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Sapere Aude!

Horatio, Epistularum liber primus

The Beautiful in nature is connected with the form of the object, which

consists in having boundaries. The Sublime, on the other hand, is to be

found in a formless object, so far as in it or by occasion of it

boundlessness is represented, and yet its totality is also present to

thought. [. . . ] Natural beauty (which is self-subsisting) brings with it a

purposiveness in its form by which the object seems to be, as it were,

pre-adapted to our Judgement, and thus constitutes in itself an object of

satisfaction. On the other hand, that which excites in us, without any

reasoning about it, but in the mere apprehension of it, the feeling of the

sublime, may appear as regards its form to violate purpose inrespect of

the Judgement, to be unsuited to our presentative faculty, and, as it were,

to do violence to the Imagination; and yet it is judged to be only the more

sublime.

Immanuel Kant, Kritik der Urteilskraft (Critique of Judgement), transl. J.

Bernard



Abstract

In this thesis I use X-ray observations to study the cores andextended

structures of radio-loud AGN, to determine their structure, accretion prop-

erties and the impact they have on their surroundings.

I use newChandradata and archivalXMM-Newtonobservations of Markar-

ian 6 to look for evidence of emission from shocked gas aroundthe exter-

nal radio bubbles, using spatially resolved regions inChandraand spectral

analysis of theXMM data. The results show that the bubbles in Mrk 6 are

indeed driving a shock into the halo of the host galaxy, with aMach num-

ber of∼3.9. I also find that the spectrum of the AGN has a variable ab-

sorbing column, which changes from∼ 8× 1021 atoms cm−2 to∼ 3× 1023

atoms cm−2 on short timescales (2-6 years). This is probably caused by a

clump of gas close to the central AGN, passing in front of us atthe moment

of the observation.

Using new and archivalChandraobservations of the Circinus galaxy, I

match them to pre-existing radio, infrared and optical datato study the

kpc-scale emission. As for Mrk 6, I find that the radio bubblesin Circi-

nus are driving a shock into the interstellar medium of the host galaxy,

with Mach numbersM ∼ 2.7–3.6 andM ∼ 2.8–5.3 for the W and E

shells respectively. Comparing the results with those we previously ob-

tained for Centaurus A, NGC 3801 and Mrk 6, I show that the total en-

ergy in the lobes (thermal+kinetic) scales approximately with the radio

power of the parent AGN. The spatial coincidence between theX-ray and

edge-brightened radio emission in Circinus resembles the morphology of

some SNR shocks, a parallel that has been expected for AGN, but has

never been observed before. I investigate what underlying mechanisms

both types of systems may have in common, arguing that, in Circinus,



the edge-brightening in the shells may be accounted for by aB field en-

hancement caused by shock compression, but do not preclude some local

particle acceleration.

I also carry out a systematic study of the X-ray emission fromthe cores in

the 0.02 < z < 0.7 2Jy sample, usingChandraandXMM-Newtonobser-

vations. I combine the results with the mid-IR, optical emission line and

radio luminosities, and compare them with those of the 3CRR sources, to

show that the low-excitation objects in our sample show all the signs of ra-

diatively inefficient accretion. I study the effect of the jet-related emission

on the various luminosities, confirming that it is the main source of soft

X-ray emission for our sources. I also find strong correlations between the

accretion-related luminosities, and identify several sources whose optical

classification is incompatible with their accretion properties. I derive the

bolometric and jet kinetic luminosities for the sample and find a difference

in the total Eddington rate between the low and high-excitation popula-

tions, with the former peaking at∼ 1 per cent and the latter at∼ 20 per

cent Eddington. There is, however, an overlap between the two, indicat-

ing that a simple Eddington switch may not be possible. The apparent

independence of jet kinetic power and radiative luminosityin the high-

excitation population in our plots allows us to test the hypothesis in which

jet production and radiatively efficient accretion are in fact independent

processes that can coexist in high-excitation objects.
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Chapter 1

Introduction

In the most general sense, the term Active Galactic Nucleus (AGN) refers to energetic

phenomena, in the central part of a galaxy, that are not related to stellar activity. The

optical light emitted in this manner is comparable to the total stellar light of the galaxy

(∼ 1011 L⊙) for the average Seyfert galaxy (Peterson 1997), much brighter in the case

of quasars, but rather faint for some objects, in which the vast majority of the energy

is output in the form of jets.

Although the first spectrum of an active galaxy (NGC 1068) wasobtained in 1908

(Fath 1909), it was only in the 1940s that Carl Seyfert noticed that there is a category

of galaxies with very bright nuclei and high-excitation emission lines (Seyfert 1943).

In 1959 Woltjer tried to infer some of the physics of these objects, and deduced that, in

order for the material in the nucleus to be gravitationally bound, its mass must be very

high, thus tying AGN activity and black holes for the first time (Woltjer 1959).

In parallel, radio-loud quasars were discovered and catalogued during the 1950s

and 1960s, as part of the first radio surveys of the sky. The 3C (Edge et al. 1959)

and 3CR (Bennett 1962) catalogues contained a number of radio sources that were

associated with resolved galaxies, but also compact objects whose nature seemed more

akin to that of a star, which is why they were denominated quasi-stellar objects. In 1969

Schmidt summarised some of the properties of quasars, but was not able to relate them

to Seyfert galaxies, since their spectral properties are very different (Schmidt 1969).

X-ray observations of the sky started in the 1960s, using instruments carried in

hot air balloons. The first active galaxy to be observed in X-rays was M 87, in 1967

(Friedman & Byram 1967). 3C 273 and Centaurus A were identified shortly afterwards

1
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(Bowyer et al. 1970). It was not until 1978, however, that a correlation betweenX-ray

and optical emission in Seyfert galaxies was established byMartin Elvis (Elvis et al.

1978). By the end of that decade the relation between AGN activityand X-ray emission

was established, and Marshall et. al. established the importance of X-ray variability

shortly afterwards (Marshall et al. 1981).

Our knowledge of AGN, their observational properties and underlying mechanisms

has vastly increased over the last few decades. We now know that these objects are

powered through gas accretion onto some of the supermassiveblack holes that sit in

the centres of most galaxies (e.g.Magorrian et al. 1998). Radio-loud objects are

particularly important to our understanding of AGN, since,despite the fact that they

constitute only a small fraction of the overall population,it is during this phase that

AGN have the most direct impact on their surrounding environment through the pro-

duction of jets and large-scale outflows and shocks (e.g.Kraft et al. 2003; Croston

et al. 2011; Cattaneo et al. 2009; McNamara & Nulsen 2007).

In this thesis I use X-ray observations, as well as auxiliaryradio, infrared and

optical data, to investigate the role of low-power and low-luminosity, radio-loud AGN,

in our current understanding of AGN activity and its effects on galaxy evolution. In

this Chapter I describe the general properties of AGN, with particular focus on the

structures that conform them, and how they reflect on what we observe.

Throughout this thesis I use a concordance cosmology, withH0=70 km s−1 Mpc−1,

Ωm=0.3 andΩΛ=0.7.

1.1 Active Galaxy structures and their properties

Given that the observational properties of AGN depend both on intrinsic (gas avail-

ability, accretion mode and rate) and external (orientation, observation wavelength)

factors, their characterisation and classification has been subject of long debate. It is

difficult to conceive, a priori, how objects that produce such different observational

signatures can be unified under a single scheme (see e.g. Fig.1.1).

The most successful model so far is based on that originally proposed byAntonucci

(see Antonucci 1993, and references therein), and is presented in Fig.1.2. According

to this model AGN consist of a central black hole, an accretion structure which can

itself be broken into individual features (broad line clouds and a thin disk in the inner-
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Figure 1.1: Example of IR-optical spectral energy distributions (SEDs) for a variety
of radio-quiet objects, fromTajer et al.(2007). This Figure illustrates the difference
between obscured/unobscured Seyfert galaxies and quasars.

most regions, and a torus of cold gas further out, which is itself surrounded by clouds

that produce narrow optical lines), and a hot corona which produces X-ray photons

via inverse-Compton scattering. This model also considersthe presence of jets, which

originate at or near the accretion disk and carry relativistic electrons and positrons (and

possibly protons), and can thus be observed in radio frequencies via their synchrotron

emission. The inclination angle of the object determines which of these structures we

can observe, directly or indirectly, and the amount of obscuration we can expect.

In the following Sections I will describe the role of each of the structures listed

in this model, and their observational properties. The workpresented in this thesis

focuses only on radio-loud AGN. An AGN is traditionally considered radio-loud if

R=
S5GHz

SB
≥ 10 (1.1)

whereS5GHz is the flux at 5 GHz, andSB is the flux in the optical B band (4400 Å)

(Kellermann et al. 1989). The objects described in Chapters3 and4 have lowR ratios,

so that their core spectra show mostly characteristics typical of radio-quiet objects,

intro/SED.eps


4 CHAPTER 1. INTRODUCTION

Figure 1.2: Diagram displaying the structures of high-excitation (‘traditional’) AGN
according to unification models. The nomenclatures given according to the different
viewing angles are given on the left side of the image (top half for the radio-loud
objects, bottom half for radio-quiet ones), while the different structures are labelled on
the right side of the image. The structures are not to scale.

yet they possess the extended structures characteristic ofradio-loud AGN, albeit on a

smaller scale than other, more powerful objects. The objects studied in Chapters5 and

6 are all, by definition, radio galaxies, and hence have largeR ratios.

An important caveat, and one of the main focuses of this thesis, is that there is

a category of radio-loud AGN, originally identified byHine & Longair (1979), that

cannot be explained under the scheme presented in Fig.1.2. The properties of these

‘low-excitation’ AGN will be described in Section1.1.3.

Although only a small fraction of AGN are radio-loud (∼ 10− 20 per cent, see

e.g. Sramek & Weedman 1980; Kellermann et al. 1989), it is possible that all massive

galaxies have undergone a radio-loud phase, since evidenceseems to indicate that this

activity is likely to be cyclical (e.gSaikia & Jamrozy 2009; Best et al. 2005). It is

during this phase, when the jet interacts with the interstellar gas of the host galaxy

(ISM), reaching into the intracluster medium (ICM) in the most powerful systems, that

intro/unified.eps
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the AGN really affects its environment on large scales (see Section1.2). While the

relationship between mergers, starbursts, AGN activity and feedback is still a subject

of intense debate, it is quite clear that the significant amounts of energy transferred to

the ISM by this nuclear activity in the radio-loud phase mustaffect the environment

dramatically (e.g.Kraft et al. 2003; Croston et al. 2011; Cattaneo et al. 2009).

1.1.1 The central black hole

It is now commonly accepted that most, if not all galaxies host a black hole. These

objects are believed to reach masses of 106
−1010 M⊙. The initial black hole is thought

to form in the bulge before star formation occurs (Silk & Rees 1998), and its growth

is regulated through galaxy mergers, although the exact process is still quite uncertain,

due to the elusive nature of intermediate-mass black holes,which are expected to have

masses of 104 − 106 M⊙ (Gebhardt et al. 2005).

The relation between the growth of the black hole and the merger history of its

host galaxy is supported by the correlations that exist between the mass of the galaxy’s

bulge and the black hole mass (Magorrian et al. 1998), as well as apparent correlations

of the latter with the number of globular clusters in some objects (Harris & Harris

2011). There are also a few examples of post-merger galaxies where the individual

black holes have not yet merged (e.g. NGC 6240,Komossa et al. 2003). However,

parameters such as the total mass of the galaxy and the dark matter halo do not correlate

well with black hole mass (Kormendy & Bender 2011), suggesting that the relationship

between the host galaxy and its supermassive black hole is far from simple.

Although the black hole has a dynamical effect on stars of the galaxy’s bulge even

when it is quiescent (its mass can be derived even in these cases through the M-σ

relation ofFerrarese & Merritt 2000), it is only when the black hole is accreting matter

that its effect can be directly observed, and the galaxy is denominated active.

For AGN the mass of the central black hole can be determined inseveral ways. The

most well known correlations are those relating the luminosity of the AGN in different

bands to the mass of the black hole (see e.g.Graham 2007). These correlations,

however, do not work very well for sources with low luminosities or low accretion

rates (e.g.Capetti et al. 2009, see also Chapter6).

For objects with a low orientation angle, where broad optical emission lines can be
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detected (see Section1.1.5), these lines can be used as a probe for the black hole mass.

For objects with bright spectra and long-term monitoring, it is possible to measure

the time delay between luminosity variations in the continuum and in the Hβ (4861

Å) emission line. This yields an estimate of the extension ofthe broad-line region

(RBLR = cτ, whereτ is the time elapsed between the continuum and line variations).

Examples of this technique can be found inWandel et al.(1999) and Kaspi et al.

