 i P X i -
00 N N N N 1 N N N N 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200
Distance from Nucleus (arcsec) Distance from Nucleus (arcsec)

Figure 5.14: The radio spectral index}-4 (solid lines) and X-ray spectral index,x (dashed lines)
of knots in the jet of Cen A as a function of distance from theecd he left panel shows only the
inner knots (up to 50 arcsec) and the right panel shows thetdse jet knots.

35 35

30 g 30 g
] =
G 25 B L 25p g
< >
© ~
@ <
< 20t 4 € 20f ]
3 3
E g
] ® o |
g 15 — g 15 ~ i 3 ‘i» -
& & i
2 2 4 1
o > i i
3 g i I 3
& 1of { ! 1 % o} " T i i |

{ b i [
B '
R i 1
05} 4 05} 1 T Tl 4
00 . . . . . . . 00
-8 -6 -4 -2 0 2 4 6 8 -8 6 4 -2 0 2 4 6 8
Angular Position (deg) Angular Position (deg)

Figure 5.15: The radio spectral index§-s (left panel, solid lines) and X-ray spectral indexy
(right panel, dashed lines) of knots in the jet of Cen A as &tion of offset between the angular
position of the knot and the jet position angle5df1°.



109

errors on these spectral index measurements are dominatibeé boise in the images. These are
listed in Table 5.7 with the radio and X-ray flux densitiesya+ photon indices and X-ray/radio
ratios, which are discussed in Section 5.3.7.

5.3.7 Counterparts

| have identified 13 knots that are detected in both radio amdyX A1A and AX1A, A1C and
AX1C, A2A and AX2, A3A and AX3, A3B and AX4, ASA and AX5, A6A ané X6, B1A and
BX2, B2 and BX4, SJ3 and SJX1B, S1 and SX1A, S2A and SX2A, a8l 8% SX2B. Each of
the knots in these pairs have the same coordinates with méfisamnt offsets; | do not consider
knots with possible offset counterparts as paired, giverdibcussion of offsets in Hardcastle et al.
(2003), who argued that the apparent offsets between the sad X-ray knots in more distant
radio galaxies are a result of an inability to resolve faligreed radio-knot counterparts from bright
downstream diffuse emission.

With the radio and X-ray data for these knots, | was able tosmesthe ratio of the 1 keV X-ray
flux density and the 8.4 GHz radio flux density and use the meafithese X-ray/radio flux density
ratios to determine whether those without detected copater are truly without counterparts or
whether the counterpart is too faint to be detected. Usiagrikdian value of the X-ray/radio flux
density ratios, | predicted the flux density of the missingrderparts for the radio-only and X-ray-
only knots. The median value @f01 x 10~ % is used rather than the mean, as the distribution of
these X-ray/radio flux density ratios is not Gaussian. Thasueed X-ray/radio flux density ratios
range fromD.07 x 1076 t09.44 x 10~9. These predicted flux densities assume that all the knots hav
the same spectrum with consistent X-ray/radio flux densitips. By comparing these predictions
to the measured flux densities | determined whether the abesanterpart can be detected.

Out of the 6 radio-only knots, | find that all except two radimks, A1D and A1E, should have
detectable X-ray counterparts using the median X-raydréidix density ratio value; however, at
the lower limit, only SJ1 should have a detectable X-ray teqpart. Unfortunately, SJ1 is located
only 1 arcsec 17 pc) from the core, so in the X-ray, the emission from the keatantaminated
by the bright core. IrChandraHRC observations taken in 1999 (Kraft et al. 2000), SJ1'sa)X-r
counterpart is still unresolved from the nucleus despitedlightly higher spatial resolution. As
7/9 radio knots have detectable but unseen X-ray countsrpdren the median ratio is assumed,
they probably have steeper spectra than those that haveatbtmunterparts suggesting a genuine
difference in their particle acceleration properties.

When this rationale is inverted and | consider the X-rayydmiots, | find that 9/27 X-ray knots
would have detectable radio counterparts at the mediaryXadio flux density ratio and, as they
are not seen, they are likely to have flatter ratios than tlieaedo have detected counterparts.
However, at the limits of the range of measured ratios, &s¢hknots are detectable at the lower
limit and not-detectable at the upper limit.
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If we reverse this argument and consider the X-ray/radiodeersity ratio values that would be
measured if the missing counterpart were at the limit of thisain the image, | can obtain upper
limits on the X-ray/radio flux density ratio for the radiofgrknots and lower limits for the X-ray-
only knots. In Figure 5.16, | show histograms of the X-raglioaflux density ratios for the three
populations. As the radio-only and X-ray-only knots givdimsts, | find that the peaks of all three
groups of knots are consistent, so | can not rule out a sirmpelption; however, | will continue to
discuss the knots in three groups and accept that many ohibts knay have the same production
mechanisms.

The properties of these three populations of knots are suinedain Section 5.3.8; in Sec-
tion 5.4 | shall discuss current knot formation and partideeleration models and how they explain
the differences in the properties of these populationstddijets.
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5.3.8 Summary of Knot Properties

I have measured the radio and X-ray flux density variabiitthie knots, the polarisation variability,
the proper motions and spectral properties of the 19 radiodénX-ray knots. Here | summarise
the properties of the 13 radio knots with X-ray counterpattte 6 radio-only knots and the 27
X-ray-only knots. The following results and groupings anensnarised in Table 5.5.

Knots with Counterparts

Considering the 13 matched knots, | find that only A3B has d determined proper motion in
the radio at an apparent velocity ofc = 0.8070 5. Up until the radio knot A4, the knots with
counterparts are likely stationary with low limits and needivelocities; however, beyond A4 and
in the counterjet, the velocities are inconclusive. Theskorknots are generally less compact and
fainter and so are more affected by artifacts.

Two knot pairs (A1C/AX1C and B1A/BX2) vary in both radio fluedsity at 8.4 and 4.8 GHz
and X-ray flux density; of these only A1C varies in polarisatangle. The increase in radio flux
density in A1C is consistent with what was seen by Hardcasté (2003) and similar to the change
in X-ray flux density.

None of these matched knots varies only in the X-ray, while vary only in the 8.4 GHz radio
(B2 and S2A); B2 also varies in the degree of polarisationA Athd A3A vary in the 8.4 GHz radio
data, but do not pass our requirement for significant vditglim our 4.8 GHz data, while S1 varies
at both 8.4 GHz and 4.8 GHz. Due to the long intervals in th&>& data, | cannot rule out that it
is consistent with the 8.4 GHz radio so only use the 4.8 GHa ttatletermine the spectral indices
of the radio knots.

The remaining six pairs of knots vary in neither X-ray noricadith two showing a change
in the polarisation; A2A varies in the angle of polarisatemmd A1A varies in angle and degree of
polarisation. Only two of these knot pairs are completedplst; ASA and SJ3.

Radio-only Knots

There are six radio-only knots but the motions of these argtijnmconclusive with only A1B and
ALE having well established velocities c = 0.537005 andv/c = 0.3410-32 respectively). The
high limits on the remaining velocities cannot rule out thtiof the radio-only knots are moving.
Three radio-only knots are varying in 8.4 GHz radio flux dgnsh1B, A1D, and SJ1; SJ1 also
varies in 4.8 GHz radio flux density as does AL1E. With regarithéopolarisation, any changes seen
in the moving knots are attributed to the motion so | deteeainges in the angle of polarisation of
two knots (A1D and A4) and SJ1 varies in the degree of polémisa
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As mentioned in Section 5.3.7, the broad-band spectra eéthrots may be steeper than those
of the knots with counterparts, suggesting a differencéhénparticle acceleration between these
knots and those with X-ray emission. However, if we consitiet they may all be moving, this
leaves a group of moving, radio-only knots with half showaigns of radio variability and changes
in the polarisation.

The radio-only knots with well established velocities, AABd A1E, have some degree of radio
flux density variability, while the other moving knot, A3Ba$ a steady radio flux density and has
already been described as a group of three sub-regions nlitraaliffuse X-ray counterpart. This
X-ray emission may not be associated with the moving raditerie.

X-ray-only knots

| detect 27 X-ray knots without radio counterparts and firad the X-ray light curves for 5 of them
show some degree of variability in their X-ray flux densitieeluding AX2A and SX1, which may
be LMXBs (Section 5.3.1). The vast majority of these knoty¢ifiore appear stable and many may
have flatter X-ray/radio flux density ratios than those ofkhets with counterparts.

| have fitted spectral indices for 14 of these X-ray-only lenahd they are all consistent with
synchrotron emission lying in the range 0.58 — 1.40. Theyalse consistent with those measured
for the X-ray knots with radio counterparts (Table 5.7).

5.3.9 Inner Hundred-Parsec-scale Jet

| detect the inner hundred-parsec-scale jet in both ouoraulil X-ray data as a very well collimated

feature extending from the core to the Al base knet250 pc downstream of the nucleus. | used a
rectangular region to isolate the emission from this inaecarefully positioned to include as much

jet emission as possible without contamination from theeawrthe knots; it extends from 6.7 to

12.1arcsec (114 — 204 pc) from the core as shown in Figure S.h& background emission was

estimated from two regions, positioned such that they ektadially from the nucleus at the same
distances as the jet region, avoiding X-ray point sources.

| measured the X-ray flux densities for each observation aimdly fitted a power-law with a
spectral index of).631)-1? and a Galactic absorption 6327005 x 1022 cm2 (x? = 134.1 for
133d.0.f.). This spectral index is consistent with the gpédndices of the knots downstream;
however, the Galactic absorption is higher in the knotshfartdownstream than in this hundred-
parsec-scale jet, as expected since the jet is locatedwtfthioptical dust lane. | find that the X-ray
to radio spectral indexﬁ8 = 0.8940.08, is higher but consistent with that of the base knots while
the X-ray/radio flux density ratid0(23 + 0.08 x 10~) is lower than those of the radio knots with
X-ray counterparts but higher than the value for diffusession in the centre jet (Hardcastle et al.

2003, see Section 5.3.7). | detect no significant varighititthe X-ray flux density; the apparent
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fluctuations appear only minor with no obvious trends. Hamvethe radio 4.8 GHz flux density
increased by a factor of 2 from 1991 and shows the first inidicaif decreasing again in the 2008
data. | am unable to measure the radio spectral index forggien of the jet due to artifacts around
the bright core. Although | detect a factor of two change im thdio flux density, | cannot make
any firm conclusions on this behaviour as this section oféhésjgreatly affected by artifacts from
the core. These results will be discussed in Section 5.4.5.

5.4 Discussion

With all of these data we can begin to shed light on the coragdit behaviour of the jet: why
and where knots are formed, why we can see them and how théeevo this section | start by
examining the many knot formation models and consider ibétteaviour of any of the knots in Cen
A supports them. Not one of these models can explain all obbserved properties of the knots
in Cen A; however, some knots behave in a way that can be eggdy one model or another.
| are particularly interested to see if the different pofioles of knots — those with counterparts,
the radio-only and the X-ray-only knots — can all be expldibg these models. | then discuss the
effect of relativistic beaming on the knot emission, whicaynexplain the observed flux variability,
and investigate whether the properties of the knots can paierd by a spine-sheath model of the
jet. | also discuss the hundred-parsec-scale jet comptioghe knots and to other similar jets.
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Figure 5.17: Regions used for the analysis of the hundreskpescale inner jetin Cen A (discussed
in Section 5.3.9) shown against the 2007 8.4 GHz radio datf dnd the combined X-ray data in
the energy band 0.4 — 2.5 keV (right). The source region is/eho solid line, and the background
regions in the dashed line. These regions were chosen taimeals emission from only the hundred-
parsec-scale inner jet, excluding the emission from thaypoint sources near the core.



Table 5.5: Summary of X-ray and Radio Knot Behaviour

Name Radio Varying? Xray Varying Polarisation Proper Motion
X-ray Radio| 4.8GHz 8.4GHz Varying? Degree of? Angle of? Y/N medianv  upper limit 6, URA Vdec
(c) (c) (deg) (c) (c)
AX1A AlA Y N N Y Y N  0.002 < 0.05 < 0.04 < 0.00
AlB N Y - N N Y  0.534700 67.407379  0.501008  0.217003
AX1C Al1C Y Y Y N Y N 0.076 < 0.14 < 0.14 < 0.11
AlD N Y - N Y I 0.095 < 0.58 < 0.49 < 0.30
ALE| Y N - N N Y 0.338707% 541875012 0.28%00%  0.257018
AX2 A2A N N N N Y N 0.164 < 0.24 < 0.09 < 0.24
AX3 A3A Y N N N N N  0.031 < 0.05 < 0.03 < 0.01
AX4 A3B N N N N N Y  0.80270%5 711719 07910 0.2770 12
A4 N N - N Y I 0.928 < 1.00 < 1.00 < 0.32
AX5 ASA N N N N N I 0.016 < 0.34 < 0.26 < 0.23
AX6 AGA N N N N N I 0.370 < 0.62 < 0.51 < 0.36
BX2 B1A Y Y Y N N I 0.049 < 0.74 < 0.69 < 0.27
BX4 B2 N Y N Y N I 1.000 < 1.00 < 1.00 < 1.00
SJ1 Y Y - Y N I 0.371 < 0.81 < 0.38 < 0.72
SJ2 N N - N N I 0.193 < 0.59 < 0.22 < 0.55
SJX1B SJ3 N N N N N I 0.213 < 0.90 < 0.47 < 0.88
SX1A S1 Y Y N Y N I 0.238 < 0.83 < 0.79 < 0.24
SX2A S2A N Y N N N I 0.250 < 0.37 < 0.30 < 0.24
SX2B S2B N N N Y N I 0.305 < 0.60 < 0.55 < 0.49

AX2A, EX1, FX1A, GX5 and SX1 vary in the X-ray and do not haveimcounterparts.

AX4A, BX1, BX3, BX5, CX1, CX2, CX3, CX4, EX2, FX1, FX2, FX3, FX& FX6, FX6A, FX7, GX1, GX2, GX3 and GX4 do not vary in the X-ragd
do not have radio counterparts. The knot proper motionslassitied as moving (Y), stationary (N), and inconclusive (I

Vil



Table 5.6: Normalised radio knot flux densities at 8.4 GHhwaital, on-source background subtraction.