(2000). Assuming that the gas in the emission-line region is gravitationally bound and

virialized, the width of the line can be used to estimate the black hole mass according

to the following equation:

MBH = G−1RBLRV2
BLR (1.2)

WhereRBLR is the radius of the broad-line region,VBLR is the Keplerian velocity of the

gas (derived from the line width), andG is a constant (McLure & Jarvis 2002).

1.1.2 Accretion in high-excitation objects

The definition of high-excitation AGN stems from the fact that all these objects pos-

sess strong optical lines (see Section1.1.5). All radio-quiet, and most radio-loud AGN

belong to this category, whose underlying structure is summarised by unification mod-

els such as the scheme presented in Fig.1.2. These ‘traditional’ AGN are believed

to be powered through cold gas accretion (see e.g.Hardcastle et al. 2007a), which is

distributed around the central black hole in the following structures:

The disk

The structure closest to the black hole is a geometrically thin, optically thick accretion

disk, originally described byShakura & Sunyaev(1973). This disk forms because the

angular momentum of the gas is too high for it to directly fallinto the black hole. The

loss of angular momentum is presumed to happen through viscosity, perhaps driven

by magnetorotational instabilities (Balbus & Hawley 1991), although some models

predict mass loss through winds (e.g.Ostriker et al. 2010). The mechanism is still

poorly understood (Frank et al. 2002).

Following the derivations ofKing (2008), it can be shown that such a disk is radia-
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tively efficient, that is, the gas has time to dissipate some of its energy through radiation

before falling into the black hole, and thus cool down. The height of the disk is given

by

H ≈
Cs

vK
R<< R (1.3)

whereCs is the local sound speed,R is the radius of the disk, andvK is the Keplerian

velocity.

The total accretion luminosity is given by integrating the dissipation per unit area

over both sides of the disk, applying relativistic corrections for the inner regions:

Lacc = ǫṀc2 (1.4)

Whereǫ is the efficiency of rest-mass conversion. The value ofǫ varies from model to

model, and depends on the boundary conditions and the black hole spin. It is generally

assumed to range between 0.05 and 0.42 (see e.g.Kovács et al. 2011).

The timescales in which changes happen in the disk are of three types: viscous

(given by the kinematic viscosity), dynamical (which givesthe characteristic time for

changes in the dynamical equilibrium) and thermal, with thedynamical timescale be-

ing the smallest and the viscous timescale being the largestof the three. For a typical

AGN (M ∼ 108M⊙, Ṁ ∼ 1M⊙ yr−1), the radius of the disk is∼ 1013 cm, and the

dynamical and thermal timescales are short (∼ 103 and∼ 104 s respectively). The vis-

cous timescale, however, is very long, and gives a powerful constraint on the angular

momentum of the infalling gas: it must be very low even beforeforming the disk.

The expected average temperature for the bulk of the disk is∼ 105 K. The ther-

mal emission from the disk, therefore, follows a blackbody distribution that peaks in

the UV to X-ray energies. This emission constitutes part of the UV continuum in un-

obscured objects (Seyfert 1 and narrow-line galaxies, respectively for radio-quiet and

radio loud objects).

The intensity of blackbody radiation is given by Planck’s law (Rybicki & Lightman

1986):

Iν(T) = Bν(T) =
2hν3

c2

1

e
hν
kT − 1

(1.5)

Wherek is the Boltzmann constant,h is the Planck constant,T is the temperature and
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ν is the frequency.

The peak frequency of the emission, which also depends on thetemperature, is

given by the Wien displacement law:

hνmax= 2.82kT (1.6)

The equations1.3 to 1.4 assume that the accretion rate of the black hole is rela-

tively small, which is the case for all the objects covered inthis thesis, and therefore

the accretion luminosity is smaller than the Eddington luminosity (defined as the max-

imum luminosity the object can reach when radiation pressure is in balance with the

gravitational force):

Lacc < LEdd =
4πMc
κ

(1.7)

whereκ is the electron scattering opacity. For super-Eddington objects the luminosity

is so high that it has an effect on the accretion rate, effectively driving outflows through

radiation pressure.

The X-ray corona

The majority of the continuum X-ray emission in unobscured,radio-quiet AGN is

thermal and produced in the hot corona that surrounds the disk. For radio-loud objects

the jet must also be taken into account (see Section1.1.6). The corona is created

when the UV photons from the disk are upscattered to higher energies through inverse-

Compton collisions with the electrons in the hot gas; this process is often called thermal

Comptonization (see e.g.Haardt & Maraschi 1991).

The energy change of a moving photon when it is Compton-scattered by an elec-

tron, is given by (Rybicki & Lightman 1986):

E′ =
E

1+ E
mec2 (1− cosθ)

∼ E

[

1−
E

mec2
(1− cosθ)

]

(1.8)

whereθ is the scattering angle,me the electron rest mass, andc the speed of light. The

change in wavelength is given by:

λ′ = λ +
h

mec
(1− cosθ) (1.9)
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whereh is the Planck constant, andhmec is the Compton wavelength of the electron

(2.43× 10−12 m).

If the moving electron has sufficient kinetic energy compared to the photon, the

energy transfer is from the electron to the photon, and the process is called inverse-

Compton scattering. When the electron is relativistic (γ2 >> hν/mc2, whereγ is the

Lorentz factor) the energy transfer is very efficient, and the final energy of the photon

is increased by a factor ofγ2.

For an isotropic distribution of photons scattering off an isotropic distribution of

electrons, average formulas must be derived. FollowingRybicki & Lightman(1986),

and for the electron rest frame, the net power lost by the electron and converted into

radiation is given by:

PC =
4
3
σTcγ2β2Uph (1.10)

whereσT is the Thompson cross-section,β = v/c, andUph is the initial energy density

of the photon. However, electron radiative losses from synchrotron radiation must be

taken into account.

For repeated scatterings by non-relativistic electrons the exact equation was derived

by A. Kompaneets in 1957, and is known as the Kompaneets equation. Although the

detailed derivation is beyond the scope of this thesis, the equation is given here for

reference:
∂n
∂y
=

1
x2

∂

∂x

[

x4

(

n+ n2 +
∂n
∂x

)]

(1.11)

where n is the photon occupation number:

n = I (E)
(hc)2

8πE3
(1.12)

x is the photon energy:

x =
E

kTe
(1.13)

and y is the Kompaneets parameter:

y =
4kTe

mec2
σTct (1.14)

which is sometimes expressed as a function oftc, the mean time between scatterings
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(tc = neσT/c).

The three parameters inn in eq.1.11account for, respectively, the recoil effect, the

induced/stimulated emission, and the Doppler motion.

The photon spectra can be obtained by analytically solving eq. 1.11; some exam-

ples are given bySunyaev & Titarchuk(1980). For the most common case found in

AGN, unsaturated Comptonization, the spectrum is given by:

I (x) ∝



















x3e−x, x >> 1.

x3−Γ, x << 1
(1.15)

where

Γ = −
3
2
±

√

9
4
+

4
y

(1.16)

where the negative root is taken fory >> 1, the positive one fory << 1, and the average

for y ∼ 1, which is the typical case for most AGN, giving a spectral index∼ 1.5 (and

an exponential cutoff at higher energies). This value is consistent with the observations

of the 2-10 keV emission in both radio-loud and radio-quiet sources. Throughout this

thesis this component is labelled as the ‘hard’ or ‘accretion-related’ component (given

that the emission from the corona is a direct consequence of the accretion process in

the disk).

In radio-quiet sources this accretion-related component is reflected onto the accre-

tion disk, which results in the soft excess observed in most sources (see e.g.Haardt

& Maraschi 1991). For radio-loud sources, however, the soft emission is directly re-

lated to the jet (seeHardcastle & Worrall 1999, and Section1.1.6). Some radio-loud

sources, where the radiative energy output is much larger than the jet-related one, are

best modelled with reflection models, as is the case for Markarian 6 (Chapter3).

The luminosity of the corona is proportional to that of the disk (Sazonov et al.

2012), which is further evidence for the fact that these two structures are closely tied:

the corona almost immediately reflects any changes in the accretion rate and the prop-

erties of the disk, which is one of the reasons behind the observed rapid X-ray variabil-

ity McHardy et al.(see e.g. 2004), though the correlations between optical, UV and

X-ray variability can be rather complex (Dewangan et al. 2007).
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The Torus

Observations of Seyfert galaxies in the 1970s (e.g.Harper & Low 1973) showed that

these objects are very bright in the IR. This emission is associated with the dusty torus

of cold gas that is found at distances of a few pc from the central black hole. Unlike

what happens for the inner regions of the AGN, where the structures are too small to

be spatially resolved, there is observational evidence fortori in a few systems through

interferometric work (e.g. NGC 1068, seeJaffe et al. 2004).

These structures would be expected to collapse on timescales shorter than the active

phase of an AGN, and can only survive if there is a continuous input of energy. This

energy is provided by the high-energy photons from the disk and corona, which are

absorbed by the cold gas in the torus, and re-radiated at lower energies. The properties

of tori have been constrained through the need to account forunification among the

Seyfert galaxies (see e.g.Ramos Almeida et al. 2011b, and references therein). They

are optically and geometrically thick, and dense enough to obscure the broad-line re-

gion, but not the narrow-line region, which is seen in all Seyferts (and their radio-loud

equivalents, the NLRGs or narrow-line radio-galaxies). The temperature of the gas

in the torus is expected to be below 300 K, so that its (modified) blackbody emission

peaks in the IR range (see eqs.1.5to 1.6).

Although models initially predicted tori to be uniform and smooth, it is clear that a

temperature gradient must be expected. The hypothesis thatthe torus may be clumpy

was originally suggested over two decades ago (see e.gKrolik & Begelman 1988),

and has gained strength in recent years, through long-term observations of obscured

sources (typically intermediate Seyferts) where the absorption column changes with

time (e.g. Maiolino et al. 1998; Risaliti et al. 2002, and Chapter3). The different

variability timescales suggest, in some cases, the presence of clouds between the torus

and the disk. These clouds would be of the same nature as thoseassociated with the

broad-line region (Section1.1.5).

A detailed analysis of the structure of clumpy tori is given by e.g. Nenkova et al.

(2008b), and the details for radiative transfer processes by e.g.Nenkova et al.(2008a).

Hardcastle et al.(2009) have shown that the IR and accretion-related X-ray emis-

sion are correlated in radio-loud AGN. This correlation hasalso been found in Seyfert

galaxies (Gandhi et al. 2009). This is to be expected, since the mechanism that pro-
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duces the thermal radiation in the torus is directly linked to the production of high-

energy photons in the disk and corona, which are detected in X-rays. This can also be

used as a probe to determine the luminosity of heavily obscured AGN. Chapter6 uses

this correlation to investigate the accretion properties of the 2Jy sample.

1.1.3 Accretion in low-excitation objects

There is a category of radio-loud AGN, first identified byHine & Longair (1979),

which lack the high-excitation optical lines characteristic of ‘traditional’ AGN, which

were thus denominated low-excitation (radio)galaxies (LEG or LERG). These objects

emit most of their light in the radio band, they lack the IR excess and ‘big blue bump’

characteristic of most AGN, and are generally very faint in X-rays, with their emission

being dominated by the soft, jet-related component (see e.g. Mason et al. 2012; van

der Wolk et al. 2010; Fernández-Ontiveros et al. 2012). It seems clear that the accretion

model applied to ‘traditional’ AGN does not apply to LERGs. Due to their faintness

LERGs tend to escape detection in any surveys that are not based on radio selection,

overlapping with the population of star-forming galaxies,and thus have been difficult

to characterise until recently.

Until a model was developed to explain their intrinsic differences, these objects

puzzled the astronomical community (e.g.Fabian & Canizares 1988). Obscuration as

a cause behind the low luminosity at all bands can be discarded through the absence of

IR emission, since any obscuring structure would re-radiate the emission from the cen-

tral core in the same manner the torus does. It is also not possible to ‘starve’ the central

black hole to make it almost quiescent, since LERGs are generally found in systems

that have enough gas to fuel an AGN (see e.g. the review byHo 2008), and something

must be creating the powerful jets seen in these systems. Shakura-Sunyaev disks are

remarkably efficient at turning gravitational energy into radiation; thusit is clear that

the structure fuelling the AGN must be different for LERGs. Spherically symmetric

accretion, as proposed byBondi (1952) had been proved to work for LERG (Allen

et al. 2006; Balmaverde et al. 2008), but it has some issues with reducing the angular

momentum of the gas before it falls into the central black hole (Proga & Begelman

2003) and the effective accretion rate.

The Bondi accretion rate is used as a basis for accretion rates in most models. It is
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given by:

ṀB = 4πλρG2M2
BHc−3

S (1.17)

whereλ=0.25,ρ is the density of the gas at the Bondi radius, andcS is the speed of

sound in the medium (cS =
√

ΓkT/µmp, with Γ being the polytropic index for the gas).

The most successful models so far predict radiatively inefficient accretion, which

occurs when the gas is so tenuous that its cooling timescale is longer than the accretion

timescale. The most popular model to describe accretion in LERGs is that of advec-

tion dominated accretion flows (ADAF, see e.g.Narayan & Yi 1995; Yuan 2007, for

reviews), which has been successfully applied to some sources (Di Matteo et al. 2003;

Pellegrini et al. 2003; Fabbiano et al. 2003). Variants of this model contemplate con-

vection (CDAF) (e.g. Abramowicz et al. 2002) or inflow-outflow solutions (ADIOS,

see Blandford & Begelman 1999). Radiatively inefficient accretion flows (RIAF),

based on ADAF, are also successful in describing the properties of accretion in our

own galaxy (Sagittarius A*,Yuan et al. 2002), but this may also be described with jet

models (e.g.Maitra et al. 2009).

ADAF models predict an accretion structure that is optically thin but geometrically

thick, with the hot ions (kT ∼ 1012 K) and slightly cooler electron plasma (kT ∼

109
− 1011 K) forming a nearly spherical shell in the regions near the black hole. The

accretion rate also plays an important role; it is expected to be much lower for these

systems than it is for high-excitation sources (HEG).Narayan & Yi(1995) predict that

the thin disk transforms into an ADAF structure when the accretion rate falls below

ten per cent of the Bondi rate (Ṁ ≤ 0.1ṀB). The low accretion rate is also achieved

through the rotation of the disk, in the regions farther awayfrom the black hole. Recent

surveys seem to back up this assumption, showing that the accretion rate in LERGs is

indeed very low (see e.g.Best & Heckman 2012; Russell et al. 2012; Lin et al. 2010;

Ho 2008; Mason et al. 2012; Evans et al. 2011; Plotkin et al. 2012, and Chapter6).

The efficiency predicted byNarayan & Yi (1995) for ADAF is a function of the

accretion rate:

ηADAF ∼ 0.1

(

Ṁ

ṀB

)

(1.18)

and so is the luminosity:

LADAF ∝

(

Ṁ

ṀB

)2

(1.19)
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Figure 1.3: Example of model proposed for low-excitation AGN, based on the illustra-
tion byHo (2008). The region represented corresponds roughly to the inner disk shown
in Fig. 1.2, with accretion occurring through radiatively inefficient flows (RIAF).

to impose a continuity with the thin disks of the low-luminosity end of the HEG popu-

lation. It is not yet clear that this may be possible, however, as there is a possibility that

the switch in accretion rate may not be continuous (see e.g.Hardcastle et al. 2007a;

Russell et al. 2012; Mason et al. 2012, and Chapter6).

RIAF models (e.g. Fig.1.3) predict an even lower accretion rate. The outflows in

ADIOS are introduced to couple with the jet, predicted in simulations e.g.McKinney

& Gammie(2004); it is, however, unknown exactly how jets are generated. According

to Narayan & Yi(1995) jets and outflows are needed to reduce the accretion rate.

The emission predicted for ADAF/RIAF models is thermal synchrotron (i.e. syn-

chrotron emission from a hot electron plasma, as proposed inthe case of Sagittarius

A*) and/or comptonization.

intro/riaf.eps
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1.1.4 Other sources of continuum emission

Aside from blackbody radiation and inverse-Compton scattering, there is an additional

contribution to what we observe as the continuum in AGN spectra at different frequen-

cies.

Thermal bremsstrahlung, or ‘braking radiation’, is produced through the accelera-

tion of a charged particle. It is also known as free-free emission, and although it has a

contribution at all frequencies, it is potentially most important in the X-ray andγ-ray

regimes. In AGN the main process through which thermal bremsstrahlung occurs is

the interaction of an electron with an ion. The derivation ofthe full expression is quite

lengthy, as it consists of summing the radiation emitted foreach electron-ion inter-

action for a Maxwell-Boltzmann distribution of electrons.The result for the energy

emitted per unit volume of the gas, per unit time, is given by (Rybicki & Lightman

1986):

ǫ f f
ν =

dW
dVdtdv

=
32πe6

3mec2

(

2π
3kme

)
1
2

T−
1
2 Z2nenie

−
hν
kT gf f (1.20)

wherene andni are, respectively, the electron and ion density,Z is the electronic charge

andgf f is the velocity averaged Gaunt factor, which isgf f ∼ 1 whenhν/kT ∼ 1 and

1 < gf f < 5 when 10−4 < hν/kT < 1.

The ‘big blue bump’ observed in the optical and UV frequencies for unobscured

sources is a combination of optically thin and optically thick thermal bremsstrahlung,

and inverse-Compton scattered photons. There is also some contribution to the spec-

trum from the creation and annihilation of particle pairs (e.g. Zhou et al. 1997), and,

most important in radio-loud sources, non-thermal synchrotron radiation from the jet,

which is described in detail in Section1.1.6.

In addition to the continuum, emission lines are produced through bound-bound

and bound-free transitions in the emission-line regions (ELR), contributing mainly to

the optical and near-IR spectrum. The ELR are described in detail in Section1.1.5.

1.1.5 Emission lines

Optical and near-infrared emission lines from AGN have beenstudied since the times

of Seyfert’s classification, and have been one of the most useful tools to characterise

the properties of AGN (extensive reviews and books have beenwritten on the topic, see
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e.g. Osterbrock 1989). Based on line strength ratios,Woltjer (1959) constrained some

of the properties of the gas, like its temperature, density and physical extent. Broad

lines were identified for the first time in NGC 1068 (Burbidge et al. 1959).

In the X-rays, emission lines are produced via two mechanisms: photoionization

(which dominates for the soft, thermal emission up to 2 keV) and fluorescence in the

inner part of the accretion disk (which is behind the Fe K-α line observed at 6.4 keV).

Broad line clouds (BLR) are closest to the central engine. The emission in these

regions is caused by photoionization and collisional de-excitation processes, which

suppress the forbidden transitions (Rees et al. 1989). These lines are present only in

high-excitation objects (although there is an ongoing debate on whether ADAF can

also produce broad lines, see e.g.Eracleous & Halpern 1994; Sulentic et al. 2000;

Plotkin et al. 2012), and can only be seen in objects with a low inclination angle

(Seyfert 1, BLRG and some QSOs), since at larger angles they are obscured by the

torus. The geometry of the broad-line region is not well understood, since some of

the line emission may be produced within the disk itself, even though we know there

is clumpy material very close to the central core (e.g.Risaliti et al. 2002, 2007, and

Chapter3). The shape of the lines is produced by the high kinetic temperature of the

gas (∼ 104 K), which causes Doppler broadening. For gas very close to the central

black hole relativistic broadening is also observed (see e.g. Brenneman & Reynolds

2009), which is why the Fe K-α line is so often used for disk diagnostics.

Narrow line regions (NLR) can be resolved for nearby objects, since they extend up

to a few tens of pc around the central engine (see e.g.Peterson 1997, for an overview).

NLR represent the extent to which the AGN can effectively photoionize the material

around it, and are colder and less dense than BLRs, allowing for forbidden transitions

to occur. Ratios between certain pairs of forbidden lines allow the estimation of the

temperature and electron densities in the gas. Ratios of [OIII] to [OII] lines are also

the main technique used to classify AGN as high or low excitation (see e.g.Heckman

1980, for radio-quiet sources; the same technique applies to radio-loud objects), but

this diagnostic is not always reliable, since in some cases the lines might be present

but not detected, or might be caused by stellar processes rather than the AGN (see Fig.

1.4, the case of 3C 338 and M 87, as discussed byHardcastle et al. 2009, and Chapter

6).

Where large gas outflows are involved, these may clear a path for the radiation
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Figure 1.4: X-ray spectrum of the atypical LERG PKS 0043-42.The presence of the
Fe K-α emission line suggests that there is indeed a ‘traditional’accretion structure
in this object, although no strong optical emission lines are detected (see alsoRamos
Almeida et al. 2011a).

from the AGN to reach much larger distances than it would in a quiescent medium.

This is observed in the inner regions of Circinus, for example (Chapter4). Shocks

can also compress and heat the gas to temperatures where collisional ionization can

be observed (e.g.Hardcastle et al. 2010a). The models used in this thesis to research

the properties of the hot gas in Markarian 6 and Circinus (Chapters3 and4) predict a

number of emission lines caused in this manner. There is someevidence suggesting

that radio jets can cause an enhancement in [OIII] emission,although it is not clear

whether this is caused by shocks or direct photoionization (Labiano 2008).

1.1.6 Large-scale emission

Although jets and lobes are characteristic of powerful radio galaxies, these structures,

on a smaller scale, can also be found in objects that are not strictly considered radio-

loud (according to the definition in eq.1.1). Examples of these structures in elliptical

intro/0043.ps
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Figure 1.5: Example of radio emission in a low power source. Image fromCroston
et al.(2007), illustrating the match between X-ray and radio emission in NGC 3801.
The lobes in this source are believed to be driving a shock into the ISM.

galaxies can be found in e.g. NGC 3801 (Croston et al. 2007, and Fig.1.5), NGC 1062

(Kadler et al. 2004) and Markarian 6 (Chapter3). The effect of jets and lobes on the

host galaxy is even more interesting in the case of Seyferts,which are typically hosted

by spirals (see e.g.Croston et al. 2008b; Hota & Saikia 2006; Gallimore et al. 2006,

and Chapter4), where the effects on dynamics and star formation are potentially much

larger (see Section1.2).

The classification ofFanaroff & Riley (1974) divides radio galaxies into two sub-

groups. FR I objects are core-brightened, and exhibit lobes, while FR II objects are

edge-brightened. Although this is a purely morphological classification,Fanaroff &

Riley showed that the luminosity of the source is related to its morphology, so that FR

I galaxies (typically) haveL178MHZ ≤ 2 × 1025 W Hz−1 sr−1. Ledlow & Owen(1996)

showed that the division between both classes depends on theoptical luminosity den-

sity of the host galaxy, so that the break rises with luminosity asL1.7
opt. The boundary

can also be defined in terms of the long-term average jet power, Q̄ ∼ 5× 1043 erg s−1

(Rawlings & Saunders 1991).

Both classes of radio galaxy have common structures: jets (which may or may not

be visible, the latter case being more common for FR II sources) and lobes. Some

intro/3801_crop.ps
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examples of the different morphologies can be seen in Fig.1.6. It is important to

note that the FR I/ FR II division does not correspond to the high/low-excitation one

(Hardcastle et al. 2009). While most low-excitation objects seem to be FRI, there isa

population of bona-fide FRII LERGs, as well as numerous examples of FRI HERGs

(e.gLaing et al. 1994). This is most likely caused by the complex underlying relation

between fuelling, jet generation and environmental interaction.

Figure 1.6: Mosaic displaying radio maps (Morganti et al. 1993, 1999) for a variety
of sources in the 2Jy sample.Top left: PKS 0034-01 (3C 15), an FR I LERG with a
classic radio morphology and a jet.Top right : PKS 0349-27, an FR II NLRG.Bottom
left: PKS 1648+05 (Hercules A) an FR I LERG in a very dense cluster environment,
that is collimating the jet near the central AGN.Bottom right : PKS 2211-17 (3C 444),
a somewhat atypical FR II LERG in a dense cluster environment, into which the lobes
are driving a shock (Croston et al. 2011).

intro/mosaic2.eps
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Jets and hotspots

Jets are defined as collimated, relativistic outflows that are produced near the central

black hole and extend to scales ranging from kpc to Mpc. The base of the jet is thought

to be very similar for FR I and FR II galaxies, and highly relativistic, which sometimes

produces an apparent superluminal motion (see e.g.Pearson 1996; Zensus 1997). The

jets of FR I are generally shorter, and decelerate to sub-relativistic speeds, presumably

due to entrainment of the environment (see e.g.Bicknell 1984; Laing & Bridle 2002).

The large opening angle, and the presence of knots (e.g.Hardcastle et al. 2007b;

Jorstad et al. 2005), suggest that the energy transport to large scales is not very efficient

in these objects. By contrast, the jets of FR II remain collimated and relativistic for

much larger distances (typically of the order of 102 kpc, see e.g.Hardcastle 2009), and

are more efficient at transporting the energy. FR II jets typically terminate in hotspots,

bright compact regions where particle acceleration occurs, which results in a flat radio

spectral index (0.5 < α < 0.7).

The composition of the jets is not well understood. We know that they contain

electrons, possibly positrons (e.g.Reynolds et al. 1996; Dunn et al. 2006), and that

magnetic fields are involved (see e.g.Pudritz et al. 2012, for a review). Observations

seem to indicate thatB fields are initially parallel to the jet axis, and that interaction

with the environment and shocks alters this, introducing a perpendicular component

(Attridge et al. 1999). This may be the reason why perpendicular fields are more often

detected in FR I galaxies in polarization measurements (Reichstein & Gabuzda 2012).