2008

Flux (mJy)

Knot 1991 2002 2003 2004 2006 2007

Al1A 20.724+0.59 1997 +1.09 2098 +£1.17 20.98+1.32 21.76 +1.61 22.94+1.50 20.67+1.68
AlB 5280+ 0.77 46.05+2.24 4553 +2.26 46.04+2.61 4598+ 3.09 46.33 +2.76 41.62 4+ 3.18
Al1C 34.4440.78 38.06+1.91 38.77+1.98 39.87+£231 41.28+£2.83 40.43+247 41.25+3.16
AlD 11.18+0.55 898+0.70 883+0.75 823+£0.81 877+097 8474+091 846+0.92
AlE 8.25 +0.71 9.794+0.86 10.06 +£9.31 9.86 +£1.03 10.08 £1.20 9.09+1.12 10.27+1.16
A2A  23.99+0.80 24.03+1.37 23.99+1.43 24.19+£1.62 23.33+1.86 22.88+1.69 23.81+2.00
A3A 3.96 +£1.29 3.75+1.36 4.12+1.51 3.06 +1.54 2.88+1.98 4.05+1.91 3.26 £ 1.56
A3B 22334+1.63 21.024+1.96 20.6442.10 1859+2.18 16.92+2.70 18.29+£2.59 18.46 £ 2.37
A4 24.75 £1.92 28.35+2.39 2748 £2.56 27.17+2.70 26.44+3.37 2598 +3.16 28.72+3.11
ASA 1.08 4+ 0.30 1.86 +0.35 2.06 +0.34 1.234+0.35 1.15 £+ 0.42 0.22 +£0.51 1.81 +£0.43
ABA 285+049 2724056 3.12+£0.54 2.04£057 1194067 1.66+083 2.41+0.68
B1A 1594049 2434+0.25 295+0.55 1.254+0.22 1.61+043 2.04+0.12 2.154+0.34
B2 3.86 £ 0.59 4294034 4.99+0.67 2.46 +£0.28 5.68 + 0.61 2.74+1.38 4.05+047
SJ1 537+0.89 1278 +£0.74 10.85+1.36 14.76 £1.25 16.49+2.71 1872+ 1.41 20.04 +1.51
SJ2 2.44 +0.74 5.13 £0.45 4.58 +0.11 6.04 +0.88 1.71+£0.21 3.59+0.84 4894048
SJ3 0.55+0.84 1.17+044 1.73£1.20 1.53+£237 142+093 0.73+037 0.77+0.39
S1 428 +1.09 10.10£0.61 1026+1.16 6.114+1.02 9.74+2.01 895+1.86 10.40+0.93
S2A 2.28 £0.34 1.18 +0.19 1.51 +0.39 0.16 £0.17 1.83 +0.35 1.17+0.81 1.94 +0.26
S2B  0.82+£0.34 055+£0.18 0.30+0.38 0.06+0.17 1.09+0.34 043+£0.81 0.61=£0.22

GTT



Table 5.7: Spectral properties of the Radio Knots in Cen A

9TT

Name Flux Density Sx/Sr Radio Spectral Index g ax Ngy
X-ray Radio 8.4GHz(mly) 1keV (nly) x(07%) afd ad%p (x10%2 cm~2)
AX1IA  AlA  2289+1.21 10.65+1.64 046+0.07 0.89+034 0.85+021 0.85+£0.14 1.087797 0.51+0.02
AlB  46.24 +1.08 < 19.38 0.8440.18 0.80 % 0.07
AX1IC  AIC  40.34+£227 21434297 0484+0.09 0.89+0.22 0.79+£0.14 0.85+£0.23 1.067007 0.52+0.02
AlID  8.4540.77 < 3.20 1.56 + 1.01  0.89 4 0.41
AlE  9.0741.00 <141 1.66 4+ 1.11  1.42 4 0.88
AX2 A2A 25544135 929+0.54 0.39+0.04 1.574+040 1.16+0.23 0.86+0.08 0.777597 0.55 4 0.04
AX3 A3A 3124028 4.0240.39 1.00+0.49 —~ - 0.80+0.14 0.7871% 0.40+0.07
AX4 A3B  19.22+1.05 4.98+028 0.26+0.04 1.93+0.59 — 0.88+0.08 0.94701% 0.4540.06
A4 25.92+281 < 9.48 1.96 + 0.49 -
AX5 ASA 1.644+0.21  6.60+0.39 3.0247.01 -~ - 0.614£0.10 0.59707, 0.59+0.07
AX6 ABA 2414034 9394035 5.64+282  3.91+2.84 — 0.70+£0.11 0.51790¢  0.51 4 0.05
BX2 BIA  223+035 19394097 9444535  1.89+1.29 — 0674011 0.637392 0.11+0.01
BX4 B2 4594046 4.94+030 1.8040.92  4.88+2.82 — 0.77+£0.11 0917505  0.08
SJ1  18.69 +0.97 < 46.79 —0.54 +0.06 —~
SJ2  3.58+0.84 < 19.24 1.86 + 1.60 -~
SJX1B SJ3 1354026 0.99+0.12 0.65+0.44 - - 083+£0.19 050  0.08
SX1A S1 9374078 0.65+0.06 0.07+£0.02 247+0.84 — 0964012 04812 0.08
SX2A S2A  1.17+0.86 3.21+0.21 1.78+1.26 —~ — 0.77+0.58 0.647097 0.15+0.04
SX2B S2B  0.43+0.85 1.88+0.26 4.1447.85 - - 0754221 0.7770%  0.134+0.06
Inner pc-scale jet 32.134+4.65 7.344+2.41 0.23 4 0.08 - - 0.894+0.32 0.637)7% 0.32+0.07
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5.4.1 Knot Formation Models

To determine whether the current models can explain theskotmderved in Cen A, here | compare
the observed properties of the knots with the predicted\iehadue to changes in the fluid, namely
compression or rarefaction, or changes in the particlel@@at®n due to processes such as recon-
finement of the jet, magnetic field reconnection, or coltisiavith objects such as molecular clouds
and high mass-loss stars.

Adiabatic Compression

If a section of the jet’s diffuse material underwent adiababmpression, the magnetic field, which
is frozen into the jet plasma, would increase in strength asldvthe number density and ener-
gies of the emitting particles. This would be reflected in aereéase in the flux density and the
break frequency of the synchrotron spectrum, so we woulérebsa flatter X-ray to radio spec-
trum if compression was responsible for the knots. Harticastal. (2003) calculated the required
one-dimensional compression factdks, from the observed X-ray/radio spectrum using the break
frequency ¢, o« R* for a tangled field geometry) and considered whether this! lefzcompres-
sion, when applied to the surrounding diffuse material,assistent with the observed emission
properties. They found that this level of compression watddse an increase in the radio vol-
ume emissivity of the diffuse material by a factorof 10'! compared to the observed factor of
~ 2, effectively ruling out compression as a creation modeltfar X-ray-only knots in Cen A.
Compression in more than one dimension may reduce the éffecthange in break frequency of
v, < R?; however, the change in volume emissivity is still much kigthan the observed factor.
Lesser amounts of compression may still explain the radig-knots where the X-ray/radio flux
density ratio of the diffuse material is suppressed, rgguin a X-ray counterpart too faint to be
detected above the diffuse emission, but they cannot exptai knot with an X-ray counterpart. In
what follows, | therefore consider only particle accelieratmodels as causes for radio knots with
X-ray counterparts and X-ray-only knots in Cen A. It seemy Vigely that more than one of these
particle acceleration processes is responsible; herenieain detail the predictions of the models
and the observed behaviour of the knots to identify thoseaisaghich are dominant in the jet.

Impulsive Particle Acceleration

If the knots seen in Cen A are the result of impulsive partaieeleration across the entire knot
region, due to a short-lived processes such as small scajeatia field reconnection, they would
fade due to synchrotron losses while others would presunadpear in order to maintain a steady
state. Using the equipartition value of the magnetic fieldrggth in the A1A knot (Section 5.3.2),
we would expect a complete change in the appearance of thé Xkay jet emission in~ 6 years;
this is not seen. The X-ray synchrotron lifetimes of somehef knots that are resolved in the
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radio are shown in Table 5.4. Consequently, the particlelacation processes must be in general
long-lived.

The knot HST-1 in M87 may be an impulsive event as it flared aeéd to approximately its
original flux in a decade. The observed fading is consistétht synchrotron losses; in addition to
a general decrease in all frequencies (X-ray, UV and radin¥istent with changes in the beaming
factor, the X-ray falls-off faster than the UV or radio (Haret al. 2009). However, no knot in Cen
A appears to behave like HST-1; the largest increase in flaxkg a factor of 3 over the last 16
years (SJ1), much slower than the flaring of HST-1, and it lvayet begun to fade. SJ1 is better
described by a collision model (Section 5.4.1).

Collisions

A collision between the jet and an obstacle (Blandford & kdt979) would result in a local shock
complex and is therefore commonly invoked to explain jettknin this scenario, during the initial
interaction, we would see a steady increase in the luminadithe knot relative to the diffuse
background. This is a fast process relative to the lifetirhthe knots, but for plausible obstacle
sizes and speeds is much longer than the period of our olissivand would therefore only be
seen as a slight increase in flux. Once the obstacle is firmheipath of the jet, we expect to see a
prolonged period of stable particle acceleration. Evdhytuthe obstacle may be annihilated by the
constant impact from the jet fluid; it could move transversrlt of the jet, continuing on its original
path; or it could be carried along the jet, which would causedaiction in the shock strength as the
obstacle accelerates. All these would result in a graduaedse in the flux and, eventually, to the
complete disappearance of the knot.

In Cen A's jet we can therefore expect to see a range of betavior local shocks in the jet,
but the vast majority of knots in this model are expected tanbe phase of stability with X-ray
and radio emission of a constant flux. The knots A1A/AX1A artiCAAX1C are possibly local
shocks due in some part to the reconfinement of the jet (sd®8&c4.1); however, there are many
other instances where there is an X-ray compact sourceiassbevith a stationary compact radio
knot: A2A/AX2, ABA/AXS5, B1A/BX2, and B2/BX4 in the jet and SISJX1b, S2A/SX2A and
S2B/SX2B in the counterjet. There are some slight changdseirX-ray, radio or polarisation in
these systems, but these are not steady, broad-band es@adecreases which could be attributed
to beaming (Section 5.4.3). Their variability may be ddsedlias short-term flaring and may be due
to the evolution of the interaction between the jet and thetasbe, to fluctuations in the jet’s fluid
flow, or to their shock being curved, which would be naturalhsteady under small perturbations
of the driving flow.

The majority of the X-ray knots have no detected radio capates and only five of these
X-ray-only knots have variability detected in the X-ray fldensity, of which two are probably
LMXBs (Section 5.3.1). Of the three probable jet knots, FX1a%s a significant flaring event (X-ray
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increases by a factor of 2 in the 2002 observation), EX1 stewicence of a steady decrease in the
2007 VLP observations, which is consistent with predidiohsynchrotron losses, and GX5, a very
faint knot, is only detected in 3 of the 10 observations sbwWecannot characterise its variability
in detail. Despite these exceptions, the vast majority ef¢hstationary, X-ray only, compact knots
are consistent with a period of stability in the shock modeére the radio counterpart is too faint
to be detected in our data; the range of X-ray/radio rati@/ehmeasured means we can not dismiss
the possibility of faint radio counterparts, and in factrthies diffuse material emitting in the radio
at many of these positions.

It is still possible that the X-ray-only knots are a sepagapulation of knots that have flatter
spectra than the radio knots with X-ray counterparts; hewneahese knots and those with detected
counterparts are consistent with collisions and shock fsaalthough we do not see any knots at
a stage where the knots are fading away, which would be a V&g period in the lifetime of the
knot compared to their stable stage. We do see one knot, A&@pearing in the X-ray during the
2007,6 x 100 ks observations but we do not observe a gradual brightersrigege is a four-year
gap in the observations prior to the 2007 observations whiemtay have occurred, so we cannot
say for certain whether this is a new knot or a LMXB (Sectioh b).

The radio-only stationary knots may be explained in thishade by a weaker shock such as
would occur if the obstacle is moving downstream. As theadistis sped up to match the fluid flow,
the shock would weaken until it was too weak to acceleratéoes to X-ray emitting energies. In
this model, the ratio of the numbers of radio and X-ray knotail¥ be related to their respective
lifetimes, but as the lifetime of the knots also depends @nMinth rates, the times taken for the
knots to move along, through or out of the jet, and the obstablation or acceleration timescales,
the relationship would not be a simple one. This model erplatationary and very slow moving
knots but those moving at close to the mean jet speéd £ 0.5) cannot be explained by weak
shocks, and the limits on the proper motions of the radig-&inbts suggest that many knots may
not be consistent with this model. A1D is an example of thihwain upper limit speed df.58c.
Other models for the radio-only knots are discussed fuith&ection 5.4.1.

Recent 2.3GHz very long baseline interferometry (VLBI) ebations by Tingay & Lenc
(2009) of the bright A-group knots do not detect our movindioeknots, A1B and ALlE, or A1D
while the compact cores of A1A, A1C and A2A are all resolvetie3e results strongly support a
collision model for, at least, the stationary radio knotdwX-ray counterparts, and also argue that
there is an intrinsic difference between the stationaryranding knots. If the stationary knots were
due to collisions with an obstacle, we would expect to deleximpact region where the interaction
is occurring; whereas if the moving knots were due to a naalised process such as compression
of the fluid flow, we would not expect to detect a compact céngigion in the knot.

If we consider the limits on the proper motions of the staigrknots (A1A;v/c < 0.05, A1C;
v/c < 0.14 and A2A;v/c < 0.24) it is reasonable to consider A3A, with a limit of ¢ < 0.05, to
also be stationary and therefore we can predict that in iptiné@ should be detectable with VLBI.
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The limits on the other knots are all significantly higher &mévo cases, unconfined (A4 and B2)
so if these knots have compact cores that can be detected/isi@hthey could be independently
identified as either moving or stationary knots. This isipatarly interesting in the case of SJ1 as it
has a measured velocity of c = 0.427032, but this apparent velocity due to the effect of artefacts
on the observed shape of the knot. An X-ray counterpart damecesolved due to its proximity to
the core (0.95 arcsec = 17 pc), so detecting a compact pehk nadio with VLBI might give us an

independent method of constraining its motion and theectioe reason for its development.

Tingay & Lenc (2009) also detect sub-structure in the kndté And possibly A2A. (The larger-
scale structure of these knots is not detected by the VLBémbsions due to the lack of short
baselines.) If we consider A1A, which Tingay & Lenc (2009Yide into two compact sources
AlAa and A1lAb, we find that Tingay & Lenc (2009) only detect apgimately half of the flux at
2.3 GHz (from both of these substructures) that would be eepebased on our observations and
assuming a power-law spectrum. We must assume that themagpaialf of the emission is coming
from more diffuse material on the scale of 0.1-0.2 arcseavéver, the observations of a compact
core reduce the possible size of the obstacle to an area cabigpo the size of the region detected
(0.5 — 2.5 pc), which suggests an obstacle such as O/B sthich are much more common, rather
than more extreme systems such as Wolf-Rayet stars as segippysHardcastle et al. (2003).

As discussed in Section 5.3, | find that many of the X-ray kmath radio counterparts, and all
of the radio-only knots, lie within the inner arcmir (1 kpc), while beyond this | find a complete
absence of compact radio knots, even though there is difadie emission extending to the north
inner lobe at- 190 arcsec. It is at- 1 arcmin that we also detect a change in the absorbing column
as the jet emerges from the dust lane. Given the constrairtteeqgeometry of the dust features seen
in emission aBum with SpitzerlRAC (Quillen et al. 2006, 2008), it seems unlikely that theig
interacting with the dust disk directly beyond the Al grodifkmmots. However, it remains plausible
that there are a greater number of knots in this inner regientd collisions with high-mass-loss
stars or clumps of cold gas, both of which will be more commotié central regions of the galaxy.
If I consider the distribution of stars in Cen A (van den Bel@@Y6; Mellier & Mathez 1987) and
compare this with the decreasing number of knots with degtdrom the core, | find that the number
of stars per unit length in the jet steadily increases wititagtice from the nucleus. This argues that
the obstacles are not distributed like normal stars in thaxgabut does not rule out the model in
which the obstacles are high mass-loss stars or gas closdsia®d with the central regions of the
galaxy.

Further out, there is a decrease in the spatial density agkmbich is consistent with a predom-
inantly diffuse particle acceleration mechanism aneé-at90 arcsec the environment may change
again, as the radio emission expands into a lobe and thereXsray surface brightness disconti-
nuity (Kraft et al. 2008).



121

| conclude that the majority of knots in the jet of Cen A can bsatibed as due to the interaction
between the jet and an obstacle, including knots with noctiedeX-ray or radio counterparts, the
exceptions being those radio-only knots which are movireg{n 5.4.1); however, this assumes
that the missing counterparts exist below the noise leviethdre are really no counterparts, we
require another model to explain the existence of X-ray-a&nbts.

Reconfinement of the Jet

It has been suggested (e.g. Sanders 1983) that where theyestinom a well-collimated hundred-
parsec-scale jet to a complex, knotty kpc-scale jet, thersanic fluid encounters a less dense
environment. It expands into this ambient material andésefore likely to cause a reconfinement
shock near the boundary of the jet. This could also be theit#sere is a change in the internal
pressure or state of the gas, or because of a change in thead)deund speed or density with no
change in the external pressure, which could occur if this j@ithin a relativistic bubble.

At ~ 250 pc the inner jet expands from a well-collimated beam to aidéfcone of material.
This is indicative of a change in the ambient pressure whighlevbe consistent with the conditions
for a reconfinement shock. The base knots A1A/AX1A and A1Cl&Xare therefore prime candi-
dates for reconfinement shocks. They are also stationangijet, and A1C is evolving downstream
consistent with this model. Unfortunately, the presendgb@imoving knot, A1B, between two base
knots is difficult to explain in a simple reconfinement modkelyould require a unstable knot com-
plex, possibly ringed, with a shock region that could havenbgisrupted by A1B as it moves along
the jet.