The emission mechanism that allows us to see these jets is synchrotron radiation,

which is emitted when a charged particle travelling at relativistic speeds interacts with

a magnetic field (in the non-relativistic regime the emission is called cyclotron). The

particle moves in a helicoidal trajectory, with a characteristic orbital frequency given

by (Rybicki & Lightman 1986):

ωB =
qB
γmc

(1.21)

whereq is the charge andγ is the Lorentz factor (related to the total energy of the

particle byE = γmc2). For an isotropic distribution of velocities, the particle loses

energy at a rate given by eq.1.23. The spectrum of synchrotron radiation spans a

broad range of frequencies for a given particle energy, but it is narrowly peaked around
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a critical frequency, given by (in the case of an electron, see e.g. Longair 1992):

νc = γ
2 eB
2πme

(1.22)

Since the energy loss time scale is proportional toγ−1 and E−1, an X-ray emitting

electron loses energy∼ 105 times faster than a radio-emitting electron, and protons of

a given energy lose their energy∼ 106 times more slowly than electrons.

The synchrotron power emitted by each electron is given by:

PS =
4
3
σTcγ2β2UB (1.23)

whereUB is the magnetic energy density,UB = B2/2µ0 (µ0 is the vacuum perme-

ability). This has the consequence that the ratio betweenPC (the inverse-Comptom

power) andPS is the same as the ratio between that of the magnetic and photon energy

densities. Another consequence of this is that the cooling of the electrons via inverse-

Compton processes is very efficient, which limits the brightness temperature of radio

sources to∼ 1012 K (this effect is often called the Compton catastrophe).

In radio galaxies the electron population emitting synchrotron radiation has a broad

range of Lorentz factors. To obtain the power law spectrum that we see at radio fre-

quencies, the electrons must also have a power law distribution in energy, given by

N(E) = N0E−p over a given energy range. The total emissivity for the electron popu-

lation is then given by:

J(ν) =
∫ Emax

Emin

j(ν)N(E)dE =
∫ Emax

Emin

j(ν)N0E−pdE (1.24)

where j(ν) is the emissivity of a single electron, which is a function of the critical

frequency.

If we assume thatj(ν) is a narrow function, and derivingE from eq.1.22, the total

emissivity is:

J(ν) ∝ N0ν
−

p−1
2 B

p+1
2 (1.25)

The shape of the synchrotron spectrum is often described as afunction of the radio

spectral indexα, given in terms of the flux density asS(ν) = S0ν
−α. From above,

α =
p−1
2 for a power law electron energy spectrum.
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The relativistic nature of the jet emission causes a boost inthe luminosity of the

core in radio-loud sources with low orientation angles (BL-Lacs, BLRGs and QSOs),

due to relativistic Doppler beaming. This is studied in Chapter6 for a range of sources.

Given the rapid energy losses at higher frequencies, synchrotron emission from jets

and hotspots can only be observed in X-rays if there is a source of particle acceleration

(Hardcastle et al. 2007c). See e.g.Worrall (2009) for a review of X-ray jets.

Lobes

Although some of the dynamics and energetics of FR I and FR II radio lobes are very

different, many assumptions can be applied to both categories.

Lobes are created when the jet interacts with the surrounding environment (ISM,

IGM at larger scales), creating bubbles that expand throughthis medium and are filled

with the particles that travel up the jet. The early models ofScheuer(1974) proposed a

variety of scenarios for the propagation of the lobes through the interstellar medium of

the host galaxy. If the lobes are always overpressured with respect to their surround-

ings, they expand supersonically, driving a bow shock, and are not influenced by the

external medium (other than for their expansion speed). Most of the analytical models

describing the dynamics of radio lobes are based on this assumption (e.g. Begelman

& Cioffi 1989; Kaiser & Alexander 1997), and this is the case for the sources studied

in Chapters3 and4. However, this is not always so, in many cases, and particularly as

the lobes evolve, the pressure inside and outside the lobes becomes roughly equal, and

the situation becomes more complicated (e.g.Alexander 2002; Hardcastle & Krause

2013).

The particle content of FR I and FR II lobes is thought to be quite different: the

former are dominated by non-radiating particles (Croston et al. 2008a), while the oppo-

site applies for FR II (Croston et al. 2005). This has implications for the overall energy

budget of the lobes, and means that, a priori, the same correlations between jet kinetic

energy and radio luminosity cannot be applied across both populations (although the

dependence of radio luminosity with environment compensates for this fact to some

extent, seeHardcastle & Krause 2013; Godfrey & Shabala 2013, and Chapter6).

As such, the emission inside the lobes of FR I sources is synchrotron in the radio

regime, but thermal emission from the shocked shells dominates at X-ray frequencies,
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while in FR II the higher electron content (and larger scale)makes inverse-Compton

the dominant mechanism for X-ray emission.

The minimum energy stored in the lobes can be calculated if the magnetic field

strength and particle distribution are known, asBurbidge(1956) showed that the mini-

mum energy condition is very close to equipartition. If we assume equal filling factors

in the radiating particles and magnetic fields, equipartition is given by:

UB = (1+ κ)
∫ Emax

Emin

EN(E)dE (1.26)

whereκ is the proton to electron energy ratio, andUB is the magnetic energy density,

UB = B2/2µ0.

The main issue with this assumption, however, is that the magnetic field cannot

be directly determined from synchrotron emission alone. Inverse-Compton emission

in X-rays can be used to constrain the electron density, and used in conjunction with

the radio observations to determine the magnetic field strength (see e.g.Croston et al.

2005). X-ray emission can also be used to test how far from equipartition the lobes are.

We now know that in FR I sources the thermal contribution to the energy budget cannot

be neglected, since the equipartition pressure is much lower than the pressure of the gas

outside the lobes (Morganti et al. 1988). In FR II systems deviations from equipartition

are not so drastic (Croston et al. 2005), though they are difficult to measure in some

cases, due to the limitations of geometrical assumptions for sources with low projection

angles.

The main sources of photons for inverse-Compton scatteringin radio lobes are the

cosmic microwave background, the AGN and stellar light. Of these, AGN photons

are slightly more problematic, since their distribution isnot isotropic, but they are

relevant mostly at small scales, close to the central engine. There is also synchrotron-

self-Compton emission from the radio-synchrotron photonsthemselves. For the first

(CMB) and last (SSC) cases we can assume an isotropic distribution of photons (Hard-

castle et al. 1998b). The emissivity equations are not derived in detail here, and can be

found inRybicki & Lightman(1986).

While in FR II lobes inverse-Compton is the main contribution to the total energy

budget, thermal processes contribute to the total energy aswell. Shocks around FR II

lobes have proved quite elusive, but there are some examples(see e.g. 3C 444Croston
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et al. 2011). The thermal energy contribution for low power sources is much larger,

and is studied in detail for two objects in this thesis (Chapters3 and4). This energy

can be derived from assumptions on the thermal spectrum and the shock conditions.

Details on the interactions of the lobes with the environment, and shock physics, are

given in Section1.2.

1.2 Environments of radio-loud AGN

Powerful radio galaxies inhabit, almost universally, elliptical galaxies (though there

are exceptions, seeLedlow et al. 1998; Keel et al. 2006). Seyferts are often found in

spiral galaxies, some of which have small jets and lobes (like Circinus, see Chapter

4, and NGC 6764, seeHota & Saikia 2006; Croston et al. 2008b), but they are not

generally classified as radio-loud due to their smallR factors (see eq.1.1). The reasons

behind the correlation between the presence of radio jets and lobes and the host galaxy

morphology are not entirely clear. It has been suggested that the richer environments

in which ellipticals are generally found are needed to confine the jet and lobes, but

some radio galaxies (Best 2004), even some LERGs, are found in sparse environments

(e.g. 3C 15, see Chapters5 and6). It has also been suggested that the correlation has

its origin in the larger black hole masses found in elliptical galaxies (e.g.Sabater et al.

2013; Alexander & Hickox 2012), or in the higher cold gas content in spirals, which

may interfere with the formation or propagation of the jet (e.g Ledlow et al. 2001).

Evidence supporting the hypothesis that mergers trigger AGN activity (Heckman

et al. 1986) can be found in the presence of disks, dust lanes (e.g. Cen AKraft et al.

2003; Croston et al. 2009) and bluer colours than expected for quiescent ellipticals

(Govoni et al. 2000). However, it is possible that heavy merger activity, such as that

found in superclusters, can suppress radio source formation (Venturi et al. 2000), per-

haps due to ram pressure stripping. This is perhaps the reason why powerful radio

galaxies are generally found in groups and sparse clusters (Hill & Lilly 1991 ; Belsole

et al. 2007). There is also an environmental dependence of morphology,with FR I

sources (especially those with bent or distorted features)being found in clusters more

often than FR II (e.g.Wing & Blanton 2011), but this may be caused by the fact that

most LERG are FR I, and they are found in richer environments (Hardcastle 2004),

and it may not be universal (see e.g.Ineson et al. 2012).
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Environments are also potentially important in the fuelling process for the AGN.

In the models ofHardcastle et al.(2007a), low-excitation sources, in particular, need

a reservoir of hot gas, which could originate in a rich ICM or in winds caused by

star formation. The former seems to be supported by the fact that LERG are more

predominantly found in red galaxies compared to HERG (Janssen et al. 2012).

Dense environments are characterised by very hot ICM gas, with temperatures of

∼ 107
− 108 K, and are very bright in X-rays (thermal bremsstrahlung emission being

the primary contribution to their luminosity, as well as line emission from collisional

excitation and de-excitation of the hot gas). Where no ICM isdetected in X-rays, it is

still possible to have a sparser group where some of the galaxies are interacting (see

e.g. the 2Jy hosts inRamos Almeida et al. 2010, and Chapters5 and 6). Optical

observations are helpful in these cases to determine the presence of bridges and tidal

features.

The most efficient way in which radio-loud AGN release energy into their sur-

rounding environment is through shocks driven by the lobes.A shock happens when

a medium, gas in this case, moves at a bulk velocity that is greater than the local

sound speed. This creates a sharp discontinuity in the medium, which reflects in an

abrupt change in temperature, density and pressure (and magnetic field density, if one

is present and favourably aligned with the shock front). Forthe cases studied in this

thesis shocks can be approximated with the simplest conditions, since there are no

relativistic effects involved (and we assume no magnetic fields either). To dothis,

the Rankine-Hugoniot jump conditions are applied (Landau & Lifshitz 1987), impos-

ing mass, momentum and energy conservation at the front, andassuming a perfect

monatomic gas (with polytropic indexΓ = 5/3). This yields an expression for the

temperature ratio between the gas in the shocked shells and the external medium:

Tshell

Tout
=

[2ΓM + (1− Γ)] [Γ − 1+ (2/M)]

(Γ + 1)2
(1.27)

whereM is the Mach number. This equation can be rewritten for density (or the

pressure), using the ideal gas law:

pout

ρoutTout
=

pshell

ρshellTshell
(1.28)
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so that the density ratio is
ρshell

ρout
=

Γ + 1
Γ − 1+ (2/M)

(1.29)

We can immediately see that for strong shocks, where the Machnumber is large,

the last term in the denominator of eq.1.29becomes negligible. For a perfect monatomic

gas this implies that the density ratio for a strong shock cannot be greater than 4.

This condition is used in Chapters3 and4 to constrain the temperature of the external

medium, given that the statistics are too low to obtain a fit toa thermal model. Once the

parameters of the gas and the shock velocity are known, the relative contributions from

thermal energy (32NkT), mechanical work (PV) and kinetic energy (12mgas

(

1
4vshell

)2
, as-

suming the velocity ratios for a strong shock) can be determined, as well as which is

the dominant emission process (thermal or non-thermal).

While radio-quiet AGN, even the most luminous ones, restrict their effect to their

immediate surroundings, radio-loud objects transport theenergy from the central source

to much larger scales, affecting the host galaxy in the less powerful cases, and the en-

tire cluster in the most powerful ones. The amount of energy released into the external

gas in this manner is not negligible: even for small sources it is comparable to that

of 104
− 106 supernova explosions (Croston et al. 2007, 2008b; Kraft et al. 2003, and

Chapters3 and4), enough to have an effect on the host galaxy’s star formation pro-

cesses, and even on its dynamical properties.

The relationship between AGN activity and star formation isnot entirely clear, in

part because most of the studies focus on radio-quiet AGN, but it is clear that there

must be a co-dependence (see e.g.Best & Heckman 2012; Hardcastle et al. 2010b).

The key may lie in the timescales involved in both processes (e.g. Wild et al. 2010)

and how they relate to merger events. It is also possible thatfor radio-loud sources

the effect may be delayed even longer, since the gas from the lobes needs time to mix

with the ISM, making it impossible to estimate its effect directly (by then the radio

structures would no longer be detectable).

For very powerful sources the energetic impact is even more dramatic (e.g. 3C 444

Croston et al. 2011). The inner regions of dense clusters are expected to cool very

rapidly through X-ray emission, but the observations show that this is not happening

as fast as expected (e.gPeterson & Fabian 2006). The energy input from radio-loud

AGN is very likely to be one of the main causes behind this ‘quenched cooling’, by
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driving shocks into the ICM. Giant lobes must also physically disrupt the ICM, causing

compression, and heat dissipation even if no strong shocks are involved (see also the

review by McNamara & Nulsen 2007).

1.3 Summary: observational properties of AGN

This Section provides a concise scheme of the main observational properties of the

different AGN classes, as a summary of the structures, emission mechanisms and sig-

natures discussed throughout this Chapter.

1.3.1 Core

• Radio: synchrotron emission (jet) in RL AGN, perhaps free-free emission in RQ

HEGs. Main emission in LEGs.

• FIR-MIR : (modified) blackbody (torus) in both RQ and RL AGN, synchrotron

(jet) in RL AGN. No accretion-related emission expected in LEGs, only syn-

chrotron contamination.

• NIR : continuum (some blackbody from the torus?, tail of blackbody from the

disk, some IC-scattered photons from the corona?) for both RL and RQ HEGs.

Emission lines (broad and/or narrow, depending on orientation) for both RL and

RQ HEGs. Some synchrotron contamination in RL HEGs. No accretion-related

emission or lines expected in LEGs, only synchrotron contamination.

• Optical: continuum (blackbody from the disk, some IC-scattered photons from

the corona) for both RL and RQ HEGs. Absorption expected for obscured

sources. Emission lines (broad and/or narrow, depending on orientation) for

both RL and RQ HEGs. Some synchrotron contamination in RL HEGs. No

accretion-related emission or lines expected in LEGs, onlysynchrotron contam-

ination.

• UV: ‘big blue bump’ continuum (blackbody from the disk, IC-scattered photons

from the corona) for both RL and RQ HEGs. Absorption expectedfor obscured

sources. Emission lines (broad and/or narrow, depending on orientation) for both



28 CHAPTER 1. INTRODUCTION

RL and RQ HEGs? No accretion-related emission or lines expected in LEGs,

only synchrotron contamination.

• X-rays: continuum mostly from the corona, both in RL and RQ HEGs. Soft

X-rays produced by reflection in RQ LEGs, by the jet in RL HEGs and LEGs.

Absorption expected for obscured sources. Emission lines (broad and/or narrow,

depending on orientation, Fe K-α line) for both RL and RQ HEGs. Synchrotron

emission from the jet in RL sources with low orientation angle.

• γ-rays: continuum mostly from the corona, both in RL and RQ HEGs. Syn-

chrotron emission from the jet in RL sources with low orientation angle. Inverse-

Compton.

1.3.2 Intermediate scale

• Radio: jets, lobes, hotspots in RL HEGs and LEGs. No AGN-related emission

in RQ objects.

• IR to UV : jets in RL HEGs and LEGs. Line+ bremsstrahlung emission from

photoionized/hot outflows in powerful RQ HEGs.

• X-rays: jets, shocked gas around the lobes of some HEGs and LEGs. IC in-

side the lobes of radio-powerful objects. Some emission expected from strongly

photoionized regions near RQ cores.

1.3.3 Large scale

• Radio: jets, lobes, hotspots in very powerful RL HEGs and LEGs.

• IR to UV : some blackbody and line emission from hot gas in dense environ-

ments.

• X-rays: bremsstrahlung emission from very hot gas in cluster environments.
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1.3.4 Caveats

Contamination from the old stellar population is relevant for the mid-IR band in fainter

sources. This is particularly important for low-excitation objects, where there is no

torus and therefore no accretion-related emission in the IR, although IR emission is

detected in most sources.

1.4 The role of AGN in galaxy evolution

The previous Sections have introduced some of the effects AGN activity has on the

host galaxies and their environments.

It is clear that galaxy evolution cannot be understood without considering the role

of AGN in the energetic and dynamical properties of their hosts (see e.g. the review

by Benson 2010). Models such as that ofCroton et al.(2006) andBower et al.(2006)

simulate the growth and evolution of galaxies and their central black holes (see also

Merloni & Heinz 2008), and prove the importance of the AGN, ‘radio mode’ (i.e.

jet- and lobe-driven) feedback in the star-formation timescales and the creation of hot

haloes. They also show the impact of AGN activity on the ICM, and its effect on the

cooling timescales for the hot ICM (see alsoMcNamara & Nulsen 2007). The energy

input from AGN to the ICM is not just limited to the emission properties of the gas: it

also has consequences on merger activity and the growth of the most massive cluster

galaxies (De Lucia & Blaizot 2007).

It is thus clear that achieving a better understanding of howradio-loud AGN work

and their effects on their surroundings is essential at all scales, if we aim to acquire a

better knowledge of how the Universe works, from star formation to the dynamics of

dark matter haloes.

1.5 Aims of this thesis

In this Chapter I have introduced the general properties of radio-loud AGN and their

classifications. I have introduced some of the open questions that are addressed through-

out this thesis.

The main aims of this work are:
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• To study the impact of radio activity (jets and lobes) in low-power systems; to

characterise the dynamics and energetics of these structures and how they influ-

ence their hosts (Chapters3 and4).

• To analyse the correlation between jet-related X-ray and radio emission, and test

the threshold where ‘radio-quiet’, reflection models startto apply (Chapters3

and6).

• To investigate the mechanisms ruling accretion in radio-loud objects, and the sig-

natures they produce, and use them as probes for source classification (Chapters

3, 4, 5, and6).

• To understand the relationship between jet activity (time-averaged) and radiative,

‘quasar mode’ activity (immediately measured) (Chapter6).

• To test the reliability of bolometric corrections, source classification diagnostics

and black hole mass calculations (Chapters3, 4, and6).



Chapter 2

Data Analysis

In this thesis I use X-ray data to study the properties of radio-loud AGN cores and the

extended structures that form as a consequence of the interaction between the jet and

the interstellar medium in the host galaxy. Chapters3, 5 and6 are based on new and

archival data from theChandraandXMM-Newtontelescopes, while Chapter4 is based

on Chandradata alone.

X-ray data from these instruments are stored in events files which contain informa-

tion on the energy, detection time and position of each photon, as well as the orientation

of the telescope as a function of time. The number of photons can be combined with

each of these parameters to produce, respectively, spectra, lightcurves and images for

the X-ray emission of any given source. The data reduction and the extraction of these

final products is specific to each instrument, and requires a series of techniques which

are described in this Chapter.

Although no data reduction has been performed for other instruments, images and

maps from radio, optical and infrared telescopes are used for this thesis. Details on the

origin of the data and the authorship of the images and maps are given in each Chapter.

2.1 Chandra

The ChandraX-ray satellite was launched on July 1999. It consists of a series of

imaging and spectroscopic instruments, set behind 4 pairs of concentric Wolter Type-I

mirrors called the High Resolution Mirror Assembly (HRMA).To the imaging cate-

31
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gory belong the Advanced CCD Imaging Spectrometer (ACIS) and the High Resolu-

tion Camera (HRC), and the spectroscopic category covers the High and Low Energy

Transmission Gratings (HETG and LETG). For this thesis I have only used data from

the ACIS instrument.

The telescope also has a particle detector, the Electron, Proton, Helium Instrument

(EPHIN), which monitors the presence of charged particles which could damage the

other instruments.

2.1.1 Data reduction

The ACIS instrument consists of two subsets of CCD cameras, the ACIS-I and the

ACIS-S. The first instrument is formed by a square array of four 1024 by 1024 pixel,

front-illuminated CCDs. The ACIS-S is a longitudinal set of6 1024 by 1024 pixel

chips, of which two are back-illuminated (S1 and S3). The observer can specify a

subset of chips from both instruments; the most popular combinations use the central

chips of the ACIS-S (S1 to S4), with two of the ACIS-I chips (I2and I3), or the entire

ACIS-I array with two ACIS-S chips (S2 and S3). For targets that are not very spatially

extended the main chip is usually the S3, since back-illuminated chips are less sensitive

to background contamination, and yield a better signal to noise ratio in the final images

and spectra.

For very bright sources telemetry saturation can be an issue, and thus smaller sub-

arrays of chips are selected, and the Graded telemetry format is selected, which stores

less information than the Faint and Very Faint modes, which are best suited for fainter

targets where background contamination is a more pressing issue.

The pixel size of the ACIS CCDs is 0.492 arcsec.

The initial processing of the data is carried out by theChandraX-ray Center (CXC)

through a pipeline that performs different conversions and corrections. The first level,

L0, converts the rawChandratelemetry into FITS files. The L1 stage applies a series

of instrumental corrections to the data, and produces the events files that can be used

for analysis.

Although it is possible to obtain files with a higher level of standard processing,

most users choose to use the level 1 files and apply their own corrections in the sub-

sequent reduction phases. This reprocessing is carried outusing the CXC software
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CIAO. For the work presented in this thesis I used different versions of CIAO: 4.2 was

used for Chapters3 and4, and 4.4 for Chapters5 and6.

During the L2 phase several filters are applied. The grade value of each event is

assessed, and used to discard events produced by cosmic rays(which form specific

patterns in the CCDs). Good Time Interval (GTI) files are thencreated, to discard

the time intervals during the observation in which the instruments may not have been

performing correctly. The calibration files can then be applied to detect and exclude

the observation-specific bad pixels.

To achieve the maximum possible spatial precision in my images, and the best

possible signal to noise ratio, I also specified conditions that removed the pixel ran-

domization (automatically applied in older versions of thepipeline to reduce aliasing

effects), minimised the streaking (described in detail in Section 2.1.4), and removed

the afterglow effect from cosmic ray events. These corrections are automatically ap-

plied in the latest version of the basic pipeline and the CIAOreprocessing tool, but had

to be specified manually at the time my data reduction was carried out.

2.1.2 Imaging

Once a ‘clean’ events file is obtained, it can be used to produce images and spectra.

Images are created by extracting the spatial information out of the events file, and

generally applying an energy filter to minimise issues with instrument calibration and

contamination from background events. The typical energy range is 0.4 ≤ E ≤ 7 keV.

For the work presented in Chapter4 I carried out additional filtering. I used the

CIAO tool wavdetectto identify any point sources, which were then removed using

the taskdmfilth. This filtering was done to guarantee that the extended emission in the

X-ray image corresponded only to the radio lobes of the source.

For the work described in Chapter4 it was also necessary to combine images from

three different exposures. This was done with the CIAO toolmergeall, after care-

ful weighting of the individual images. This tool automatically aligns the individual

images and co-adds them according to the weights specified bythe user. It does not,

however, re-normalise the areas covered by only one or two ofthe individual images

(due to the differences in orientation and pointing), so the user must be aware of where

the chip edges and gaps are for each observation. Fig.2.1 shows the individual and



34 CHAPTER 2. DATA ANALYSIS

4

21

3

Figure 2.1: Individual 0.3-7 keV and merged 0.4-5 keV imagesfor the Circinus galaxy.
The first three panels illustrate the different orientations of the individual observations,
detailed in Table4.1. The last panel shows the final reduction stage, after the individual
observations were combined, and the point sources and readout streak excluded. The
last image has also been cut to exclude the regions that are not relevant to the analysis
of the source. The images are smoothed with aσ = 3 pixel Gaussian profile for clarity.

co-added observations for the Circinus galaxy, the object studied in Chapter4.

The qualitative analysis of the X-ray images was carried outusing the program ds9

and some tools from the FUNTOOLS C libraries, in particular those used to generate

histograms and radial profiles. Some of the images in Chapters 3 and4 have been

smoothed with a Gaussian kernel to better show the details ofthe extended structures.

The smoothing process transforms each individual photon event to an extended Gaus-

sian distribution, so that the overall effect fills in the gaps between pixels and better

represents what the image would look like for a longer exposure. This technique is

well suited to analyse faint, extended structures, but it must be used carefully with

brighter regions, since it dilutes the effects of smaller-scale structure.

2.1.3 Spectroscopy

Spectra are extracted from the L2 events files using the CIAO tool specextract, using a

series of constraints. Spatial constraints are usually derived from a qualitative analysis

data/merging3.ps
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of the X-ray image, in which regions are determined for the source and background

spectra to be extracted from. Time constraints can also be specified as a GTI file,

for example when there are periods of higher background contamination during an

observation that need to be excluded from the final spectra.

In order to useχ2 statistics I rebinned my spectra using the tool FUNGROUP,

written by M. Hardcastle using the FUNTOOLS C libraries. I binned my spectra to 20

counts per bin (after background subtraction) in most cases, but allowed for a lower

grouping (15 counts/bin) for spectra with very few counts, for example in some of the

sources analysed in Chapter6.