The knot HST-1 in M87 has also been investigated in terms etanfinement shock model by
Stawarz et al. (2006) and has many traits similar to A1A an@ALis believed that the stationary,
compact, variable and overpressured flaring region is éocamhmediately downstream of the point
where the reconfinement shock reaches the jet axis. Statvalz(2006) also associate the down-
stream, superluminal features of HST-1 with a divergingefld shock. If we compare this to Cen
As Al grouping, then A1A and A1C are consistent with the figrregion of HST-1 and the fainter
downstream components A1D and A1E, which are moving dowrnetean be compared to the
reflection components.

To summarise, the location of these knots at the point whexgett widens and the fact that,
collectively, they span the width of the jet are in favour aeaonfinement shock model; however,
the fact that there are two of them and that A1B is apparentlying between them makes this
model harder to accept.



122

B2 B1 A6 A4 A3 A2 Al N1

Figure 5.18: M87 (top) and Cen A (bottom) scaled to a commatigiresolution of 33 pc showing
the inner 1.85 kpc of both jets (projected) so that the digtarof the knots in each jet can be
compared. The Cen A image is our 2002 A+B 8.4 GHz radio datatlaad187 map is at 5 GHz
(Hines et al. 1989). The contours are logarithmic incraabiyna factor 2 at each step.

Moving Knots

The moving radio knots fit into none of the models discussedipusly (see Section 5.4.1) as all
these models describe a situation in which the fluid undergoghange at a stationary point in the
jet. I also have to consider that there are no compact X-rapteoparts to the moving radio knots,
A1B and A1E, as well as the diffuse radio emission downstredARA; A2B (v/c = 0.57), A2C
(v/c =0.25) and A2D @/c = 0.46). The remaining moving knot, A3B is associated with a clumpy
region in the radio jet rather than a single compact radid lamol has X-ray emission associated
with it, although this could be a projection effect or emigsfrom a nearby stationary X-ray knot
unrelated to the radio knot. It is also important to note #ihof the radio-only knots have either
well-established or inconclusive proper motions so it maythmat all of the radio-only knots are

moving.

Knots that are moving at speeds comparable to the bulk jetsiim&d cannot be due to collisions
with a stationary or slow-moving obstacle, and, as we hageear above (Section 5.4.1) there
is independent evidence from VLBI observations that thereni intrinsic difference between the
moving and stationary knots in the A group. To describe theingoknots we require a scenario in
which the jet undergoes a change resulting in a knot of efttggrer particle density, higher particle
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energy, or higher magnetic field, which moves freely aloregjét with the fluid flow. This would
be provided by moderate compression of the jet fluid, as diguliin Section 5.4.1.

Information on X-ray motions of the other knots in the jethiig invaluable to this problem as
the radio-only moving knots may not be as different as thigasoggests, but X-ray proper motions
will not be available for some time. Our current data spangdficgent time frame for motions to be
detected; however, the signal-to-noise of the earlier miagiens is not good enough to accurately
measure the position of the knots, so that Ghandradata do not provide useful constraints.

5.4.2 Particle Acceleration Efficiency

In models in which the X-ray emission from the knots is syotfan emission produced as a result
of the interaction between the jet and an obstacle, the Xuraynosity places some constraints on
the efficiency of high-energy particle acceleration. Udimg constraints on the knot sizes provided
by the VLBI observations (5.4.1) | can calculate the fractaf the jet power intercepted by the
knots. Some fraction of this (which cannot exceed 100%) goeswer the emission at X-ray and
other bands. If | assume that the knots are in a steady stdtéthanhthe incident energy produces
electrons with a power-law energy spectrum that balanaesathiative losses, then | can form an
inequality: the ratio of the energy in the X-ray-emittinge@tons to that in the whole electron
population must be greater than the ratio of the energy editt the X-rays to the fraction of
jet energy intercepted by the knot. The unrealistic assiommif 100% efficient energy transfer
of the absorbed jet energy to relativistic electrons, | fimak the electron energy spectrum has an
index,p < 2.44 when we consider the lowest energy electrons to havel. If | assume that the
energy transfer to the electrons is 10% efficient, then thermim index decreases,< 2.27 and

at 1% the spectrum is constrained to have 2.06. However, if the minimumy is increased to
~ = 100, these indices steepen so, for example, 1% efficient ensaggfer has a minimum index
of p < 2.13. These calculations use the cross-section and X-ray emisgithe knot AX1A as its
size is well constrained (Tingay & Lenc 2009). These minimindices put some constraints on
the nature of the particle acceleration in the jet; | note tha 2.0, the value expected for standard
acceleration at a non-relativistic strong shock, is pdssibless the efficiency of energy transfer to
the electron population falls below 1%.

5.4.3 Beaming

If there are changes in the beaming factor in the knots, daecttange in the velocity or direction
of the fluid flow, we would observe in-step changes in the Xaag radio flux densities, assuming
all the emission is synchrotron, as beaming to first ordendependent of frequency. This may
occur in stationary or moving knots as the movement of thel flafough the knot is responsible
for changes in the beaming factor, not the motion of the kisetfi Although the flaring of HST-1
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may be explained as a reconfinement shock or the result ofl&impparticle acceleration, it fades
in a manner best described by beaming combined with syrmomrdédsses (Harris et al. 2009); the
emission fades slowly in all frequencies, but appears tp-0fb faster in the X-ray compared to
the UV and radio. Compared to the factor 50 increase in X-raisgion of M87's HST-1, we
observe no flaring events of similar intensity in either adio or X-ray data. The largest increase
we observe is in the radio knot SJ1, which increases in ragigston by a factor of 3.5 over the
last 17 years. This is the only knot showing variability ie fihner hundred-parsec-scale jet region
suggesting it has different physics from the knots furtr@vnithe jet and it is better described by a
collision and shock model.

Smaller increases are seen in other stationary radio kimmigasing in step in the radio and
X-ray although only A1C/AX1C shows a significant change inhbdn the radio, A1C increases
steadily while in the X-ray we see short-term variabilitythwa dip in the flux density in the middle
of 2007 (Figure 5.7). This is consistent with the short-temiability observed in HST-1, which
also show slight dips in the X-ray flux density during an ollerecrease. The knots ALA/AX1A
and S1/SX1A also fit these conditions; however, the subtesase in flux £ 10%) is below the
significance limit described in Section 5.3.4.

| conclude that although we see in-step changes in the radiXaray flux densities in several
of the knots, beaming is not the dominant effect as other ar@sms can explain the observed
behaviours.

5.4.4 Spine-Sheath Model

Current models of FRI jets (Laing & Bridle 2002) propose ttieg jets have a non-uniform radial
velocity profile in which the speed decreases with increpsaulius. Because of early polarisation
results that seemed to point to a two-fluid structure, thigtisn discussed in the literature in terms
of a fast-moving ‘spine’ and slower ‘sheath’ of the jet. Thmast entirely parallel magnetic field
seen in this work and in polarisation maps by Hardcastle. ¢2@03) provides no evidence in itself
either for or against ‘spine-sheath’ models, since modergsigns of models with velocity structure
do not predict a transition to a central perpendicular fialdll cases. Some evidence for models
with velocity structure might be provided by the observethlsed edge-brightening in the diffuse
material (Kataoka et al. 2006), if this is predominantly tlueariations in the Doppler enhancement
of different layers of the jet material. However, this liblightening is not seen along the entire jet;
where it is seen, it lies downstream of a compact knot andddoeiidescribed as a knot tail. Similar
structures are seen behind many of the knots, for example, AB4 are consistent with a shock
model with downstream advection Hardcastle et al. (2003taka et al. (2006) also suggest that
at the edges there is a slight hardening of the X-ray emisgiggesting the spectrum changes.

To investigate if this is seen in our deeper X-ray data, Whetal. (2008) fitted a joint spectrum
to all the X-ray knots that reside in the ‘inner-spine’ amihér-sheath’ regions (at a distance of 21
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Figure 5.19: The X-ray photon index of knots in the jet of Ceasfa function of angular position
measured from the centre of the jet at a position angletdf®, from the core to 60 arcsec (solid
line), from 60 — 190 arcsec (dashed line) and further tharnat&@c from the core (dotted line).

to 66 arcsec from the core with position anglessbdR2° — 57.8° for the spine and9° — 51.2° and
57.8° —60° for the sheath). As described in Section 5.4.4, | have spectral fits for hefT X-ray
knots in the inner-spine and 3 of the 5 X-ray knots in the irst@ath regions defined by Worrall
et al. (2008). The weighted mean of the spectral indices Isomed for the X-ray knots in these
regions arexspine = 0.62 = 0.01 and agpeqer, = 0.89 £ 0.05 respectively, which are consistent
with the results of Worrall et al. but not with each other. Qoser inspection of the individual knot
spectral indices, we find that the inner-spine spectralxnsie@ominated by the bright X-ray knot
BX2 (ax = 0.67+0.11). Given the small number statistics and the dominance dfiohaal knots,

it is difficult to draw conclusions about the behaviour ofeitknot population.

As discussed in Section 5.3.3, we see no dependence of ibetied on the angular position
of the knots, nor on the distance of the knots from the cotbpagh our sample is too small for
a statistical analysis. | have considered the directionsi@ion and find that they are consistent
with following the fluid flow, appearing to move toward the dwstream regions of bright material.
The directions of motion are not consistent with moving éyaparallel to the jet axis but we
argue that the ridge line through the jet is not at a constasitipnal angle and that the fluid flow is
complicated and not a simple laminar flow directed away frioendore. | therefore cannot comment
further on the possibility of a faster moving spine in thege€Cen A nor on the possible migration
of the knots towards or away from the jet axis.

Worrall et al. (2008) define these pie sections from a basi@osf 13:25:26.9843:01:14.06 (not the core)
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5.45 Inner Hundred-Parsec-scale Jet

| found that the spectrum of the inner hundred-parsec-getitef Cen A is flatter in the X-ray than
the base knots and the diffuse material (Hardcastle et 8B)JA6ut consistent in the radio to X-ray
spectral index. These measurements are also consisténtheivalues for knots further along the
jet. The X-ray/radio flux density ratio is lower for the inneundred-parsec-scale jet than for any
of the knots, except S1/SX1A; however, it is higher than theaydradio flux density ratio of the
diffuse material further down the jet suggesting that threirjet is more efficient at making X-rays
for a given amount of radio than the diffuse emission furthyethe jet. This is consistent with what
is seen in other FR | jets such as that in 3C 66B (Hardcastle 2001).

5.5 Summary and Conclusions
Our results can be summarized as follows:

¢ | rule out impulsive particle acceleration in the knots oh@eas | detect no extreme variabil-
ity in the X-ray knots, in contrast to what is seen in knot HS5if- M87. Essentially the same
distribution of X-ray knots are observed in our most recdrgepvation as was seen in the ear-
liest Chandraobservations in 1999. This would not be the case if the knetevmpulsive
as they would fade due to synchrotron losses indicating-lmegd particle acceleration in the
knots of Cen A.

e For those radio knots with X-ray counterparts, the mostlfikermation mechanism is a
collision between the jet and an obstacle, resulting in allsbock. | see no significant
variability in many of these knots, suggesting a long-liv&dble stage of particle acceleration
during the interaction between the jet and the obstacle.

e The formation of knots at the point where the inner hundrasgc-scale jet broadens abruptly
suggests that these base knots (A1A and A1C) may be recomimeshocks; however, this
is complicated by the presence of a radio-only knot (A1B) mgwlownstream between the
possible confinement-shock knots.

¢ | detect a factor of 3 increase in radio flux density of the t¢erjat knot SJ1. This knot lies
only 17 pc from the nucleus so is unresolved in the X-ray; hareit was still increasing
in flux in the most recent observation (Dec 2008) so | plan ttioae to monitor its radio
behaviour with the VLA.

e | detect proper motions in three of our radio knots; two ofettthave no compact X-ray coun-
terparts and a third which has only diffuse X-ray emissicsoamted with it. Studies of the
distribution of the moving knots are inconclusive due to lthe number of well-established
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proper motions; however, that the direction of motion ofkhets may not be directly parallel
to the jet axis which appears to varies along the jet. Theitions are all downstream and
they show no dependence on the position of the knot withirjethe

The most likely cause of knots in the jet is collisions; if tkeay-only knots have faint radio
counterparts and the radio-only knots are seen only duhiaddtter stages of the collision when
the interaction is weaker, then only the moving knots areparsge population. These may include
all the radio-only knots but our proper motion measuremargsnconclusive for many of these. |
argue that these moving knots are due to compressions iruitldléiw that do not result in particle
acceleration to X-ray emitting energies. It is possibleyéweer, that the X-ray-only knots are also
a separate population with flatter X-ray to radio spectra thase with counterparts, in which case
we currently have no model for their formation.

Compared to other FRI jets, Cen A is atypical, with an obsgudust lane extending out
to 1 kpc from the core which may affect the jet and its knotshedgalaxies where dust has been
detected, such as 3C31 and 3C449, have much smaller disich, edmnot affect even the innermost
regions of the observed X-ray jet. If we can attribute thetlkdmminated particle acceleration of the
inner kpc to the presence of this disk then we can postulatehk X-ray jet emission seen in other
FR 1 galaxies should be comparable to the dominant diffusécf acceleration that dominates
further out in the Cen A jet. | would then predict that knotadlnated structure will not be seen in
other FR | galaxies.
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Chapter 6

An XMM Sample of Groups of Galaxies

In the previous Chapters, | have presented work that focuséise lobes and jets of radio galaxies.
The final section of this thesis is focused on the hot gas dfitin@group medium (IGM). Groups of
galaxies are physically smaller than clusters so theiruian and response to heating and cooling
are much faster than that of clusters. Groups of galaxietharefore useful to test ideas relating to
how the scaling relations of different gas properties ckamger time with heating and cooling. As
radio-source heating may play an important part in galaxgnédion, the impact of radio sources
on the gas properties of the environment is also considexesl h

Here, | useXMM-Newtondata to characterise the surface brightness profiles anuketatures
of a subset of groups of galaxies from the Group EvolutiontMalvelength Study (GEMS) group
sample (Osmond & Ponman 2004) that were originally selettdddvestigate the potential effect
of radio-source heating on the group gas properties by @most al. (2005a), in order to better
constrain the relationship between the distributions af gyad dark matter in these systems and to
relate this to their radio properties.

6.1 Introduction

In isothermal systems, we expect the velocity dispersiah@alaxies in the system to be related
to the temperature as,,; T)l(/2 and the ratio of specific energy in the galaxies to specificggne
in the gas to be unityd ~ 1) (e.g. White et al. 1997, see Section 1.5). Bettand Tx are
probes of the gravitational potential of the system, while luminosity L x is a measure of the
total mass of gas in the system. Hierarchical models of stracformation in a standard cold
dark matter ACDM) universe predict self-similar scaling so that « 7% (Kaiser 1986; Evrard
& Henry 1991). However, observations suggest that thigioglghip for clusters is steeper still
(Lx o T3 ; White et al. 1997). It has also been suggested that theéamsip for groups is even
steeper with relationships dfxy « T%2 andLy o T%° (Ponman et al. 1996; Helsdon & Ponman
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2000, respectively); however, Mulchaey & Zabludoff (199&)nd that a single relationship could
adequately fit the data for groups and clustdrs (x T%%).

Observations of groups and clusters therefore suggestiteag systems are not self-similar
and are not consistent with basic hierarchical scenariosweler, the dark matter distribution
scales self-similarly as predicted by hierarchical galfotynation (e.g. Pointecouteau et al. 2005;
Vikhlinin et al. 2006).

Because the luminosity probes the gas mass and the tempgeisatelated to the gravitational
potential, thel. x — T'x relationship can reveal how the gas and dark matter aredgland whether
there are differences in the gas properties of systems #vat AGN feeding energy back into the
environment. Work by Croston et al. (2003, 2005a) on etlgdtidominated groups observed by
ROSATshowed that there was a significant difference infitke— T'x relationship for groups with
and without radio activity. This was confirmed usi@bandradata by Jetha et al. (2007).