Spectra alone are not suitable for model fitting. The toolspecextractalso creates an

auxiliary response file (ARF) and a redistribution matrix file (RMF). The ARF contains

combined information on the effective area of the detector and its quantum efficiency,

so that when it is multiplied by the spectrum the result is thecount distribution that

would be seen with an instrument with perfect energy resolution. The RMF describes

the instrumental response as a function of energy and detector channel, effectively

mapping what energy range corresponds to each channel. Since the detector is not

perfect, the counts need to be spread over the energy resolution of the instrument,

which is why this file takes a matrix form.

Older versions of CIAO, which I used for data processing in Chapters3 and4,

required separate tasks to generate spectra, ARFs and RMFs,but they have been unified

underspecextractin the latest versions.

For the work described in Chapter4 I had to co-add spectra taken from three indi-

vidual observations. This was done with the CIAO toolcombinespectra, which also

combines the individual ARF and RMF files. This tool automatically weights the indi-

vidual spectra, ARFs and RMFs according to their exposures.While this tool is very

powerful for the analysis of faint structures, it must be used carefully. Some sources,

like active galactic nuclei, have spectra that vary not onlyin intensity, but also in shape,

and should not, therefore, be blindly added together. When the background rates are

very different between the observations being added it is also not advisable to use this

tool.
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2.1.4 Instrumental issues

The two main issues I encountered during the data analysis and reduction process were

the degradation of the energy resolution of the CCDs, and pileup.

The first issue is caused by the eventual degradation of the CCDs, due to a loss of

charged transfer efficiency caused by low energy protons. This issue affects mainly the

sensitivity at soft energies, and the CCDs that are front-illuminated, rather than back-

illuminated chips, which are better protected by the telescope gates. The data reduction

pipeline and calibration files take into account this loss ofsensitivity for individual

observations; however, it becomes relevant when trying to combine observations from

very different epochs, and can only be tackled by carefully adding up the images and

spectra.

Pileup occurs when two or more photons of similar energies hit the same CCD

pixel between two readouts, so that the instrument detects them as a single photon

with a total energy that is the sum of the individual ones. This is very problematic

for bright sources, in which the regions with higher emissivity can even appear as

completely dark, the pileup being so severe that the energy of the combined photons

falls outside the detection range of the CCD.

Pileup can be minimised by choosing a smaller area of the chipfor imaging, so

that the time between readouts is shortened. Some models (e.g. pileup for XSPEC)

try to take into account the effect pileup has on the resulting spectra, but they are not

effective in all cases.

Several of the sources described in this thesis are piled-upto different degrees, the

worst case being the spectrum of the AGN in Circinus (chapter4), which I did not have

to analyse in detail, since it was beyond the scope of that particular project.

To correct the effect of pileup on my data I carried out simulations of the affected

sources with the tools ChaRT and MARX. ChaRT generates a PSF from a given model,

which is then fed to MARX, which produces an image of the simulated PSF. A ratio is

made between this image and the original one, in which the central pixels are excluded.

A code fits a 5th-degree polynomial to this ratio as a functionof energy, to create a new

ARF that compensates for the missing pixels using the ratio of the simulated and real

images. The process is described in more detail in Sections3.3.1and6.2.1.
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2.2 XMM-Newton

XMM-Newtonwas launched in December 1999. It consists of an optical/UV tele-

scope with an instrument called the Optical Monitor (OM), and three Wolter type-1

X-ray telescopes with two different types of instruments: the European Photon Imag-

ing Camera (EPIC) and the Reflection Grating Spectrometer (RGS). I used data taken

with the EPIC cameras for Chapters3, 5 and6 of this thesis.

2.2.1 Data reduction

The EPIC camera consists of three instruments, situated in each of the three telescopes.

The MOS1 and MOS2 (Metal Oxide Semiconductor) instruments are made of two sets

of 7 front-illuminated, CCDs, which are rotated 90◦ between MOS1 and MOS2. The

PN is an array of 12 rectangular CCDs, and it is slightly offset with respect to the

optical axis of the telescope, so the pointing does not make the source fall onto the

CCD gaps. The pixel size is 1.1 arcsec for the MOS CCDs, 4.1 arcsec for the PN.

The spatial resolution of the EPIC cameras is worse than thatof Chandra’s ACIS:

the PSF FWHM is 6 arcsec, compared to 0.4 arcsec inChandra. The EPIC, how-

ever, is more sensitive, and thus better for fainter or more distant sources. The EPIC

cameras can work in timing mode and with a reduced area to minimise pileup in very

bright sources. Since the large PSF means that pileup is negligible in all the sources

considered in this thesis, no observations required timingmode.

As in the case ofChandra, theXMM-NewtonScience Archive (XSA) provides the

users with end-level data that can be used directly for analysis, although it is usually

best to manually perform the data reduction to optimise it for the specific scientific

objectives of each project.

The XSA provides the users with a series of Observation Data Files (ODF), which

include the instrument science, housekeeping, spacecraftdetails, radiation monitor and

summary files. These files are used in conjunction with the Science Analysis System

software to create the final images and spectra.

The standard reduction process consists of the taskscifbuild, which applies the

calibration conditions to each observation,odfingest, which loads the observation files,

andemchain(MOS) orepchain(PN), which generate the events files that will be used
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to produce images, spectra and lightcurves.

2.2.2 Imaging

Once the ‘clean’ events file is obtained, the procedure to create an image is very sim-

ilar to the one described forChandrain Section2.1.2. The conditions for the image

are selected by filtering out the events with a pattern that corresponds to cosmic-ray

processes, rather than photons from the source, and choosing an energy filter (which

usually covers the 0.2− 12 keV range, since further filtering can be applied when gen-

erating spectra to exclude the ranges in which the instruments are not well calibrated).

It is also at this stage that user-specified GTI files can be created and applied, to

exclude parts of the observation (e.g. to avoid periods of high particle background, see

Section2.2.4).

2.2.3 Spectroscopy

The spectra for the source and background are generated fromthe images using the

same task,evselect, by specifying the spatial coordinates. The tasksarfgenandrmfgen

generate the ARF and RMF files, respectively.

2.2.4 Instrumental issues

Despite the high sensitivity of the EPIC cameras, since the PSF of the sources is spread

over a larger area, they are less affected by pileup than theChandracameras. Pileup is

still an issue for very bright sources such as Cygnus X-1 and the Crab, but none of the

XMM data presented in this thesis are affected by it.

The CCDs ofXMM are also affected by degradation due to damage from low-

energy protons. As for the case of the ACIS inChandra, it is necessary to bear this in

mind when coadding EPIC images or spectra taken at very different epochs.

The main issue with the EPIC cameras is the high X-ray background present in

some observations. Due to its orbitXMM is very sensitive to solar flares, which release

charged particles that interfere with the instruments. While a higher background noise

may not be an issue for bright sources, it is problematic for fainter targets or extended

structures.
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The only way to address this issue is careful filtering of the observations to ex-

clude periods of flaring particle background. This is done bycreating a lightcurve for

energies greater than 10 keV for the MOS and between 10 and 12 keV for the PN. It

is at these energies that the background noise is most easilyidentified. The user then

specifies a threshold count rate and feeds it to the SAS tasktabgtigen, which creates

a GTI file that excludes the time intervals in which the count rate is higher than the

specified limit.

2.3 Spectral fitting

Spectral fitting was carried out using XSPEC, apiece of software developed by NASA’s

HEASARC (High Energy Astrophysics Science Archive Research Center).

The detectors inChandraand XMM do not measure the actual spectra of the

sources, but rather the photon counts in instrument channels. The observed counts

are related to the original spectrumf (E) (in units of photons cm−12 s−1) by:

C(I ) =
∫

∞

0
f (E)R(I ,E)dE (2.1)

whereR(I ,E) is the instrumental response (it is proportional to the probability that a

photon with energyE will be detected by the instrument channelI ). It is not possible,

in general, to obtain the original spectrum from the measured one. What is usually

done is to fit a model to the observed spectrum, and establish the goodness of fit based

on a series of parameters.

XSPEC allows the user to choose from different statistical methods for fitting. For

the work presented in this thesis the method of choice isχ2 statistics. The manner in

which fitting is done is as follows: XSPEC loads the observed source and background

spectra, normalises them by the exposure time and the effective areas, and subtracts the

background. It then loads the response files, to apply the instrumental response to the

observed, background-subtracted spectrum. This response, parametrized in terms of a

single responseR(I ,E) in equation2.1, is split into two components within XSPEC:

the response matrix (RMF) and the auxiliary response file (ARF), described in Section

2.1.3. XSPEC uses the ARF to assign a response to each instrumentalchannel, and the

RMF to assign and an energy interval to each channel.
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The model is expressed as a vector of energies and a set of functions that assign

detector channels to energies. For each modelF(E) a count rate is predicted (through

eq.2.1) and is then compared to the observed count rate, using a modified Levenberg-

Marquardt fitting algorithm. The final output is a series of values and confidence ranges

(by default 90 per cent confidence) for each model parameter,and aχ2 value and

number of degrees of freedom, to establish the goodness of fit.

The XSPEC model components fall into several categories: additive, multiplica-

tive, convolution, pileup and mixing. For my analysis I haveused additive models,

which includeapec(emission from collisionally-ionised diffuse gas),powerlaw(to

model the AGN continuum) andgaussian(for emission and absorption lines), and

multiplicative models, such aswabs(which models the effects of foreground and in-

trinsic absorption). The components can be combined to produce an overall model that

accurately represents the spectra.

The user can specify several options, such as the cosmological parameters, statistics

and confidence ranges to be used.

XSPEC can also be used to do simulations of spectra with longer exposures from

existing data, which is essential when planning future observations.
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Markarian 6

Markarian 6 is a nearby (D∼78 Mpc) Seyfert 1.5, early-type galaxy, with a double set

of radio bubbles. The outer set spans∼7.5 kpc and is expanding into the halo regions of

the host galaxy. We present an analysis of our newChandraobservation, together with

archivalXMM-Newtondata, to look for evidence of emission from shocked gas around

the external radio bubbles, both from spatially resolved regions inChandraand from

spectral analysis of theXMM data. We also look for evidence of a variable absorbing

column along our line of sight to Mrk 6, to explain the evidentdifferences seen in

the AGN spectra from the various, non-contemporaneous, observations. We find that

the variable absorption hypothesis explains the differences between theChandraand

XMM spectra, with theChandraspectrum being heavily absorbed. The intrinsicNH

varies from∼ 8× 1021 atoms cm−2 to ∼ 3× 1023 atoms cm−2 on short timescales (2-6

years). The past evolution of the source suggests this is probably caused by a clump of

gas close to the central AGN, passing in front of us at the moment of the observation.

Shells of thermal X-ray emission are detected around the radio bubbles, with a tem-

perature of∼0.9 keV. We estimate a temperature of∼0.2 keV for the external medium

using luminosity constraints from ourChandraimage. We analyse these results us-

ing the Rankine-Hugoniot shock jump conditions, and obtaina Mach number of∼3.9,

compatible with a scenario in which the gas in the shells is inducing a strong shock in

the surrounding ISM. This could be the third clear detectionof strong shocks produced

by a radio-powerful Seyfert galaxy. These results are compatible with previous find-

ings on Centaurus A and NGC 3801, supporting a picture in which these AGN-driven

outflows play an important role in the environment and evolution of the host galaxy.

41
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3.1 Introduction

RecentChandraobservations of the environments of several powerful radiogalaxies

(e.g. Hydra A,McNamara et al. 2000; M87, Young et al. 2002; Hercules A,Nulsen

et al. 2005a; see also the review byMcNamara & Nulsen 2007) have led to significant

progress in understanding the AGN-driven gas outflows in these systems and the role

they play in galaxy formation and evolution (Croton et al. 2006; Bower et al. 2006).

We now know that, although the most powerful radio outflows, spanning hundreds

of kpc, are associated with massive elliptical systems, smaller structures also connected

to an active nucleus can be found in a variety of systems and environments, including

spiral and disk galaxies (see e.g.Gallimore et al. 2006, Kharb et al. 2006, Hota &

Saikia 2006, Saikia & Jamrozy 2009). The mechanism by which these structures are

produced is likely to be related to the one we see in the most powerful sources, but

on a smaller scale. Most of the observed AGN-driven bubbles have been found to

be overpressured with respect to their surroundings, and may be thus inducing shocks

into their surrounding medium. The wide range of morphologies of the galaxies where

radio bubbles have been found, and the fact that this AGN-driven phenomenon is most

likely episodic (Saikia & Jamrozy 2009) make understanding the energetics involved in

this process fundamental to estimate its impact on AGN feedback and galaxy evolution,

and extrapolate how common this mechanism can be in low-power systems.

In our search for evidence of galaxy feedback associated with kpc-scale radio bub-

bles, we have carried out observations of a variety of systems, the most notable perhaps

being the nearby Fanaroff-Riley type I (FR I,Fanaroff & Riley 1974) galaxy Centaurus

A (Kraft et al. 2003, Croston et al. 2009), finding evidence for shocks also in smaller,

more distant systems such as NGC 3801 (Croston et al. 2007) and a rather more com-

plex scenario in the spiral galaxy NGC 6764 (Croston et al. 2008b). We recently

carried out aChandraobservation of Markarian 6 (Mrk 6, IC 450,z = 0.018676),

an early-type S0 Seyfert 1.5 galaxy (Osterbrock & Koski 1976) whose characteristics

have been studied in the radio (L1.4GHz = 1.7 × 1023 W Hz−1 sr−1), infrared, optical

and X-ray wavelengths over the last 30 years. Recent radio studies have unveiled a

complex structure surrounding the AGN, with a double set of bubbles and a radio jet

(Kukula et al. 1996), suggesting a jet precession scenario (Kharb et al. 2006). In this

paper we describe the results of our analysis of theChandraobservation.
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We have also analysed three previous datasets fromXMM-Newtonto study the

evolution of the AGN and its immediate environment over time. These data were

analysed in detail previously (Schurch et al. 2006; Immler et al. 2003), using different

models to address the complex scenario surrounding the AGN.We have approached

this analysis by searching for consistency between theChandraand XMM-Newton

datasets in the context of variable absorption, following both the methods used by

Hardcastle et al.(2009) when modelling a sample of 3CRR radio sources, and a double

partial covering model that has previously been successfulin describing the properties

of the nuclear spectrum of Mrk 6.

3.2 Observations and data reduction

Figure 3.1:Left: ChandraACIS-S 0.4-3 keV image of Mrk 6, withσ=3 pixels Gaus-
sian smoothing and overlaid VLA radio contours (Kharb et al. 2006), showing the
match between the radio and X-ray emission. In this frame arealso displayed the
source (blue, continuous) and background (magenta, dashed) extraction regions for
the bubble spectra. The label A shows a possible background quasar, while B indicates
the emission coincident with the extended [OIII] emission-line regions, see Figure3.2.
The energy range has been selected to highlight the shell-like structure surrounding the
bubbles and the overlap between the X-ray emission and the radio structure.Right:
(non-smoothed)XMM-Newton’s MOS 1 image (obsid 0305600501) of Mrk 6, with the
source (blue, continuous) and background (magenta, dashed) extraction regions for all
the AGN spectra (ChandraandXMM).

We observed Mrk 6 withChandra’s ACIS-S CCD on July 12 2009, with a total

Mrk6/f01.eps
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exposure of 75 ksec. The observation was carried out in faintmode, to minimise issues

with the background and at the same time avoid telemetry saturation. There were

no intervals of high background during this observation, hence we analyse the full

exposure. We reprocessed the data from level 1 events in the standard manner, using

CIAO 4.2 and CALDB 4.2.0. To improve the quality of the data for the purposes of a

study of the extended radio bubbles, we removed the pixel randomization and ran the

destreaking routines on the data. We produced two filtered images (0.3-7 keV and 0.5-

5 keV) to assess the extent and structure of the radio bubbles, and chose our regions

accordingly, but extracted all the spectra from the original events file. We performed

our spectral fits with XSPEC, constraining the energy range to be coincident with that

covered by the instrument calibration (0.3-7 keV). We estimated the pileup fraction for

these data from theChandradocumentation and calculated a numerical value using

the PIMMS tools. The pileup fraction is about 12% throughoutthe observation (there

are no substantial differences in the count rate during the observation).

The XMM-Newtonobservations were taken in March 2001 (obsids 0061540101

and 0061540201), April 2003 (obsid 0144230101) and October2005 (obsid 0305600501).

We reduced the data using the standard routines from SAS version 9.0 and the latest

calibration files. Table3.1 gives details on the exposure times. The 2001 and 2003

observations were taken with the medium filter, while 0305600501 was taken with

the thin filter. We decided not to use the observation 0061540201 because it was

taken in calibration closed mode. We discarded the first 10 ksec from the observa-

tion 0144230101 due to high background. Despite the background contribution being

uneven during this observation, after examining the relative count rates of the source

and the background, we decided not to discard any other time intervals, since the back-

ground in these periods was always below 10% of the intensityof the source across

the whole energy range, which is accurate enough for our purposes. We extracted

spectra for the PN, MOS1 and MOS2 cameras, except in the case of the observation

0144230101, where a PN spectrum could not be obtained. We limited our spectral fits

to the 0.3-8.0 keV energy range, to analyse an energy range comparable to that covered

by Chandra.

For the study of the properties of the AGN we used the same extraction region for

the ChandraandXMM data, a∼60 arcsec radius circle centred in the source, which

contains most of the MOS and PN PSF. Although we know from theChandraimage
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that there are a few point sources other than the AGN within this extraction region (see

Figure3.1), they are not resolved by theXMM instruments, and their intensities are so

low compared to the AGN that we can consider their effects negligible. We also use

the same background region for all the data, a∼50 arcsec radius circle, North of the

source region to avoid contamination from the host galaxy, as seen on Figure3.1.

To simulate the AGN on theChandradetector we used the ChaRT 1.0 web interface

and MARX version 4.5.

Figure 3.2: [OIII] image of Mrk 6 fromKukula et al.(1996), with overlaid radio
contours, showing the structure of the extended emission-line region (ENLR).Scale:
1′′=366 pc.

For the study of the extended bubble area, we used as a reference the radio data

from Kharb et al.(2006), defined contours around the largest-scale bubbles and drew

source regions outside these contours, keeping well away from the central AGN to

avoid contamination from its PSF, as well as from the inner radio bubbles and jet.

Figure3.1 shows details on the extraction regions and the structure ofthe extended

emission from the bubbles. In this case, we took care to exclude the only likely back-

ground source (South of the source, see discussion in Section 3.3.2) in order to avoid

contamination in our spectra.

Mrk6/f02.eps
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All the spectra were grouped to 20 counts per bin after background subtraction,

before spectral fitting, to be consistent withχ2 statistics. We used a fixed Galactic

absorption ofNH = 6.39× 1020atoms cm−2 (Dickey & Lockman 1990a) for all our

spectral fits, and a redshiftz= 0.018676 (SIMBAD).

Table 3.1: Summary of Mrk 6 X-ray observations.
Telescope Instruments Date Obsid ksec

XMM-Newton PN, MOS1,2 2001/04/26 0061540101 31

XMM-Newton MOS1,2 2003/04/26 0144230101 41

XMM-Newton PN, MOS1,2 2005/10/27 0305600501 20

Chandra ACIS 2009/06/12 10324 75

All the parameters estimated with XSPEC are quoted with 90% confidence uncer-

tainties. The errors on the upper limit of counts for the extended regions are 1σ.

3.3 Results

3.3.1 The Seyfert core

Instrumental corrections

When we first approached the analysis of our data, we extracted a spectrum using the

regions illustrated in the right panel of Figure3.1 and fitted a model consisting of a

double power law with Galactic and heavy intrinsic absorption. We were surprised

to find that theChandraandXMM-Newtonspectra looked radically different. After

checking the observation details of theChandradata, using the on-line toolPIMMS,

we found that the AGN spectrum had a noticeable pileup fraction (∼ 12 per cent), com-

patible with the frame time of the observation (3.1 s) and thebackground-subtracted

count rate of the AGN (∼ 0.11 counts/s). This resulted in a “ghost” peak around 2 keV

in our spectra, caused by piled up 1 keV photons. We could not obtain satisfactory re-

sults from the XSPECpileupmodel, perhaps due to the complexity of our underlying

model, so we decided to attempt a different approach, previously applied with success

by Getman et al.(2005), Evans et al.(2005), andHardcastle et al.(2006).

In most sources only the central pixels of the PSF are affected by pileup. These

innermost pixels also contain a large fraction of the total photon counts; so eliminating

them effectively removes any issues with pileup, but it also resultsin a lower signal to
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Figure 3.3:Left: realChandraACIS-S (75 ks) 0.3-7 keV image of Mrk 6, withσ=2
pixels Gaussian smoothing.Right: ChaRT/MARX simulated data (150 ks) 0.3-7 keV,
with σ=2 pixels Gaussian smoothing. The scales and colour bars in both pictures are
the same. The simulated image contains only AGN photons, with no background, and
helps us correct the pileup effects in our AGN spectra (we did not simulate pileup) and
establish a statistical contribution of photons from the AGN to the bubbles and external
regions of the galaxy. Since the exposure time of the simulation is twice as long as the
one of the original data, we have corrected for any exposure-dependent effects when
using it for our analysis. The equivalent of the faint streakin the simulated image is
below the background level in the real data.Scale:1′′=366 pc.

noise ratio. If pileup is significant enough to cause a bias inthe spectral fits, however,

removing its effects often results in improved fits. In our case, excluding the central

four pixels of the PSF effectively eradicates any pileup issues in our spectra; we ex-

tracted a spectrum from such a region, centered on the core, and generated an RMF

and ARF in the standard way. However, since the PSF is energy-dependent, excluding

these pixels and extracting a spectrum from the resulting annular region alone does

not solve the problem; it is necessary to correct the ARF to account for this energy

dependence.

To correct the ARF we followed the procedure described byHardcastle et al.

(2006). We generated an energy (keV) versus flux (photons/cm2/s) table from our

model fit and fed it to ChaRT, the Chandra Ray Tracer (Carter et al. 2003), a code that

simulates a PSF from a specified model. We selected an exposure time of 150 ks, twice

as long as our real exposure, to get the best possible photon statistics in the simulated

Mrk6/f03.eps
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data while trying not to exceed the limit on the ray density. We did not simulate the

pileup with ChaRT. The output from ChaRT is a set of rays that cannot be directly

used for analysis: they need to be projected on the detector plane and converted into

an events file using MARX1.

We then generated a new events file from our original data and an annular extraction

region, identical to the one we used to generate our spectra,but excluding the central

four pixels. We used a code to fit a 5-th degree polynomial to the ratio of this events

file and the whole simulated events file as a function of energy. This code reads in

the ARF generated by CIAO and scales the effective area at each energy, using the

polynomial fit, to effectively correct for the missing effective area due to the exclusion

of the central pixels. The code then writes a new ARF which canbe used to correct for

the effects of excluding the central pixels.

We were then able to carry out fits to our extracted spectrum. As expected, the

loss of counts from the central pixels slightly decreased the signal to noise ratio, but

eliminating the bias caused by pileup resulted in a noticeably improved fit (see Section

3.3.1for details) and we obtained a better statistical result. The simulated image is

displayed on the right panel of Figure3.3, next to the original data. Although the

simulation predicts some streaking in the image, in our realexposure it is so weak it

is not detectable over the background noise, so that we cannot use it to constrain the

AGN spectrum.

Models

EarlyASCAdata on Mrk 6 have already made clear the difficulties underlying the study

of intermediate type Seyferts (Feldmeier et al. 1999), particularly when disentangling

the absorption component from the intrinsic continuum shape, and several attempts

have been made since then to successfully model both the underlying, complex phys-

ical scenario, and the properties of the X-ray emission we see. The partial covering

model used for theASCAdata was also employed in the analysis of an earlyXMM-

Newtondataset byImmler et al.(2003), while analysis of a later observation (Schurch

et al. 2006) favoured the inclusion of a reflection component.

After correcting for pileup in ourChandraspectrum, it still looked very different

1See http://space.mit.edu/CXC/MARX /docs.html
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to theXMM-Newtonspectra. Moreover, we encountered some problems when fitting

theChandraspectrum alone, using a double power law model with local andintrinsic

absorption (see below for a detailed description of the model). XSPEC is unable to

disentangle the contribution to the model from the power lawfrom that of the absorbing

column, which results in extremely low or even negative values of the photon index for

the second power law. Seeing that theChandraspectrum has fewer relative counts

and a different shape in the 2-5 keV range, we decided to test the hypothesis of a

variable absorption column along our line of sight to Mrk 6, which may be caused

by the movement of clumpy gas from the regions within a few pc of the black hole,

happening on timescales of months to years. This hypothesishas been successfully

used over a variety of Seyfert 1 and 2 X-ray spectra (see e.g.Risaliti et al. 2002) and

has already been suggested before for Mrk 6 byImmler et al.(2003) after they observed

a substantial change in the absorption column between theirXMM and BeppoSAX

observations. However, the absorption variations betweentheXMM spectra from 2001,

2003 and 2005 are much smaller (Schurch et al. 2006). Disentangling intrinsic AGN

variability from the variable obscuration is a difficult task, both in the X-rays and at

other wavelengths. We know from the optical wavelengths that changes in intensity of

the Hα and Hβ optical emission lines are a good probe of the variability ofthe central

AGN itself, but there is also evidence that suggests that thegas where these lines are

produced can undergo substantial variations over time (Rosenblatt et al. 1992).