Current models suggest that in radio galaxies, the expamgithe lobes displaces gas thereby
dissipating energy into the environment (Bohringer e28D2). There is also evidence for shock
heating due to the supersonic expansion of the lobes imgjuidoth weak shock structures in the
intracluster medium (ICM) (e.g. Fabian et al. 2003; Formtaal.2005) and much stronger shocks
observed at the edge of the radio lobes (e.g. Kraft et al. ;2008ston et al. 2009). But these
mechanisms feed energy mainly into the outer kpc-scalemegif the environment, rather than into
the core where the material is being accreted so that theytalffect the central gas properties.

As well as measuring thex —T'x relationship, Jetha et al. (2007) also fitted X-ray tempeeat
gas density, gas pressure and gas entropy profiles to theiemfsom these groups and found that
all of these profiles follow modified self-similar scalings discussed by Voit & Ponman (2003).
Additional cooling, feedback, merging and perhaps cordaodoit et al. 2002) within the central
regions should result in an isentropic core at the level efehtropy floor (see Section 1.5). How-
ever, in clusters (Ponman et al. 2003) and in@@andradata studied by Jetha et al. (2007), there
are no detections of an isentropic core.

In this work, | useXMM-Newtonarchival data on 19 elliptical-dominated groups previpusl
studied by Croston et al. (2005a) (including 13/15 of theugsostudied by Jetha et al. 2007). These
XMM-Newtondata are more sensitive than tROSATand Chandradata used in these previous
studies and has higher resolution tHR@SATSso that the PSF can be better accounted for. Although
the Chandradata used by Jetha et al. (2007) is more sensitive and has besblution than the
ROSATdata, the field of view does not include all of the group gasssimn (unlike thesXMM-
Newtondata). | use these data to test independently whether thereichotomy in thelx — T'x
relationship associated with the presence of a radio souraso fit temperature profiles, which
reveals cool cores in the central regions of the majorityhefseé groups, and use tligy — o,
relationship to understand their positions in fhge — T'x plots. In many cluster studies, cool cores
are associated with AGN so it is difficult to distangle theseff of these two features; this work
should reveal whether they are linked in groups.
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6.2 Sample

This analysis is a continuation of the work by Croston et2006a) based on the Group Evolution
Multiwavelength Study (GEMS) group sample, presented byn@sl & Ponman (2004, hereafter
OPO04). Osmond & Ponman collated optical data on 4320 grouges 10 previously published
optical catalogues and compared it to R@SATobservation log. They then selected groups with
X-ray observations of at least 10 ks, pointed no more than@@ia from the groups position, and
with recessional velocities in the rang@00 < v < 3000 km s~!. These constraints guaranteed
good X-ray data as the group emission was within the field efvfiso not too close) and it was
close enough that the group X-ray emission could be dete@adly 45 groups met these criteria.
Osmond & Ponman also included 13 groups previously studigddisdon & Ponman (2000) and
two Hickson compact groups, HCG 4 and HCG 40, which have gqtital data. The purpose
of their sample of 60 groups was to have a wide range of groapepties rather than to have a
statistically complete sample.

Croston et al. (2005a) reduced the GEMS sample to 30 groupliegting groups that had
a large elliptical galaxy as their brightest group galaxys(®), rejecting those with spiral or SO
BGG, as the spiral-dominated groups are unlikely to cordatrong radio galaxy. When the spiral-
dominated groups were excluded, Croston et al. (2005a)dfthat the scatter in théx — Tx
relation was significantly reduced, as spiral-dominatedigs probably have different gas properties
to those with a large elliptical. In addition, they excludéd groups where no X-ray emission was
detected by OP04 as the purpose of their work, like mine, was/estigate the X-ray properties of
radio-loud and radio-quiet groups.

| use the same sample as Croston et al. (2005a), but anatysgdhableXMM-Newtorarchive
data, which is more sensitive and has higher resolution thardata used in the work by OP04
and Croston et al. (2005a) who usB@OSAT and Jetha et al. (2007), who us€thandradata.
TheseXMM-Newtondata also have a large enough field of view to detect all of thay<emission
associated with the group. | found that 24 of these groupe haen observed B¥MM-Newtornand
are available in the archive. Thex&M-NewtonX-ray data were processed using the SAS version
7.0.0 using the standard pattern filtering described in @n&h Several of these data were affected
by flares so GTI filtering was applied to remove flares with gmethan+20% variation from the
lightcurve as measured in the 12—-14 keV (pn) or 10-12 keV (V&8rgy range where the effective
area for X-rays is negligible. Unfortunately, no thermaligsion was detected from HCG 90 as its
spectrum was dominated by a central AGN and NGC 4065 waseteidly left out of the analysis
due to a centroiding error during the spectral extractiatess. The X-ray observation details of
the groups successfully analysed in this work are shownliteTé 1.

Croston et al. (2005a) classified the groups into radio-ud radio-quiet groups by checking
the NASA/IPAC extragalactic data base (NED), and NVSS (NRAQ\ Sky Survey) and FIRST
(Faint Images of the Radio Sky at Twenty cm) for any that wereidentified in NED, for radio
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sources which are associated with the group. Croston dtexh. defined three cut-offs in the radio
luminosity to split the groups into radio-loud and radidedu The cutcO allows any groups with
any detected radio emission to be classed as radio-loudeveswthe other cuts;1 andc2, were
based on the radio luminosity density of NGC 3665, which &ltdwest luminosity source in the
sample that is an extended radio galaxy rather than a verly seméral source. | should still be able
to detect extended, low-luminosity radio galaxies usirgséhthresholds:1 classed groups as radio
loud if L§% = 1.2 x 102! W Hz~1, which corresponds th yc3665,/10, and cute2 uses a threshold
of L§% = 6.0 x 102! WHz~!, which corresponds t& yccs665/2- These cut-offs account for the
NVSS flux limit of 2.3 mJy so that with the threshold ¢, radio emission could be detected in all
of the groups. In this work | used the threshold as this is likely to be a minimum for extended
radio emission at the redshifts of these groups. Using thisff, | have nine radio-loud groups and
10 radio-quiet groups, which should give me good enougistta for an independent comparison.
Croston et al. (2005a) found no significant difference betwthe results of the comparisons made
using the three cut-off values, and Jetha et al. (2007) asd thec2 cut-off. | discuss the effect of
choosing this cut-off in Section 6.5.2.

6.3 Analysis

The XMM-NewtonX-ray data were reduced using the standard pipelines andoahetescribed in
Chapter 2. | followed the method of Croston et al. (2008a) axerimages showing the extended X-
ray emission (shown in Figure 6.1) and to extract spectreectad for both particle and instrument
background. These methods are summarized here.

6.3.1 Imaging and Spectral Analysis

To make images of the extended X-ray emission from the grisupar sample, | extracted images
in the 0.5 — 5.0keV energy range from all the datasets and emtlera for each group using the
SAS tool evselect These data were then used to produce images using the nagkodbed in
Section 2.2.3. These images are only used in the analysifiteedegions of interest, the location
of point sources in the field of view, and for measurement$ agcthe approximate location of
the group centre for centroiding. Where the central galaag & known AGN, | used an annular
source region so that the spectral fitting excludes the AGNritution. These chip-gap corrected
combined images are shown in Figure 6.1.

As discussed in Section 2.2.6, for the spectral analysid it remove initially the contribution
from particles and the instruments from the spectra and solalé subtraction method was required.
To do this | used closed filter-wheel observations, whictdata taken with the closed filter in place
preventing X-rays from the sky being detected. These daweige high signal-to-noise spatial
information on the particle and instrument background. @ooant for differences in the level
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Group Redshift Ny Ang. Scale ObsID Date Filtered Livetime
(10°°cm™2)  (kpc/arcsec) MOS1,MOS2,pn (s)
HCG 62 0.0146 3.01 0.298 0112270701 15-Jan 2003 12407,180018
0504780501 26-Jun 2007 99226,98089,99211
0504780601  29-Jun 2007 33261,32020,22279
NGC383 0.0169 5.39 0.346 0551720101  01-Jul 2008 26827318610
NGC533 0.0181 3.01 0.368 0109860101 31-Dec 2000 38348030777
0109860201 01-Jan 2001 5791,5792,1687
NGC720 0.0059 1.54 0.122 0112300101  13-Jul 2002 2902792506
NGC741 0.0179 4.56 0.364 0153030701  03-Jan 2004 85814828D,
NGC 1052 0.0049 3.07 0.101 0093630101 15-Aug 2001 155563155861
NGC 1407 0.0057 5.24 0.118 0404750101 11-Feb 2007 39328383035
NGC 3607 0.00411 1.48 0.085 0099030101 22-Nov 2000 174134187765
NGC 3665 0.00692 2.06 0.142 0052140201 02-Dec 2001 321883310024
NGC 3923 0.00459 6.21 0.095 0027340101 03-Jan 2002 3672BN)XP858
NGC 4073 0.0204 1.89 0.413 0093060101 21-Dec 2001 0,13%74,9
NGC 4261 0.00785 1.55 0.161 0056340101 16-Dec 2001 2668362280792
0502120101 16-Dec 2007 85634,83316,63995
NGC4325 0.0252 2.24 0.507 0108860101 24-Dec 2000 208581208955
NGC 4636 0.00565 1.81 0.117 0111190701 05-Jan 2001 58BT3 16
NGC5044 0.00820 4.93 0.169 0037950101 13-Jan 2003 218BRBRAZ655
NGC5129 0.0232 1.76 0.468 0108860701  07-Jul 2002 163783162263
NGC5322 0.00702 1.81 0.145 0071340501 24-Dec 2001 184329183313
NGC5846 0.0063 4.26 0.130 0021540101 25-Jan 2001 0,0,256:
0021540501 26-Aug 2001  13930,13129,7841
IC 1459 0.00569 1.18 0.117 0135980201 30-Apr 2002 28633223416
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of particle background between our observations and thiesed filter-wheel data, | scaled the
background events by the ratio of the high energy (10-12 l@\WOS and 12-14 keV for pn)
count rates of the observed and closed filter-wheel datagusilarge annular region positioned
around the group. The particle background scale factorg Wwigh (> 2) in four of the groups
(HCG 42, HCG 97, NGC 4697 and NGC5171) so these groups cotlldenosed in the remainder
of this analysis because the uncertainties on the backdraonld be too high.

When | extracted the spectrum from a region in the observe tlalso extracted the spectrum
from this region from the corresponding closed filter-wtasgh. These observed and closed spectra
were grouped together usifigngroupto a minimum of 20 counts per bin after background subtrac-
tion. The grouped data also ignored the first 20 bins in the M&8 and the first 50 in the pn data
which corresponds to energies below 0.4 keV. The X-ray §jttims carried out usingsPec11.3
in the energy range 0.4 — 7.0 keV where ¥fdM-Newtorresponse is well calibrated.

To account for Galactic and cosmic X-ray background emiskioal to the source, | extracted a
spectrum from an annular, local background region locaegid the edge of the group emission.
The local background emission from this region was modeied doubleapecmodel, to account
for emission from the Galactic bubble, and a power-law maibsorbed by the Galactic jNin
the direction of the target (Lumb et al. 2002), which was fistd value taken from Hradio
observations (Dickey & Lockman 1990). | then scaled the radisations of this model, to account
for the difference in area between the source region andtia background region, and included
this background spectral fit in the source spectrum modek ghoup emission was fitted as an
absorbedipecmodel from which the global temperature and abundance wasumed. In the cases
where there is complicated temperature structure in thepgre.g. NGC 4325, a double absorbed
apecmodel was used to confirm multiple component thermal emisBiom the group. Where
the abundance was not well constrained, a fixed valug3¥; was used (NGC 383, NGC 1052,
NGC 3923 and NGC 5322). The spectral fits are shown in Table 6.2

To confirm whether there was temperature structure withéngitoups with poor global tem-
perature fits, | first checked the literature for evidence ulides, cavities and shocks within the
group gas, and then fitted temperature profiles to the grosiplgeed the radial surface brightness
profiles described in Section 6.3.2 to define annular regioos which | extracted the spectra and
fitted the same model as for the global fitting. In cases wheralata quality prevented the fitting
of abundances to the annular spectra, | fixed the abundaricattmeasured during the global spec-
tral fitting. The temperature profiles with fixed abundanaesshiown in Figures 6.2 and 6.3. The
temperature measurements are discussed further in Séclidn
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Figure 6.1: Exposure-corrected images for the groups snstainple, smoothed with a Gaussian of 6 pixels (9 arcseq bsf. The position of the group as
determined by OP04 are shown by the crosses.
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Figure 6.1 continued
6.3.2 Spatial Analysis

| analysed the group gas distribution using radial surfaighiness profiles as discussed in Sec-
tion 1.5, extracted from concentric annular regions with ploint sources and chip gaps masked
out. For these surface brightness profiles, the central A@kewot excluded from the profiles
but modelled as a point source during the analysis. Vigmgitiorrection and double background
subtraction were performed as for the spectral analysie.prbfiles for each camera in each obser-
vation were scaled by the livetime and combined to a singdélprfor each group. These combined
profiles were convolved with the PSF and fitted with model$uitiog point-source components,
a single model (e.g. Birkinshaw & Worrall 1993) (Equation 1.13) ancsbme cases a projected
doubles$s model (Croston et al. 2008a), which is defined as the prajdite-of-sight sum of twgs
models in gas density (Equation 1.15).

| used the Markov-Chain Monte Carlo (MCMC) method describgdCroston et al. (2008a)

to explore the parameter space of these models and thus &rBayesian estimates of the core
radii (r.) and S values which are shown in Table 6.3, as well as the maximueiiikod model
for each group, which is overplotted on the surface brigtgrgrofiles shown in Figure 6.4. This
MCMC method uses the Metropolis-Hastings algorithm in a meausimilar to thevETRO code by
Hobson & Baldwin (2004), but implemented to run on a clustemaltiple processors using the
Message Passing Interface (MPIPlausible ranges for the core radii, normalisations @ndlues
were estimated and set as priors for the MCMC method. Thertaiiciges corresponding too
errors for 2 or 4 interesting parameters, consistent witherla. 3, for thes and projected doublg-
models respectively were determined using 1-dimensiomgégtions of the minimal n-dimensional
volume that encloses 68 per cent of the posterior probgluiigtribution as returned by the MCMC
code. This code was also used to measure the luminositiesssisd in Section 6.4.3.

see Hardcastle et al. (2009b) for more details
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The first profile shown in Figure 6.4 is for HCG 62 (top left phrand is an example of &-
model fit and NGC 383 (top right panel of this figure) is an exkngb a projected doublg-model.
The residuals shown beneath the surface brightness prafiléhe reduced? suggest that these
are poor fits; however, this is likely due to the high qualifyttee data and would thus be reduced
if the profile was smoothed further. These residuals in thiase brightness profiles also reflect
the complicated structures seen in many of these groupsexXamnple, NGC 4636 has ripples in
the surface brightness that are clearly seen in the residiiak reliability of these fits is discussed
further in Section 6.4.2.

In Section 6.6, | present summaries of the previous work ergtioups in this sample, which
includes thes-model fits by OP04. They fitted the standatanodel described by Equation (1.13)
to all of the surface brightness profiles, including addisibfree parameters for the ellipticity and
position angle of the group gas. In the cases where the fit madequate, they added a second
component and constrained the first component to an zeptigtly. The combinations of OP04’s
different approach to multiple components and the additieflipticity and position angle informa-
tion makes a comparison to these previous results difficults®o when | discuss the results of the
individual groups in Section 6.6, | have only considered tlvbea second component was required
and not OP04’s specific fit values.



Table 6.2: Comparison of the spectrally fitted temperatin@se determined from the temperature profiles.

Group kT spec Z X?e 4 (dof) Integrated Temperature (keV) Radial RangeRso
(keV) Z5 meankT,, weighted meaikT,,, truncatedkT;, . R (arcsec)  (kpc)

HCG62  0.9837000: 0.25700%  3.47 (1120) 0.98 £ 0.18 0.93 £0.05 1.23 £ 0.10 150 - 675 438.95
NGC383 1.367000¢ 0.3 1.61 (1568) 1.47 +0.01 1.44 4 0.06 1.44 4 0.01 50 -600 538.88
NGC533 1.212700% 0.3670013  2.33(550) 1.17 +0.21 1.13 £ 0.06 1.38 £ 0.10 100 — 547 495.83
NGC720 0.5847000 0.337003  1.37(302) 0.62+0.11 0.62 £ 0.01 0.61 £ 0.01 25-1656 324.25
NGC741 1.576700% 0.37700%  1.13(401) 1.49+0.29 1.46 4 0.28 1.55 4 0.18 100 -553 577.22
NGC 1407 1.0407000% 0271001  1.73(878) 1.00 £ 0.40 1.00 = 0.04 1.24 £ 0.03 75-1720 276.87
NGC3607 0.56970 015 0.277005  1.54(280) 0.49 +0.32 0.48 + 0.06 0.39 + 0.05 100 -2358 297.71
NGC3665 0.442700% 0.267005  1.49(384) 0.46 & 0.09 0.48 £ 0.05 0.42 £ 0.01 25-1407 277.12
NGC3923 0.489700% 0.3 1.71(899) 0.58 +0.13 0.58 £ 0.01 0.55 =+ 0.02 50-2113 294.36
NGC4073 1.81070035 0.557003  1.26 (211) 1.87+1.21 1.85 4 0.06 2.00 + 0.04 75— 487 624.39
NGC4261 1.7197001% 0.44%00%  1.66(1218) 1.28 +0.47 1.05 +£0.14 1.97 £ 0.07 100 — 1242  603.07
NGC4325 0.92770003 0.47100;  2.21(615) 0.93 £+ 0.81 0.93 £0.02 0.99 £ 0.02 70-397 428.15
NGC4636 0.94970005 0.59700]  5.91(731) 0.83 £ 1.02 0.99 + 0.08 0.91 + 0.01 125-186 419.12
NGC5044 0.95770007 0.46700%2  6.37 (905) 0.98 & 0.30 0.98 £ 0.04 1.33 £ 0.08 200-1189 432.09
NGC5129 0.88270011 0.38700;  1.43(445) 0.85+0.17 0.85 + 0.03 0.92 + 0.02 50— 430 414.47
NGC5322 0.382700% 0.3 1.18 (348) 0.47 £0.05 0.49 +0.10 0.37 £ 0.02 50 -1387 254.93
NGC5846 0.73770003 0.42700%3  1.89 (489) 0.80 £ 0.18 0.79 £ 0.04 1.37 £ 0.10 300 - 1544 372.63
IC1459  0.564700% 0817337 213 (512) 3.80+5.33 3.82 +£0.78 0.70 £ 0.02 50-1708 317.80

ort
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Table 6.3: Bayesian estimated best-fitting model resultd¢hfe 5 and projected doublg-model
fits. Errors arelo errors for two interesting parameters irrespective of tloeleh as the extended
and central values are not correlated.

Group Extended Central

Tcore (KPC) Brit  Teore (KPC) Brit
HCG62 | 283.6870% 0567015  4.571530  0.54705%
NGC383 | 162.307037 0917030 0.85%535 0.57700
NGC533 | 275.84705% 0.54700L  2.017043  0.7275:8
NGC 720 1.39731  0.5010:02 n/a n/a
NGC741 | 0507037  0.4070:03 n/a n/a
NGC1052| 0.21104% 0.5170 5% n/a n/a
NGC1407| 0.847012 0.4970:02 n/a n/a
NGC3607| 6527704, 0477572 0154080 0.671048
NGC3665| 0.80%515 0.4970:03 n/a n/a
NGC3923| 0.327005 0.53700 n/a n/a
NGC4073| 140.771555  0.737033  2.197057  0.487005
NGC4261| 72.9370% 0667017 099752 0.76707
NGC4325| 9.177030  0.59701 n/a n/a
NGC4636| 5.88%012 0907025  0.64752¢ 0.6470%
NGC5044| 30967025 0.73%01 54792  (.5370:03
NGC5129| 84.6270% 0517038  0.89%052 0.707035
NGC5322| 0.19%51¢ 0.5170:33 n/a n/a
NGC5846| 17.177044 1.00702%  1.767545  1.11759)
IC 1459 4197012 0,931 0147012 0.68703%
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Figure 6.2: Temperature profiles for the radio-loud groujith wbundances fixed at the globally

fitted values. The spectrally measured global temperaimesthe corresponding source region

radial coverage is shown by the dashed points. NGC 1052agatko-loud, but its X-ray emission

is dominated by the central AGN so no profile could be made.
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Figure 6.4 continued. The surface brightness profile of 18914

6.4 Results

6.4.1 Global Temperatures

In this work, | measured the global temperatures of the ggagdirectly from oulXMM-Newton
data using circular source regions, except where there wAS#! in the core of the group in which
case | used an annular source region (Section 6.3.1). In #jerity of cases, the absorbegec
model was a good fit to the source spectrum (13/19 groups haweith X%ed < 2.0). In the six
cases where the fit was not acceptable, there are previooits@h complicated temperature struc-
tures, such as bubbles, cavities, filaments and shock é&safsee Section 6.6 for summaries of the
structures and previous work on the groups in this sample¢s@ spectrally measured global tem-
peraturesyy,, are consistent withind of the OPO4ROSATresults for only seven of these groups
(see left panel of Figure 6.5, blue points), which | attrébtd ROSATE poorly constrained PSF and
to the fact that the regions used may include contaminatiom funresolved point sources, AGN,
and hot ISM gas within the core of the BGG. These sources woaidribute additional spectral
components to the X-ray emission which would result in amirect temperature being fitted to
the gas; point sources, such as X-ray binaries (XRBs), dhoeilmodelled out as a power-law, an
AGN would also need power-law model(s) and an additionaintta¢ component for the hot ISM
gas within the core to model them separately. There is, hewveo systematic difference between
these spectrally fitted temperatures and the OP04 resutegrassion fit of this comparison shows

that these results are not significantly differefif,(= (0.9875:05)Top — 0.047500).
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Figure 6.5: Comparison between thesklIM-Newtontemperatures (left panel) and luminosities
(right panel) and th®@OSATresults by Osmond & Ponman (2004). In the temperature casquar
the spectral temperatures are shown in blue, and the prefilpdratures in red with the correspond-
ing regression line fits plotted in the same colours. Thergliee is a line of equality.

| was able to measure the temperature profiles for all exceptod our groups, NGC 1052,
where the gas emission was dominated to the edge of obsereed gmission by a central AGN
(See Note 6.6.6). The spectrally fitted global temperatias tlwerefore used for NGC 1052 in my
luminosity-temperature relationship analysis (Sectid).@ used the surface brightness profiles to
determine the radial bins for the temperature profile. Thitasea brightness annuli were combined
until there were more than 600 background subtracted conrgach radial bin for the majority
of the groups; in the case of NGC 5044, the annuli were binbeahdre than 4000 background
subtracted counts per temperature bin due to the high gualithese data. The high number of
background subtracted counts per radial bin assured treneesmfficient data to group the spectrum
and fit the temperature usingPEC

These temperature profiles supported the complicated tamope structure explanation for
those groups with poor spectral temperature fits and alsfiremd the presence of cool-cores (CCs)
in many of the groups (11/19 groups have CCs). Using thespdsature profiles, | calculated a
mean and weighted mean temperature for each of the groupke (2) to determine whether the
spectrally fitted temperatures were affected by the preseha CC. | weighted the fitted temper-
ature for each annular region by its normalisation so thatciimbined temperature mimics the
xsPecmethod of fitting the temperatures.

In order to compare the same physical volume of the groupwasonsidered truncating the
integrated temperature to 10% and 20%Rgf, for each group and also to the same physical radius
of 200 kpc; Rs5qo is the radius where the gas density is 500 times the critimasity of the Universe.
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Figure 6.6: Integrated temperature radial limits for theugr NGC 4073 based on eliminating the
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lines demonstrating how the integrated temperature of NGB 4vas limited to the range 75 —
487 arcsec (31 — 200 kpc).

| have used the physical radius of 200 kpc as the outer limihyfntegrated temperatures, which
lies within the detected limit of the profiles and is not degeamt on the temperature measurement.

In many cases, the profile was not detected to large enougfaathese limited radial ranges
to make a significant difference to the integrated tempegatu calculated th&sqo radii using the
the definition of Arnaud et al. (2005); for a radiusdfimes the critical densityRs, Arnaud et al.

determined that
no s = By (LY (6.1)
0= 70\ BkevV '

whereh(z) = (1 + 2)\/1+ 2Q, + Qa/(1 + 2)2 — Qy andkT is the groups global temperature
(in keV). For Rsqg, they foundBs5gy = 1104 + 13 kpc andg = 0.57 4 0.02. The Rsg radii are
dominated by 5% errors due to the systematic error of thaulzion. | used the spectrally fitted
global temperatures to determifyg, which is then used to determine the mean temperatures so
the calculation becomes quite circular. This is why | havedusn outer limit of 200 kpc.

As cool cores affect the spectral temperature fits of theggas almost as much as the presence
of an AGN, | decided to also limit the inner radius as | aim toasuge the group gas temperature.
The inner cut-off radius was decided by eye, choosing thetpdiere the profile levels out beyond
either the drop due to a cool core or the peak due to an AGN. i§hilEemonstrated using the
temperature profile of NGC 4073 in Figure 6.6.

My truncated, weighted-mean temperaturEsare not systematically higher or lower than the
spectrally fitted temperatures or those measured using hio&evprofile, but this is expected due to
the truncation of the profile clipping high temperatures thueentral AGN, and low temperatures
due to cool cores. These profile temperatures are shown ilefthpanel of Figure 6.5 with red
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Figure 6.7: Comparison between the spectral temperatmeprfile temperatures measured in
this work. The green line is an equality line and the blue iinhe fitted regression line.

points in a comparison to the temperatures measured by OBthe ROSATdata and | found
that these temperatures are slightly hotter tharRB&ATspectrally measured temperatures in most
cases, which is likely due to the exclusion of contributiénasn cool cores in this work; a regression
fit supports this7}, = 0.8270-53Tpp 4 0.0175:52.

| also fitted a line of regression to compare the spectral-pantile-derived temperatures and
found that these temperatures are also consistent withhehpyofile-derived temperaturéy, =
0.8415:027, + 0.0570-3. These data are shown in Figure 6.7.

6.4.2 Surface Brightness Profiles

As discussed in Section 6.3.2, | fitted singleand projected doublg-models to the combined
surface brightness profiles for all of the groups in this damfihe maximum likelihood fits are
shown overplotted on the surface brightness profiles inrgigu4 and the Bayesian estimates are
shown in Table 6.3. For the majority of the groups (13/15)reagvith the model selection of OP04;
however for NGC 5846 and IC 1459, | have better constraintsgyus projected doublgmodel. |
have successfully fitted models for two additional groupSNL052 and NGC 5322, and although |
have a reasonable projected douBterodel fit for NGC 4636, a triple? model would likely better
fit these data, but this is beyond the scope of this work asibisiecessary for obtaining a reliable
luminosity measurement. Although the results of OP04 areal gnitial comparison, they also
fitted the ellipticity of the group emission and the PSRR@SATis not well known so could not be
accurately accounted for in their fits.
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As mentioned in Section 6.3.2, the redugedvalues for these model fits are not formally good,
but | believe this is a consequence of the high quality of @i énd real physical deviations in the
gas distribution rather than a genuine poor fit. Similarcdasis have been found using other models
for fitting the temperature and densities simultaneoushn{ferson & Ponman 2010), and it was
suggested in that work that less viralised systems that are fikely to have interacting galaxies
would have distorted morphologies, which are not well miedeby these models as they assume
spherical symmetry.

6.4.3 Luminosities

My luminosities were determined by integrating each of thfage brightness fits modelled in
the MCMC code, extrapolating out #5qo. | used the truncated, weighted-mean temperatures, as
described in Section 6.4.1, in these calculations and lexded the surface brightness count rates
into flux using a conversion factor determined using the inetwic flux of the best fitting spectral
model and the sum of the model count-rates of each datasghelnomparisons with previous
results and with the temperatures, | use the Bayesian dstihaninosities. My luminosities are all
slightly higher than those measured by OP04 (Figure 6.5k likely due to the difference in our
definitions of luminosities. In this work | have calculatée@ bolometric temperatures, extrapolating
the X-ray fluxes (from 0.5 — 5.0 keV) to a luminosity betwee@lkeV to 100 keV. Although | have
also integrated the luminosity out to a radiusR¥y,, as | used the temperature to determine this
distance, my calculations dt5yy may also be different, which would also add to a discrepancy i
the luminosities.

| considered the contribution to the X-ray luminosity frohnetBGG low-mass X-ray binary
(LMXB) population. Using the relationship between the graged stellar luminosity in the optical
band, Lz, and the LMXB X-ray luminosity,L; ;x5 (Kim & Fabbiano 2004), | found that the
majority of our groups X-ray luminosities exceedeg,; x g by at least an order of magnitude. The
worst affected group is NGC 5322, where the difference iflog/ L1y x5) = 0.80. The effect of
LMXB on my luminosity measurements is therefore not sigaificand is not accounted for in the
following analysis.
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6.5 Luminosity-Temperature Relationship

In Figure 6.9 | have plotted the truncated, weighted-mé&ailM-Newtortemperatures against the
Bayesian estimated luminosities for all of the groups, pk&GC 1052 where the spectrally fitted

global temperature is used (see Section 6.4.1). | haverattadied on this plot, four models for the
Lx — Tx relation;

(i) the cluster relation (White et al. 1997)

log(Lx) = (2.98) log(T) + (42.67) (6.2)
(i) the group relation by Helsdon & Ponman (2000),
log(Lx) = (4.9 +0.8)log(T) + (42.98 4 0.08) (6.3)
(iii) the radio-loud group relation (Croston et al. 2005a),
log(Lx) = (5.15 £ 0.52) log(T') + (42.27 £ 0.07) (6.4)
(iv) the radio-quiet group relationship (Croston et al. 280
log(Lx) = (4.42 £ 0.51) log(T') + (42.63 = 0.08) (6.5)

By eye, it is difficult to tell if any of these relationshipseaa good fit to these data so | fitted
my own regression line to these data using a Bayesian coddoped by Hardcastle et al. (2009b),
based on the MCMC algorithm, which takes account of both ther&®and upper limits and deter-
mines the slope and intercept. | found that:

log(Lx) = (34109)) log(T) + (41.48"402) (6.6)
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Figure 6.8: Temperature-Luminosity relationships for dhiginal group sample usingOSATdata
(Croston et al. 2005a, Figure 2, bottom panel). The plus s¥srdre the radio-quiet groups and the
filled circles are the radio-loud groups with the best fittiadio-quiet relationship, overplotted.
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This relationship is flatter than the previously publishethtionships for groups but steeper than
the cluster relationship (Equation 6.2). As the regressi@thod can have a significant effect on
the best fitting lines, | also fitted my own lines to tR®SATdata used by Croston et al. (2005a). |
found the following expressions for tiROSATdata for all of the groups, the radio-loud groups and
the radio-quiet groups respectively:

log(Lx) = (4.71485) log(T) + (42.56+33%) ©9)
log(Lx) = (4.64°384) log(T) + (42214811) ©9)
log(Lx) = (4.57704) log(T) + (42.82701) (6.10)

which are consistent with those fitted by Croston et al..

| also compare my results to the previously published @tatiips by defining the parameter,
x, which takes account of the differences between the obdduveinosities and temperatures and
those expected from these relationships. | initially gtifthe data so that the relationship inter-
cepted the y-axisL. x, at zero, and then | rotated the frame so that the relatipnghs the y-axis.
What was previously the perpendicular distance of the data the relationship is now thevalue,
displayed on the x-axis. The valuessofalculated using each relationship are shown in Figure 6.10

The scatter in the L-T offset:] for each relationship is not significantly different bué tmedian
value is closest to zero for the group relationship (Equici@).

What is immediately obvious is the positions of the radiod@and radio-quiet groups in this
comparison, which is discussed in the next Section. In 8e&i5.3, | look at the effect of a cool
core in the group to see if the scatter in thy — T'x relationship is due to different populations of
groups.
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6.5.1 Radio-loudness

In 2005, Croston et al. used the measurements of luminasityeanperature by OP04 to determine
whether theL x — T'x relationship of groups agrees with previous data for ctest€éhey found a
steeper relationship for groups, but they also found theatadio-loud groups are hotter, for a given

luminosity, than the radio-quiet groups (Figure 6.8).

Out of this sample of 19 groups, 9 are radio-loud groups arard®adio-quiet groups using the
c2 cut-off; the effect of changing this cut-off is explored ir@ion 6.5.2. In all of the comparisons
between these data and the previously published relaifmsghe L-T offset for radio-loud groups
(the red data in Figure 6.10) is typically higher than forioaguiet groups, which suggests that the
radio-loud groups are hotter than the radio-quiet groups gitven luminosity. This is consistent
with the suggestion by Croston et al. (2005a), that thegatiell dominated groups have different
gas properties due to the short-term effects of radio-goheating in the radio loud groups. These
elliptical-dominated groups have had similar numbers dia@alaxy outbursts averaged over the
group lifetime, causing a temporary temperature increadéess easily detectable long-term effects
on the group luminosity and surface brightness profile.

To explore this further, | tested the L-T offsets of the raldiod and radio-quiet groups with
a 1D Kolmogorov-Smirnov (KS) test to determine whether #diag-loud and radio-quiet groups
are from the same parent population of indistinguishabteigs. A summary of the KS statistic

44 . .
Groups . A
RL 1
43 A
- Clusters ¥ J%T ]
E
7)) S ]
o =
QL 42+ P .
| # M4
41 i .
40 - -
-1 -0.5 0 0.5
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Figure 6.9: Temperature-Luminosity relationships fortladl groups using the truncated, weighted-
mean temperatureg() and the Bayesian estimated luminosity. The relationstrigluisters (Equa-
tion 6.2) is shown with the cyan dashed-dotted line, Equai8 for groups is shown with the green
long-dashed line, the relationship for radio-loud groupguation 6.4) is shown with the blue dashed
line and the relationship for radio-quiet groups (Equaéds) is shown in the magenta dotted line.
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values and probabilities for all the cuts are shown in Tallie Bor this sample (using the radio-
loud threshold) the probabilities are less than 1 per ceardlfdhe relationships, which supports the
notion that the radio-loud and radio-quiet groups displéfeient gas properties as suggested by
Croston et al. (2005a).

In the right-hand panels of Figure 6.10, | show the L-T offsethe group, radio-loud and radio-
quiet relationships plotted against the radio luminodity,. Thecl andc2 cuts are also plotted. |
used the Spearman rank correlation test to determine #nagshr of the correlation between the L-T
offset parameter and the radio luminosity and found thaktlaee significant correlations for each
of the relationships plotted in the right hand panels, to 98#fidence.

As discussed in Croston et al. (2005a), the radio luminasity be used as a proxy of the jet
kinetic energy, although other factors are also importachsas the source size, the source age,
and the particle content, which are in most cases unknowmey Thmpared the radio luminosity
to the heat capacity,’, determined using the density profil€ = (3/2) Nk, whereN is the total
number of particles), and the energy required to increaseliserved temperature to the tempera-
ture predicted by their radio-loud and radio-quiet relasinips. They found that the energy required
is strongly correlated to the radio luminosity and that ikisiot due to an underlying; 4 — Lx
correlation nor is it due to the heat capacity, as both ofdluesrelations are much weaker. By this
reasoning, this radio-luminosity — L-T offset correlatistnongly supports a model where an AGN
is heating the group gas, increasing the observed tempesdturadio-loud groups.

| also fitted regression lines to thexy — Tx data for all the groups and the radio-loud and
radio-quiet subsamples, using the MCMC regression metlesdribed in Section 6.5, and found
that their best fitting lines are not significantly different
for radio-loud groups:

log(Lx) = (6.71738%) log(T) + (42.1375:22) (6.6)
for radio-quiet groups:
log(Lx) = (7.79%574) log(T) + (42.987037) (6.7)

These trends are consistent with each other but steepealifafrihe previously published relation-
ships.

6.5.2 Radio-Quiet Threshold

As mentioned in Section 6.2, | chose to use tBeadio-loud threshold defined ds 4 = 6.0 x
102! WHz~1, which corresponds td.ygcose65/2 as suggested by Croston et al. (2005a). This
threshold means that large-scale radio structures cartbetelé at all the redshifts observed. Below
this threshold, we also run the risk of the radio-loud setdpeiontaminated by star-burst galaxies.
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If | use thecl cut-off (L14qn. = 1.2 x 102! WHz™ 1), the number of radio-quiet groups
is reduced from 10 to 7, so there are 12 radio-loud groups,usim cO reduces the numbers
to six radio-quiet and 13 radio-loud. Th® cut-off is also dependant on the flux limit of the
SDSS survey so does not represent a physical cut-off in tadimosity. This change increases the
probabilities of the groups having a single parent popotasio that they can no longer be ruled out;
the probabilities increase ta 10 per cent forcl and< 30 per cent for cut-off0.
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Figure 6.11: Temperature-Luminosity relationships far thdio-loud groups (red solid lines) and
radio-quiet groups (green dashed lines) in the left pangltha cool-core groups (red solid lines)
and non cool-core groups (green dashed lines) in the rightlEes defined from our temperature
profiles (Figure 6.2). NGC 1052 is not included in the CC/NGfnparison as its bright core

prevents us from measuring its temperature profile.
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groups using:0 in the left panel and1 in the right panel.
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6.5.3 Cool-core groups

| also considered whether the presence of a cool core diraffécts the temperature of the groups
and found that the groups are clearly separatef], at 0.8 keV (Figure 6.11). In this work | have
defined a cool-core group as one that has a sharp decline inrtheregions of its temperature
profile. A more definitive method may be to consider group$itratio of the mean group gas
temperature between 0.1 — B3 to the mean core temperatures of the inner region of the tem-
perature profile between 0.0 and 05y, which is used in the work on groups and clusters by
Johnson et al. (2009). If the mean outer temperature isagréan the mean inner temperature,
then the group has a positive temperature gradient in ther imgions. Unfortunately, only 5 of my
groups have more than 2 bins with more than 600 backgrountdagttd counts within the central
0.05R5 of the group’s temperature profile. Another method, useduy& al. (2009), is to put a
limit of the central isochoric cooling time. | have not cdltied these cooling times but using the
ratio of mean temperatures, there is no change to my claggins.

The divide of CC and NCC in thé x — T'x comparison is not the same split as in the radio-
loudness split so suggests that the presence of a cool coot iglated to the radio brightness of
the group and that CC and NCC groups cannot be compared iatheway as RL and RQ groups.
The fact that the NCC groups in this sample have lower tenypes and lower X-ray luminosities
than the core cool groups is consistent with the resultshrigon et al. (2009) who also us¥tMM-
Newtondata of groups in the GEMS sample (including 11 of the groupdisd here) as well as
some groups from the Two-DimensionéM-NewtonGroup Survey (2dXGS).

In Figure 6.13, | have replotted the L-T offset comparisogaitast X-ray luminosity and radio
luminosity and these show that the CC groups are typicalbvalthe group relationship (Equa-
tion 6.3) with higher X-ray luminosities than the NCC groupsd that the NCC groups are not
correlated with radio luminosity although with th2 cut-off, only two of the radio-loud groups in
this sample are NCC systems. This suggests that the NCCgt@aye cooler outer temperatures
for a given luminosity than those with cool cores.

By comparing the velocity dispersions, (measured by OP04), to my luminosity measurements
(Figure 6.14), | find that the NCC groups have lower velocigpdrsions than the CC groups. | also
split these data into radio-loud and radio-quiet to denraiestthat the radio-loudness is not related
to the X-ray luminosity nor to the velocity dispersion. wling the argument of current group
formation models (Miles et al. 2004), the lower dispersiefotities suggest increased deceleration
due to dynamical friction in these NCC groups, which is cstesit with a less relaxed state. If
the NCC are not fully relaxed systems, it is possible thatettaze more mergers in these groups;
however, as we see a similar split in the. — T'x relationship, it is more likely that these splits are
due to non cool-core groups being lower-mass systems.

Further evidence for the difference between CC and NCC graipequired to determine why
there is such a sharp division in tlhe; — T'x comparison. By comparing the entropy profiles of CC
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and NCC groups, | will be able to judge if the differences is geoperties that are detected in clus-
ters are also present in groups and thus draw stronger @imatuon the evolutionary differences

between these two system populations (see Chapter 7).
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Figure 6.13: Plots of the L-T offset;, against X-ray luminosity (left panel) and 1.4 GHz radio
luminosity (right panel) showing the cool core groups in ad the non cool core groups in green.
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Table 6.4: Spatial Results

My XMM-Newton results OP04 ROSAT results
Group Tx logioLx Tx logo L x
(keV) (ergs™) (keV) (ergs™)

HCG 62 1.23+0.10 42.94 4+ 0.07 1.43+0.08 43.14 £0.04

NGC383 | 1.44 +£0.01 42.83 +0.08 1.51+0.06 43.07 +0.01

NGC533 | 1.38 £0.10 43.02 £0.09 1.08 +£0.05 42.67 +£0.03

NGC720 | 0.61 £0.01 41.77 £0.01 0.52 +0.03 41.20 +£0.02

NGC741 | 1.55 +£0.18 42.97 +0.02 1.214+0.09 4244 4+0.01

NGC1052| 0.44 £0.13 41.02+0.30 | 0.41 £0.15 40.08 £0.15

NGC 1407| 1.24 £ 0.03 42.09 £+ 0.01 1.024+0.04 41.69 £+ 0.02

NGC3607| 0.39 £0.05 42.29+0.04 | 0.35+0.04 41.05+0.05

NGC3665| 0.42 +£0.01 41.85 £ 0.02 0.474+0.10 41.11 +£0.08

NGC3923| 0.55 +£0.02 41.794+0.01 | 0.52+0.03 40.98 £0.02

NGC4073| 2.00 £0.04 43.69 £0.12 1.524+0.09 43.41 £0.02

NGC4261| 1.97 £0.07 42.51 +0.02 1.30 £ 0.07 41.92 £+0.03

NGC4325| 0.99 £0.02 43.58 +£0.002 | 0.82 £0.02 43.15+0.01

NGC4636| 0.91 £0.01 42.14 £0.01 0.84 +£0.02 41.49 +0.02

NGC5044| 1.33 £0.08 42.92 4+ 0.02 1.21+£0.02 43.01 +£0.01

NGC5129| 0.92 £0.02 42.95+0.04 | 0.84 £0.06 42.33+£0.04

NGC5322| 0.37 £0.02 41.58 £0.03 | 0.23+0.07 40.71 £0.10

NGC5846| 1.37 £ 0.10 42.43 +0.01 0.73£0.02 41.90£0.02

IC 1459 0.70 £0.02 41.62+0.15 0.394+0.04 41.28+0.04

Table 6.5: Results of the 1D KS test
c0 cl c2

Relationship Statistic Probability Statistic Probabilit Statistic  Probability
(i) Cluster 0.539 0.121 0.607 0.044 0.778 0.003
(i) Group 0.449 0.284 0.548 0.090 0.789 0.003
(iii) Radio-loud  0.449 0.284 0.548 0.090 0.789 0.003
(iv) Radio-quiet  0.449 0.284 0.548 0.090 0.789 0.003




161
6.6 Discussion of Individual Groups

Osmond & Ponman (2004) have published temperature andcsufégghtness profile results for
all of the groups in this sample. Their temperatures wererdehed from spectra extracted in
regions torsgy. They then fitted a single-componemekalhot plasma model and a multiplicative
absorption component with the neutral hydrogen columnitieas the Hi values determined by
Dickey & Lockman (1990). They did not model nor subtract akgsmound component from their
spectra but they did exclude the core in sources with a denGAl.

The method used by Osmond & Ponman to determine the shape sifittace brightness profile
is discussed in Section 6.3.2.

6.6.1 HCGG62

This group consists of 63 galaxies within the central 50 angi®00 kpc), 4 of which dominate the
core. Two ghost cavities were detected within the hot gatilékret al. 2002; Morita et al. 2006).
HCG 62 has a radio luminosity df6 x 10 WHz~! so is radio-loud irrespective of the cut-off
used (Croston et al. 2005a); however none of the centrakigalare X-ray bright AGN so the core
region is not excluded from the spectral fit of the global teragure.

HCG 62 is also classified as a cool-core group with a well saitemperature profile (Finoguenov
& Ponman 1999; Buote 2000; Morita et al. 2006; Johnson et08l9® The temperature rises from
0.7 — 1.4 keV within 200 arcsec (60 kpc) then drops steadily wadius. The global temperature
was measured by OP04 usiR@Q SATLT = 1.43+0.08 keV, which is consistent with the mid-value
of the temperature profile. My temperature profile is coesistvith these previous measurements
and my final gas temperature bf" = 1.23 + 0.10keV is also within the range of the previous
results.

Previous surface brightness fits have been attempted; OR&d & double3 model with a
primary spherical component of radius, = 2.44 + 0.26 kpc andg = 0.48 + 0.01, and a second
component with a radius df0.75 + 0.60 kpc, 1.00 £+ 0.05) and ellipticity,e = 1.12 + 0.03. The
radii of these components were confirmed by Morita et al. $20¢ho successfully fitted a triplg-
model withr, = 2,10 and 160 kpc, fitting an additional 'very-extended’ component to treup
emission, but without the ellipticity included by OPO04. $alfitted a dual component, projectgd-
model with3 values consistent with OP04.
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6.6.2 NGC383

This group has 33 galaxies, dominated by NGC 383, which hbst&GN, 3C 31, which is a twin-
jet FRI radio galaxy (e.g. Burch 1977; Fomalont et al. 1980he temperature of the extended
emission from this group was measured by OPOATas= 1.51 + 0.06 keV and the surface bright-
ness profile was characterised by a doublatodel with a spherical component with a radius of
r. = 2.11 £ 0.21 kpc andg = 0.36 + 0.00, and a second component of radiug1 + 0.43 kpc,

G = 0.60 + 0.15, and ellipticitye = 1.08 4+ 0.03. The second component is in agreement with
previous fits;r. = 460 + 60 arcsec (59 + 21 kpc), with 5 = 0.61 4+ 0.06 (Trussoni et al. 1997),
and the spherical component is consistent with the modetfitly Komossa & Bohringer (1999)
(r. = 73kpc with 8 = 0.38). These models both use ROSAT data so are affected by thé/poor
modelled PSF. More recent measurements u§ihgndradata (Hardcastle et al. 2002b) used a
model consisting of a central point source, an extengletbdel fixed at the Komossa & Bohringer
(1999) measurements and a freenodel, with best fitting parameters of = 3.6 4+ 0.7 arcsec and

8 =0.73+0.07.

| fitted a spectral temperature bT" = 1.36 + 0.01 keV, which is lower than OP04’s result, and
a gas temperature from the temperature profile®f= 1.44 + 0.01 keV, which is consistent with
OPO04 likely because the central AGN was excluded from thiysisa The surface brightness profile
measured in this work was characterised by a projected degubiodel with a central component
that is smaller than the previous fits, but my extended compiois consistent with the results of
Trussoni et al. (1997).

6.6.3 NGC533

This cool-core group has 28 member galaxies (Mulchaey & uhidf 1998) and previous mea-
surements of the temperature have shown a global temperaétweerkT = 0.99 + 0.11 keV
(Mulchaey & Zabludoff 1998) andT = 1.08 + 0.05 keV (OP04) determined usingOSATdata.
As a cool-core group, a temperature profile reveals an iserélam 0.67 — 1.35 keV within 50 kpc
of the core. My temperature profile agrees with these meammts and | find a gas temperature at
the top end of this range &f" = 1.38 +- 0.10 keV.

Osmond & Ponman also fitted a two compongmhodel to these data with spherical component
of radiusr, = 2.21 + 1.68 and 3 = 0.42 4+ 0.01, with a second component with a radius of
2.52+0.83 kpc, 5 = 0.5940.06, and an ellipticity ofe = 1.504+0.03. My central component;. =
2.207033 kpc ands = 0.5579:02, is in agreement with both these components as they are ¢hesas
consistent in radius within the errors. | also fit an extenclemponent of. = 254.637)%3 kpc and
B =0.70"35.
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6.6.4 NGC720

Although NGC 720 has been included in many previous stagis8tudies of groups, the surface
brightness has also been studied as an isolated ellipticalisg strong evidence for a dark matter
halo that cannot be explained by dark matter models (Buotea&izares 1998). It is a radio-loud
group (Croston et al. 2005a) with 4 group members (Garci&)L99

Buote et al. (2002) measured the global temperatuéel'at- 0.6 keV between 0.7 — 2.0 keV,
which is consistent with the later results by OP®4’(= 0.52 + 0.03 keV). Both of these works
also characterised the surface brightness profiles; Buatk €2002) measured a core radius of
r. = 0.56 kpc with 3 = 0.42 and OP04 determined the best-fittilgmodel to have a radius
r. = 1.15 £ 0.20 kpc with 3 = 0.47 £ 0.01 ande = 1.21 =+ 0.06.

My spectral temperature measurement agrees with the pieviceasurements; however, the
gas temperature measured from the temperature profile fehipan OP04 but still consistent
with Buote et al. (2002). My beta model fits also agree with @RQ = 1.397)1? kpc andg =

0.01
0.507 001

6.6.5 NGC741

With 41 group members, this is a radio-loud group with no reggbstructure within the gas. Pre-
vious temperature measurements usR@SATdata put the global temperature betwdeh —

1.06 + 0.20 keV (Mulchaey & Zabludoff 1998) andT = 1.21 + 0.09 keV (OP04). A temper-
ature profile was measured in tBdandraobservations (Sun et al. 2009) showing a cool core and
an increase from 0.8 — 2.0keV within 40 kpc of the core. My terafure profile agrees broadly
with the previous measurements and the gas temperatargbof 0.18 keV is within this range.

Osmond & Ponman fitted @& model to theROSATsurface brightness profile finding the best fit
core radiusy. = 2.30 + 0.18 kpc with 8 = 0.44 + 0.01 ande = 1.30 £ 0.09. My 3 model fit is
for a more compact component with = 0.471)-55 kpc with 3 = 0.40 & 0.01. Jetha et al. (2008)
also fitted a singleg? model to theseXMM-Newtondata with5 = 0.428 + 0.005 and core radius
r. = 2.1 + 0.2 kpc by smoothing the surface brightness profile. Their aislgf theChandradata
does however reveal an X-ray cavity between 10 kpc and 40rkpe the core.

6.6.6 NGC1052

This faint group is dominated by the emission from the LINER®I1052, the X-ray spectrum of
which contains an absorbed power-law component from a ands thermal component due to the
jet interacting with the ISM. Due to this dominance, the tenagpure profile of this group could not
be measured (Kadler et al. 2004; Croston et al. 2005a). Thggemperature cannot be separated
from the jet-ISM interaction with ouKMM-Newtondata.
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6.6.7 NGC 1407

The dominant EO galaxy contains a weak AGN making this grougd#o-loud, cool-core group
(Romanowsky et al. 2009). The temperature rises fkdm= 0.76 + 0.11 in the inner regions to
kT = 0.95 + 0.13 keV at 10 kpc (Fukazawa et al. 2006); however, the global fiDB04 is higher
with kT = 1.02 4 0.04 keV. My temperature profile shows a strong cool core with areépeak.
These previous measurements are consistent with the raegguned in my temperature profile and
the gas temperature lies towards the upper limit} + 0.03 keV.

Osmond & Ponman also fitted @ model with an unconstrained core radiusrpf= 0.08 +
0.15kpc, 8 = 0.46 + 0.01 ande = 1.22 + 0.06. | constrained the profile with &-model of
r. = 0.83 £0.12kpc andS8 = 0.49 £ 0.01.

6.6.8 NGC3607

The BCGis alenticular LINER galaxy (NGC 3607) with two otlggaint ellipticals nearby (NGC 3605
and NGC 3608) and is thus a radio-loud group. Previous studithe X-ray emission have detected
no AGN (Terashima et al. 2002) and attribute the extendedy<emission to discrete sources in the
host (Matsushita et al. 2000).

Matsushita et al. (2000) measured the temperature of tem@stl emission using ASCA data
atkT = 0.53 + 0.04 keV including a hard bremsstrahlung component for the psmotces in their
fits, while OP04 found a global temperature k&f = 0.53 + 0.04 keV with their ROSAT data.
My temperature profile is centrally peaked so the gas tenyresavhich removes this emission, is
lower atkT = 0.39 + 0.05 ke V.

Osmond & Ponman also fitted a two-compongninodel with a spherical component with a
radius ofr. = 1.98 + 0.93 and = 0.39 £+ 0.02, and a second component with a radiys=
5.16 + 2.73 kpc with 3 = 0.60 + 0.21 ande = 2.06 + 0.18. My projected doublg? model fitted a
much more extended component and a much smaller centraloc@npto the gas;. = 84.8170 07
and0.1870- 47 kpc with 8 = 0.83709% and0.4819-0 respectively.

6.6.9 NGC 3665

This group has only 6 member galaxies (Finoguenov et al. 2886 is radio-loud due to its
BCG NGC 3665. Previous temperature measurements havedglaeelobal temperature around
0.45 keV; Mulchaey et al. (2003) used ROSAT data and measkfied= 0.40 + 0.05keV and
OPO04 agreesi(l’ = 0.47 + 0.10 keV). More recent studies of th&dMM-Newtondata (Finoguenov

et al. 2006) has confirmed these results, vkilh = 0.40 + 0.02 keV within a radius of30h;, kpc

and kT = 0.54 4+ 0.16 keV within 0.1R599. | measured a central peak in the temperature pro-
file with a temperature consistent with the results of Firemy et al. and my gas temperature of
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kT = 0.42 + 0.05 keV agrees with the previous temperature measurementsganore extended
gas.

Osmond & Ponman also fitted a singlemodel to the surface brightness profile with an un-
confined core radius of. = 1.08 4+ 1.31 kpc with 6 = 0.47 + 0.03 ande = 1.67 + 0.04. My fit
constrains the core radiustp = 0.787) 15 kpc with 3 = 0.4910-52, which does agree with OP04’s
fit.

6.6.10 NGC3923

This radio-loud group has 8 galaxy members (Osmond & Ponnd@d)2 the BGG is the early-
type galaxy, NGC 3923. Previous global temperatures wersared by Mulchaey et al. (2003)
(kT = 0.51 £+ 0.13keV) and confirmed by OPO4&T = 0.52 + 0.03 keV). My gas temperature
agrees with these results]” = 0.55 + 0.02 keV.

Osmond & Ponman also constraine@-anodel fit to a core radius of. = 0.63 & 0.06 kpc with
B = 0.55+0.01 ande = 0.18 £ 0.08. My 3-model fit found a smaller core radius @B275-5) kpc
but has a consistent value of 3 = 0.53 + 0.01.

6.6.11 NGC4073

Previous results with ROSAT data find consistent tempegatéfl” = 1.75 + 0.20 keV (Mulchaey

et al. 2003) and:T = 1.52 + 0.09 keV (Osmond & Ponman 2004). Surface brightness profiles
fitted in these works, however, were inconsistent; (Mulghekeal. 2003) found a core radius of
r. < 0.1arcsec ana. = 0.61 4 0.04 kpc for the extended emission with = 0.43 + 0.01 and
1.00 respectively, and OP04 determined the best fitting dodieodel with a spherical component
with a radius ofr. = 4.42 +£2.89 and = 0.43 + 0.01, and a second component with a radius of
3.72 4+ 1.50 kpc, 3 = 0.53 + 0.07 and ellipticity ofe = 1.20 & 0.03.

My spectrally fitted temperature agrees with Mulchaey effdl: = 1.81+0.03) keV); however,
my gas temperature is much higher than previous measursraetil’ = 2.00 + 0.04 keV. This
is likely due to the cool core revealed in our temperaturdilerowhich is excluded from the gas
temperature measurement. The central component of mycpedjeoubled model fit to the surface
brightness profile is consistent with the OP04 result-¢ 2.1710:37 kpc andg = 0.44 + 0.01);
however, | fit an extended component at a much larger radjuss 413.19f8;§% kpc andg =

0.76%3%,; .

6.6.12 NGC4261

This radio-loud group is dominated by the type-2 LINER, N&B# (a.k.a. 3C 270), which has
radio jets and lobes but no broad line emission lines thatlcdviodicate AGN activity (Zezas et al.
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2005). Previous temperature measurements have fbiing: 0.65 — 1.37 keV (Mulchaey et al.
(2003) measuredT = 0.91 + 0.05 keV, and OP04 foun@&7T = 1.30 4+ 0.07 keV). Croston et al.
(2008a) used the sar@MM-Newtordata as | have in this work and measutdd = 1.451)-2 keV
when they fitted anekalmodel with an abundance 62670} times solar. My gas temperature
is higher than these result8l = 1.97 + 0.07), but in the first two cases, this is likely due to the
presence of a cool core in this group, which drops to tempegatofkT ~ 0.65 keV in the centre
(Croston et al. (2008a) found a central temperatureTot= 0.65( 01 keV with a fixed abundance

of 0.5 times solar).

Osmond & Ponman constraineddamodel fit of the surface brightness profile to a core radius
r. = 0.63 & 0.06 kpc with 5 = 0.55 + 0.01 ande = 1.17 & 0.12. Croston et al. (2008a) also fitted
a projected doublg model which agrees with my best fit, which was with a projecedble#
model with much larger radii;. = 1.16701% kpc andr, = 56.9875-21 kpc with 3 = 0.691)-55 and
B = 0.82152% respectively for the core and extended components.

6.6.13 NGC4325

This radio-quiet, cool-core group (Gastaldello et al. 208un et al. 2009) contains 18 galaxies
(OP04) and has two cavities, East and West of the core, stilgg@sprevious AGN burst (Russell
et al. 2007). The temperature measured by ORJ4,= 0.82 4+ 0.02keV is at the lower end
of the profile range detected by Russell et al. (2007) and $ah €2009). My gas temperature
(KT = 0.99 + 0.02 keV) is much higher than this as it excludes the low tempeeatore.

The surface brightness profile was fitted by OP04 with coréusaa. = 27.56 + 4.97 kpc,
£ =0.584+0.02 ande = 1.16 £+ 0.05. Although my fit has a consistent befa £ 0.58 + 0.00), the
core radius is much smaller, = 9.16 )22 kpc.

6.6.14 NGC4636

This group is dominated by a LINER BCG so an annular sourcemegas used in this work
during the global temperature subtraction. There is annelet# hot gas halo with temperature
and abundance gradients (Awaki et al. 1994; Trinchieri .e1294; Buote 2000). The temperature
increased from 0.5 — 0.8 keV (Baldi et al. 2009) with changesinperature detected wi@handra
coincident with the edges of three bubbles. The global teatpee measured by OP04 is consistent
with the higher temperatur®,84 4 0.02 keV. This group is classified as a cool-core group (Peres
et al. 1998), which is confirmed by these previously publisteenperature profiles; however our gas
temperaturekT = 0.91 £+ 0.01 keV, is higher. Jones et al. (2002) pres@mandradata showing
armlike structures that are likely produced by shocks,alfriby symmetric off-centre outbursts,
which are accompanied by a temperature increase 3i%.
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Osmond & Ponman found a doubtemodel fitted the surface brightness well, with spherical
component with a radius of. = 0.30 4+ 0.06 kpc andg = 0.47 4+ 0.00, and a second component
with a radius 0f2.67 + 0.25kpc, 8 = 0.79 + 0.04 ande = 1.08 4+ 0.02. My projected double?
model fit does not agree with this previous fit but with a redugé = 83.43, | found that the
complicated structure of this group was not well fitted witbrajected doubles model. Baldi et al.
(2009) describes the surface brightness profile notingthieae is no central peak and is quite flat in
the centre; then it starts to decline monotonically-ab arcsec from the centreq, showing another
plateau a5 < r < 60 arcsec. This is consistent with tldandraimage which shows complicated
structures.

6.6.15 NGC5044

This is a hot cool-core group (Sanderson et al. 2006), widlvipusly measured temperatures of
kT > 2keV (Reiprich & Bohringer 2002). With 16 members, it alsstaacomplicated structure
with holes and filaments within 10 kpc (Gastaldello et al. 208nd a surface brightness disconti-
nuity at 67 kpc, which affect the temperature and metajlioftthe group (Buote et al. 2003a,b).

Buote et al. (2003a) determined a multiphase temperaturetste for NGC 5044, with a cool
component withl, = 0.7 keV, consistent with the kinetic energy of the stars, andteehaompo-
nent withT}, = 1.4 keV, consistent with the viral temperature of the halo (vatmass~ 10> M.
The global temperature fitted by OP04 is consistent with thigeeh componentiT = 1.21 +
0.02 keV) and so is my gas temperatukd, = 1.33 & 0.08 keV.

Buote et al. (2003a) fitted a single beta model to the surfaiggtiness profile of this group
(r. = 61.9 £ 0.4kpc andg = 0.58 4+ 0.001) while OP04 fitted a doublg-model with a spherical
component of radius, = 5.96 &+ 0.16 kpc with 8 = 0.51 + 0.00, and a second component with a
radius ofr. = 11.04 + 0.66 kpc with a3 value 0f0.80 + 0.06 ande = 1.04 4+ 0.01. | was also able
to fit a projected doublg model with a central component with raditis= 0.51 & 0.17 kpc and
£ = 0.324+0.00 and an extended component with radis= 19.96+0.17 kpc andG = 1.2540.02.

6.6.16 NGC5129

This radio-quiet group has 23 galaxy members, the BCG béiageliiptical, NGC 5129. There is
evidence of a cool core, with temperatures rising fromd.7 keV to ~ 1.0 keV within 20 kpc of the
core (Johnson et al. 2009; Sun et al. 2009). Due to this teatyrervariation, ROSAT temperature
measurements lie in the middle of this range; Mulchaey e{28l03) measure@7 = 0.81 +
0.10 keV with a fixed abundance &f = 0.3Z and this was confirmed by OP04 who foukifi =
0.84 + 0.06. My gas temperature is consistent with thi§(= 0.92 4+ 0.02).

The surface brightness profile was best fit with a singjleodel by Osmond & Ponman who
constrained the core radiustp = 3.14 + 1.71 kpc with 3 = 0.43 + 0.02 ande = 1.18 + 0.18. |
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found a projected doublg-model was a better fit with a central component with= 1.6970:%* kpc
andg = 0.567 )05 and an extended componentrof= 91.76§ 9% kpc and3 = 0.71 7552

6.6.17 NGC5322

The temperature of the gas within this radio-quiet groupbeen measured from ROSAT data at
kT = 0.33 + 0.15keV at a constant abundance &f = 0.3Z; by Mulchaey et al. (2003) and
kT = 0.23 + 0.07 keV by OP04 who fixed the abundanceZo= 0.00 + 0.02. Previous attempts
to fit the surface brightness profile have not been successful

| measured a gas temperaturekaf = 0.37 + 0.02 keV, which is consistent with the previous
measurements. | also constrained the surface brightnefite with a 3 model with a radius of
re = 0.1875% kpc andB = 0.51 + 0.02.

6.6.18 NGC 5846

This radio-quiet group consists of 25 group members doraihby the elliptical NGC 5846. Pre-
vious ROSAT temperature measurements fifid~ 0.72keV (Mulchaey et al. 2003; Osmond &
Ponman 2004) and our spectrally fitted temperature agreagver, | find a much higher gas tem-
perature from our profil&sT = 1.3740.10 keV, as this removes the lower temperature contribution
from the cool core.

Osmond & Ponman constrained the surface brightness profdgstmodel with a core radius
re = 2.19+0.26 kpc with 3 = 0.51 +0.01 ande = 1.13 +-0.04, which agrees with Mulchaey et al.
(2003). However, | found a projected doulfenodel is a better fit with a central component with
aradiusr, = 2.1570-15 and g = 1.097) 03, and an extended component with= 16.62"013 and

+0.03
B =11709

6.6.19 1C 1459

This radio-quiet group is dominated by a LINER surroundedhdsyiSM emission akT" ~ 0.6 keV
(Fukazawa et al. 2006). The temperature measured by Muylaoktaal. (2003) agrees with this;
however, Osmond & Ponman excluded the core emission anduneeba temperature &' =
0.39 + 0.04 keV. The surface brightness profile is unconfined in ROSA&@ §atr04).

Our gas temperature also excludes the central AGN compueagrees with Mulchaey et al.
(2003), kT = 0.70 + 0.02. | was also able to fit the surface brightness profile with gegted
doubles model with radii ofr, = 0.12¥015 and3.7610 15 with 8 = 0.901) 1% and 8 = 0.6615 03

respectively.
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6.7 Summary and Future Work

The results of the work presented in this Chapter can be suiredaas follows:

| independently measure the temperatures of the groupstegasving the contamination
from central AGN and of cool cores.

| find that radio-loud and radio-quiet groups in this samgdld® groups do not come from
the same parent population using the results of a 1D KS testrenluminosity-temperature
relationship.

| find that radio-loudness is not correlated to whether tloigithas a cool core.

| find that the L-T offset is correlated with the radio lumings

The next stage of this work is initially to increase the sargi that the statistics are enough
to reduce the scatter on my best fitting lines and thus allowtardistinguish better between the
radio-loud and radio-quiet groups. This can be done by e#pplying for newXMM-Newton
observations for the groups that had high particle backgtqiHCG 42, HCG 92, NGC 4697 and
NGC 5171) and for those that have not been observed (NGC 52€,1M%87, NGC 3557, NGC 4589,
and NGC5930), which would increase the sample to 14 radid-igroups and 14 radio-quiet
groups, or | could expand the sample to other groups from B®& group sample that are also
elliptical dominated and were not included in the work of @Rfd Croston et al. (2003) because
the group emission was not detected in R@SATdata (HCG 4, 48 and 58 and NGC 1808, 3640,
3783, 4151, 4193, 6338 and 7714). There are currently adothata for 5 of these additional groups
although three are Seyfert galaxies whose nuclear emissayncomplicate the analysis.

In addition to the work done here on the luminosity-tempegatelationship of groups, | also
intend to deproject the surface brightness profiles thav¢ lidted and convert them into density,
pressure and entropy profiles so | can compare the profileadidé-toud and radio-quiet groups
thereby testing the scaling relations. It was suggesteétina.kt al. (2007) that there is no difference
in the inner entropy profile of radio-loud and radio-quiebgps which indicated that AGN heating
is not a factor in the entropy problem. | can also compare e NCC groups to a similar end.

| will also be able to compare our group results with clustrsh as those in the REXCESS
(RepresentativékMM-NewtorCluster Structure Survey) sample (e.g. Bohringer et @172Croston
et al. 2008a; Pratt et al. 2009), which also u¥d$M-Newtondata for clusters selected based on
their luminosities with no bias toward any particular masjayy.
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Chapter 7

Discussion and Future Work

The purpose of this work was to explore the features of radiaxies and their environments to
determine how energy is stored and transferred from thealestgine to the environment via the
jet and the lobes of active galaxies. This work can be sgiit ihree themes and in this Chapter |
summarise my results and discuss potential future work.

7.1 Jets

7.1.1 Retrospect

In Chapter 5, | presented work on the jet in Cen A, the closBdtactive galaxy to us. By concen-
trating on the temporal, spatial and spectral changes d&ftbis in the radio and X-ray, | determined
the most likely mechanisms for the formation of the knots.

| combined information on the changing radio and X-ray fluxadio polarisation and positions
of the knots within the jet to rule out impulsive particle algration in the knots. Essentially the
same distribution of X-ray knots is seen in the most recestplation as was seen in the earliest
Chandraobservations in 1999. This would not be the case if the knetgwnpulsive as they would
fade due to synchrotron losses. The lack of fading indickeg-lived particle acceleration in the
knots of Cen A.

For those radio knots with X-ray counterparts, the mostyikermation mechanism is a col-
lision between the jet and an obstacle, resulting in a Idwatlks. | found no significant variability
in many of these knots, suggesting a long-lived, stableestdigrarticle acceleration during the in-
teraction between the jet and the obstacle. The formaticknofs at the point where the inner
hundred-parsec-scale jet broadens abruptly suggestthdss base knots (A1A and A1C) may be
reconfinement shocks; however, this is complicated by tleeguce of a radio-only knot (A1B)
moving downstream between the possible confinement-shooksk | detect proper motions in
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three of the radio knots: two of these have no compact X-rayntoparts and a third has only
diffuse X-ray emission associated with it. My analysis af thistribution of the moving knots was
inconclusive due to the low number of knots with well-estti®d proper motions; however, the
direction of motion of the knots may not be directly paraltethe jet axis. The knot motions are all
downstream and they show no dependence on the position kifittevithin the jet. | argue that the
moving knots are due to compressions in the fluid flow that daesult in particle acceleration to
X-ray emitting energies. It is possible, however, that thea}t-only knots are also a separate pop-
ulation with flatter X-ray to radio spectra than those witlhuterparts, in which case we currently
have no model for their formation.

7.1.2 Future Work

My work on jets has thus far been concentrated on the jet inACéithough | have compared my
results to the jet in M87, | would like to compare them to otR&| jets as Cen A is atypical, with
an obscuring dust lane extending out to 1 kpc from the corehwiriay affect the jet and its knots.
Other galaxies where dust has been detected, such as 3C 3Ca&4®, have much smaller disks,
which cannot affect even the innermost regions of the oleskeXyray jet. If we can attribute the knot
dominated particle acceleration of the inner kpc to theqares of this disk then we can postulate
that the X-ray jet emission seen in other FR | galaxies shbaldomparable to the dominant diffuse
particle acceleration that dominates farther out in the S¢get. | would then predict that knot-
dominated structure will not be seen in other FR | galaxiegirBreasing my sample of FR1 jets,
| would also be able to determine whether the flaring of M87&THL knot was a chance case of
impulsive particle acceleration. By continuing to monitoe jet knots in Cen A, | will detect any
future impulsive flaring events in Cen A as well as better traising the velocities of the moving
knots. Further monitoring observations wilthandraare in progress.

Knots are also seen in radio and X-ray in the jets of the FRdiorgalaxies, such as 3C 353
which was studied in Chapter 3 (Swain et al. 1998; Kataoka 8088). In recent work by Kataoka
et al., 31 distinct X-ray sources were detected witkvDETECT (Vikhlinin et al. 1995), of which
five were closely aligned with the radio knots identified byaBwet al. (1998) (shown in Figure 7.1).
These knots can also be split into a population with X-raynterparts; J1/EJ1, J4/EJ2, CJ2/WJ1
as well as two X-ray knots associated with the hotspots, Et}Bthe eastern hotspot and WJ2 with
the western hotspot, and a population without X-ray coyates; J2, J3 and CJ1. Although this is
a much more powerful jet, it has similar jet features and nhayefore have similar jet formation
mechanisms as in the less powerful FR | jets. Monitoring isfR Il jet would allow me to perform
similar temporal analyses as for Cen A so that | can determvimether there are common particle
acceleration mechanisms at work; however, the backgroti@ 853 is complicated by the nearby
merging cluster so other FR Il galaxies may be better sugdtis analysis. Recently, a temporal
study of Pic A by Marshall et al. (2010) revealed a two posshiiot flaring events with lifetimes
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of years. They suggest that the X-ray emission must be fromadl &not substantially smaller than
the jet cross section of 700 pc and that the local magnetit fineist be substantially larger than the
average over the jet. They go further to suggest that expamdithe jet fluid could be a plausible
explanation; however, VLBI observations and further maniity are required to further constrain
the knot formation mechanisms. This is an encouraging trésufuture temporal studies of FRII

jet knots.

0.0z 004 006 0.

Figure 7.1: In the top panel is the chip-gap corrected X-ragge of 3C 353 smoothed with a
Gaussian with a kernel of 3 pixels (1.5 arcsec), and in thiobopanel is the 1.4 GHz radio image
(res 0.492 arcsec). Both are overlaid with 1.4 GHz radioaanstat 0.001, 0.002, 0.005, 0.01, 0.02,
0.05 and 0.1 Jybeam. The X-ray knots defined by Kataoka et al. (2008) are labéfiettie top
panel and the radio knots defined by Swain et al. (1998) amdl¢abin the bottom panel.
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7.2 Lobes

7.2.1 Retrospect

When | studied the lobes of the FRII radio galaxy 3C 353 in @Gaf, | found that the radio
spectrum steepened with distance from the hotspots intotifadobe region. | examined the chang-
ing ratio of X-ray to radio flux densities and determined ttiet X-ray emission must be inverse-
Compton scattering of the CMB and that the variation in thectl index requires a changing
magnetic field strength and may not require an additiondiafyachanging electron energy distri-
bution. This agreed with the results of a similar analysisg®ic A (Hardcastle & Croston 2005);
however, Hardcastle & Croston had better X-ray data so weoeadle to rule out a scenario where
the magnetic field strength alone is responsible.

On smaller scales, | was also able to rule out a change in hetmagnetic field strength and
electron energy distribution, using a new statistical radtthat considers the distribution of X-ray
counts as a function of radio flux density (Chapter 4). | cora@ahe observed distributions of
the radio and X-ray lobe emission from 3C 353 and Pic A withudations of simple relationships
between the magnetic field and electron energy densitiesvaasl able to rule out all but a spatially
changing magnetic field as the cause of the changes in sWfaglgness. This suggests that the
filamentary structure seen in the lobes are likely regionevefrpressured, higher magnetic field
strength material.

In Cen A, we detect discontinuities in temperature and gasitjeat the inner edge of the lobes
(Kraft et al. 2007) and as these lobes are expanding supeaigr(M ~ 8; Kraft et al. 2003) we
also detect shocks which are accelerating particles antliegnK-ray synchrotron at the driving
edge of the lobe (Croston et al. 2009). The lobes of Cen A awarlgl overpressured; however,
in 3C 353, we found no evidence of discontinuities or shoecksve assumed pressure balance in
these lobes and thus found these lobes to be electron demiftaut consistent with equipartition
in the West Lobe). In Cen A, we see direct evidence of energygbteansferred from the lobe to
the environment; however, in the absence of a shock, theyenedikely transferred during the
expansion of the lobe via compression of the external neteri

| was also able to put a limit on the radial distance of 3C 368ifthe cluster centre as, unlike the
majority of galaxies, 3C 353 lies on the edge of the clustie difference in the external pressure on
each of the lobes, nearly a factor of two, may explain thé&isgidifference in their appearance. In
addition, the cluster itself consists of two sub-clustetsolv are slowly and non-violently merging.
3C 353 may be on the edge of the cluster because of a previagenvehich could have disturbed
its path around the core, and it may be the BCG despite itditogaas there have been no other
massive galaxies detected in the centre of either subetlubtasawa et al. (2000) detected three
galaxies associated with the southern sub-cluster and reoemt surveys (2MASS and 6dFGS)
have revealed four more, but none are in the centre (Fig@je 7.
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7.2.2 Future Work

An obvious progression of this work would be to extend thearof galaxies where this analysis
can be carried out. An ideal place to start would be with a $amifxclose ¢ < 0.1) double-lobed
radio-loud galaxies and a search for VLA archive data andptementary X-ray data frolXMM-
Newtonand/or Chandra This sample would allow us to judge whether either Pic A or33G@
are special cases or whether all radio galaxies are subjegiatial changes in their magnetic field
strengths.

It would also be interesting to get deeper optical imaginghefcluster with which 3C 353 is
associated to clarify if there are a significant number oflgrfaav surface brightness galaxies in
this cluster, and using microlensing techniques (e.g. Mahelt al. 2007), | could also investigate
whether the dark matter is disturbed which would sugges$ta6a853 is the BCG.

Much of my work on radio galaxies uses iC from the low-energgteon population combined
with synchrotron emission from the higher-energy elecpopulation. However, with new facilities
operating in lower radio frequencies, and broad bands tfrout the radio regime, we will better
understand the radio emission from radio galaxies. Withatiditional information available at
low frequencies provided by LOFAR, we will be able to detdw synchrotron emission from
the low-energy electron population that is responsibletierX-ray iC emission. This low-energy
electron synchrotron emission can be directly comparetedigher-energy electron synchrotron
emission to get information on the relative behaviour ofsthelectron populations. (I am thus
involved in a project to test spectral ageing models in @asslouble radio galaxies using the new
broad-bandwidth capabilities of the EVLA.) To test the babar of the synchrotron spectrum at
low radio frequencies, | intend to observe 3C 353 with the ffawilities and thus constrain the
low-radio synchrotron spectrum.

7.3 Environments

7.3.1 Retrospect

In Chapter 6 | considered the gas properties of a sample akgaroups, extending the work of
Croston et al. (2005a) and Jetha et al. (2007). Croston ébahd a difference in the luminosity-
temperature relationship for radio-loud and radio-quieugs. UsingKMM-Newtonwhich is more
sensitive tharChandraand ROSATand has a large enough field of view to detect all of the gas
emission, | was able to measure the gas temperatures, t@imgeprofiles and luminosities of 19
groups of galaxies from the sample selected by Croston €2@D5a). | was also able to rule out
a single parent population for radio-loud and radio-quieugs by defining a parameter that takes
account of the difference in both luminosity and tempemtgtween the observed values and the
expected values from the previously published luminotpperature relationships; however, this
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depends on the assumed radio luminosity cut-off used tsitfagroups as radio-loud or radio-
quiet. | would ideally likeXMM-Newtondata for more of the groups as five were lost to high
background levels and many have not been observed{iif-Newton These extra groups would
strengthen my statistics and would solidify my conclusibat tradio-loud groups are hotter for a
given luminosity suggesting that AGN heating is at work iegé groups. | also found that the

Figure 7.2: Exposure corrected X-ray image of the clustedZ#8.1-0108 smoothed with a Gaus-
sian of 10.4 arcsec overlaid with the 1.4 GHz radio contofiB353 at 0.001, 0.002, 0.005, 0.01,
0.02, 0.05 and 0.1 Jy bearh The galaxies associated with the group are shown with espsisose
identified by lwasawa et al. (2000) are labelled g1 — g3, aadtditional galaxies identified by the
2MASS and 6dFGS are labelled GiG.
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L-T offset from the previously published relationships eegs on the radio luminosity, providing
further support for radio-source heating as an explandtiothe split in thel x — T'x relationship.

| also used my temperature profiles to independently classif groups as those with a cool
core and those without and found that those without coolscbexe lower gas temperatures and
lower luminosities than those with cool cores. These gralps have lower velocity dispersions,
which suggests that these groups are less relaxed and heent@asses than those with cool cores.

7.3.2 Future Work

In the immediate future, | plan to convert my surface brigstprofiles into density, pressure and
entropy profiles to investigate the scaling of these pragmrtin the previous work by Jetha et al.
(2007), there was no detected difference in the inner eptpopfile of radio-loud and radio-quiet
groups which suggests that there is no extra energy beirgtég into the core by current radio
source heating, but systems with jets may be transferriegggrto larger radii. With the field of
view of XMM-Newtorwe would be able to test this further.

| also intend to extend the sample to initially include as ynafithe elliptical-dominated groups
within the GEMS sample as possible by applying for obseowatiof those groups whose particle
background was too high for my analysis, and those that deuroently haveXMM-Newtondata
available in the archive. | would also like to re-analyse #vailable Chandradata to test my
methods for fitting the surface brightness profiles; this @liow me to improve the inner regions
of my temperature profile so that | can measure the temperatusmaller radii and thus use the
standard temperature comparisons to identify my cool-gpoeips. This will also allow me to
compare my profiles with those presented by Jetha et al. {2007

To better compare the properties of clusters and groupsuldraadso like to select groups in a
consistent way to the REXCESS cluster sample (Pratt et 8l7;20roston et al. 2008c; Pratt et al.
2010), which is an unbiased, X-ray selected cluster subaofthe REFLEX survey catalogue
(Bohringer et al. 2004). However, studying groups in thiayws difficult because of the long
observation times required to map the group extended emissit to large radii.
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