We decided to approach the modeling of the AGN both from the perspective used

in Hardcastle et al.(2009) and Croston et al.(2007), which has proved successful

in describing the properties of many powerful radio sourcesat low to intermediate

redshifts, and under the partial covering models that have been successful at describing

not only the properties of the spectrum of Mrk 6 (Feldmeier et al. 1999; Immler et al.

2003; Schurch et al. 2006), but also several other classical Seyferts. The radio galaxy

model assumes that the soft X-ray emission arises from the jet, while the hard X-

ray powerlaw is associated to accretion, through emission from the disk. The partial

covering models assume that the soft component originates in the reflecion of the hard

component on the disk (see Section1.1.2), and the partial covering is caused by either

structures within the clumpy torus (cold absorbers) or in the broad-line region, closer

to the AGN (hot absorbers).

The first model provides an accurate description of the nuclear spectrum of Cen A
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Figure 3.4: Energy-unfoldedXMM-Newton PN (black: 0061540101; red:
0305600501) andChandraACIS-S (green) spectra of Mrk 6 to illustrate the changing
spectral shape caused by the variation in NH. The model (lines) is a power law with
local absorption, with the photon index and normalization fixed to the values obtained
in the fit of the second model (see Table3.2).

(Evans et al. 2004) and is often used to fit spectra of narrow-lined radio galaxies. We

fitted a single power law with a fixed Galactic absorption to the data (wabsXSPEC

model). We added to this model a second absorption column (zwabsXSPEC model)

at the source’s redshift, which was allowed to vary, and a second power law. We added

a redshifted Gaussian to account for the Fe Kα emission line. See Figure3.5 for an

overview of theChandraspectrum.

Mrk6/f04.eps
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Table 3.2: Best fitting parameters for theChandra and XMM-Newton AGN fit. Model 1:
wabs(apec+po+zwabs(po+zgauss));Model 2: wabs(apec+zpcfabs1*zpcfabs2(po+zgauss)). Both models include the
contribution from the thermal emission from the radio bubbles (see Section3.3.2for details).

apec Model 1 Model 2

Obsid Line E Eq. Width Local NH kT abundanceΓ1 NH Γ2 f1cov N1
H f2cov N2

H Γ Norm L2−10keV

keV eV ×1020at. cm−2 keV ⊙ ×1022at. cm−2
×1022at. cm−2

×1022at. cm−2
×10−3 ph. keV−1 cm−2 s−1

×1043erg s−1

10324 6.46+0.06
−0.07 309+331

−207 6.39 0.87+0.25
−0.23 0.35 1.5 30.78+3.28

−4.57 1.16+0.03
−0.03 0.68+0.01

−0.01 17.93+3.04
−2.54 0.83+0.01

−0.01 55.89+5.46
−4.70 1.28+0.01

−0.01 1.94+0.12
−0.08 1.23

00615401016.43+0.02
−0.03 94+36

−32 6.39 0.87+0.25
−0.23 0.35 1.5 2.70+0.08

−0.08 1.16+0.03
−0.03 0.68+0.01

−0.01 0.87+0.05
−0.05 0.83+0.01

−0.01 3.32+0.09
−0.08 1.28+0.01

−0.01 1.99+0.03
−0.02 1.25

01442301016.40+0.05
−0.05 62+60

−58 6.39 0.87+0.25
−0.23 0.35 1.5 0.80+0.05

−0.05 1.16+0.03
−0.03 0.68+0.01

−0.01 0.0 0.83+0.01
−0.01 0.90+0.03

−0.03 1.28+0.01
−0.01 2.05+0.02

−0.02 1.29

03056005016.42+0.03
−0.04 53+31

−29 6.39 0.87+0.25
−0.23 0.35 1.5 2.38+0.07

−0.07 1.16+0.03
−0.03 0.68+0.01

−0.01 1.05+0.05
−0.05 0.83+0.01

−0.01 2.38+0.06
−0.06 1.28+0.01

−0.01 2.64+0.03
−0.03 1.66

χ2=3116/ 2980 DOF χ2=3046/ 2978 DOF
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Figure 3.5:ChandraAGN spectrum with the best fitting parameters for Model 1 (see
Table3.2for details). The model in red does not take into account the thermal emission
from the radio bubbles; the model in blue does, and fits the data better around 1 keV.
The addition of the thermal component increases the model predicted flux by 12% in
the 0.7-1.1 keV range.

Although theChandradata have the spatial resolution required to differentiate the

AGN contribution from the extended thermal emission of the radio bubbles, we used

the same extraction regions on all our spectra (see Figure3.1), so as to be able to make

a direct comparison between them. We decided to take into account the contribution

of the thermal emission from the bubbles in our spectra by adding theapecXSPEC

component to our model. We will discuss the details and implications of this extended

emission in Section3.3.2; an overview of its effect on our AGN spectrum can be seen

in Figure3.5.

We individually fitted all the spectra, for each instrument of theXMM andChandra,

and then tied together the parameters for theXMM spectra belonging to the same ob-

servation, to assess the number of variable parameters: we assumed that the normaliza-

tions do not vary within the same observation between the MOSand PN instruments,

and tied together the values for the three instruments, withno significant impact on the

final statistical result. We finally attempted a full joint fitwith four groups of data, one

for Chandraand one for eachXMM observation. When setting the variable parame-

ters for the joint fit, we also decided that the photon indicesfor the second power law

Mrk6/f05.eps
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should be tied across the datasets, to break possible degeneracies with the local absorp-

tion columns, and froze the first photon index to a reasonablevalue (1.5) to minimise

the overlap degeneracy between both power laws. This allowed us to make the joint

(Chandra+ XMM) fitting considerably faster. See Figures3.5and3.6for an overview

of the ChandraandXMM spectra and Table3.2 for details on the fit parameters for

this model (Model 1).

The initial fit to the data resulted inχ2=3331 for 3149 degrees of freedom (reduced

χ2=1.058). After correcting for the pileup effects, with the methods described in Sec-

tion 3.3.1, we obtainedχ2=3125 for 2980 degrees of freedom (reducedχ2=1.049). Af-

ter adding the contribution from the radio bubbles, with theparameters frozen to their

best fit values, we obtainedχ2=3116 for 2980 degrees of freedom (reducedχ2=1.046).

Since the corrections mainly affect theChandraspectrum their contribution to the

global result is quite small, but not negligible.

As shown in Table3.2, we obtained a combined value for the index of the second

power law of 1.16+0.03
−0.03, which is quite flat. This is partly caused by the difficulty of

disentangling the index of the power law from the heavy absorption in theChandra

spectrum, as mentioned above. We found and fitted the Fe Kα emission line, setting

σ=0 to simplify the fit. The best fitting energies and equivalentwidths for the emission

line are shown in Table3.2. The line energy is consistent for all the datasets, although

the intensity of the line does change with the AGN state and the local absorption col-

umn, as expected. The errors on the equivalent widths are quite big, which may be a

sign of the line having some breadth, as suggested byFeldmeier et al.(1999), or be a

side effect of the complicated model.

To compare our results with the previousASCAandXMM results, and verify our

hypothesis of variable absorption, we tested a few other models. We found that a

single power law, with local absorption, or local+ intrinsic absorption, results in values

similar to those obtained byImmler et al.(2003), although it gives a very poor fit to

the 2003XMM spectra and does not fit at all theChandradata (reducedχ2
∼6). This

is most likely caused by the varying absorption column, which cannot be properly

accounted for with such a simple model.

We found that the only model that could allow a direct comparison with all of the

previous results was one consisting of local absorption, a double partial covering (zpc-

fabs), a power law and a Gaussian to account for the Fe emission line. We tied together
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the covering fractions across the different spectra, allowing only theNH to vary. We

did not add any reflection components to this model, since they are not considered in

theASCAanalysis byFeldmeier et al.(1999), but we did add the contribution due to

the thermal emission from the radio bubbles. The results of this fit are shown in Table

3.2under the label “Model 2”. We find that this model givesχ2=3046 for 2978 degrees

of freedom, reducedχ2=1.023. We found that the photon index of the power law in

our fit is lower than the one obtained in previous analysis of Mrk 6, only similar to

the value obtained bySchurch et al.(2006) with their third model. This is partly due

to the addition of the thermal emission component, which we deem necessary since it

has been spatially resolved and fitted to theChandradata and results in a statistical

improvement in our other model. It is also partly caused by the effect of the variable

absorption. We find the values of the Fe Kα emission line energy and equivalent width

to be consistent with the ones we obtained for the previous model. We found that it

is necessary for the two partial covering components to overlap (f 1
cov + f 2

cov > 1) for

the fit to be statistically acceptable. We tried to fix the values to the ones employed by

Schurch et al.(2006) in their analysis, but this results in a reducedχ2
∼1.7.

While Immler et al.(2003) cite a value for this photon index of 1.81 from their

analysis of theBeppo-SAXdata, which is less affected by variable absorption, they

mention in their analysis that the source was in a higher state when those data were

obtained. AnotherBeppo-SAXobservation analysed byMalizia et al.(2003) gives a

photon index∼1.5. Schurch et al.(2006); Feldmeier et al.(1999) also favour a higher

value for the photon index (1.6-2.2), but setting the photonindex to 1.6 results in a

reducedχ2
∼1.13 in our joint fit, and the fit requires a heavier absorbing column for

the second partial covering (NH = 66.61+4.92
−4.74× 1022 cm−2 for theChandraspectrum).

As shown in Table3.2, the absorption column is over an order of magnitude larger

in theChandradata than in theXMM, for both models. This high value is more similar

to the ones obtained byFeldmeier et al.(1999) in their analysis of theASCAdata. The

hypothesis of “obscuring” clouds near the AGN was proposed by Immler et al.(2003),

andSchurch et al.(2006) supported it after obtaining a relatively smaller absorption

column in their analysis of theXMM data from 2003. This detection byChandrarules

out instrumental bias. Although more data are needed to makea statistical test, current

evidence seems to point towards denser material having beenobserved in 1997 (ASCA)

and 2009 (Chandra), with the passing clouds being least dense in 2003 and interme-
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diate obscuration values in 2001 and 2005XMM-Newton. This allows us to establish

a variability timescale of 2-6 years, which translates to a distance to the central black

hole of just a few pc. Since grating data would be very useful to get an additional

insight on the structure and composition of this variable absorption, we briefly inves-

tigated theXMM-NewtonRGS spectra from the three observations. Unfortunately, the

signal to noise is rather bad, and no evident emission or absorption lines can be inferred

from them, as already noted bySchurch et al.(2006) andImmler et al.(2003).

Although the statistical result is better for the second model, we must consider the

physical implications of both models. This AGN seems to fallbetween the behaviour

expected from a classical Seyfert and that of a radio galaxy,it is therefore interesting

to explore the consequences of these results in the light of what we know about these

classifications. As explained byHardcastle et al.(2009), the soft excess characteristic

of most Narrow-Line Radio Galaxies (NLRGs) can be explainedby three classes of

model:

• It is thermal or line emission, from the photoionized material close to the AGN

or from the IGM of the host galaxy.

• It is non-thermal, power law emission from the central AGN, visible through the

partial covering material.

• It is non-thermal, power law emission related to the jet.

The first model can most likely be discarded in this case, since neither theChandra

nor theXMM spectra show evidence for strong emission lines. The RGS spectra do

show some residuals over a pure continuum model in the 0.5-1 keV region that could

be a hint of oxygen emission lines (Schurch et al. 2006), but they are quite faint, and

since the area is not spatially resolved, they could be due tothe thermal emission from

the radio lobes.

To test which of the two other models is most likely to apply inthis case we

calculated the X-ray luminosity of the unabsorbed power lawfrom our first model,

LX,u = 9.6 × 1041 erg s−1, and theνFν 5GHz luminosity at the base of the jet from

our radio maps,L5GHz = 1.41× 1038 erg s−1. On the plots byHardcastle et al.(2009)

this falls quite far from the behaviour expected for radio galaxies. We must there-

fore conclude that the jet-related soft emission must be quite low, and the dominant
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contribution to the soft excess is most likely the emission from the central AGN.

Following the results ofEvans et al.(2010) we also applied their model to our data,

to check if it would fit a photon index for the power law more consistent with the val-

ues expected from other intermediate Seyferts. This model tests a different absorption

component for the soft and hard power laws:wabs(apec+zwabs*po+zwabs*zpcfabs(zgauss+po)).

We obtained a fit to the data similar to that of our previous partial covering model,

χ2=3037.22 for 2971 DOF, reducedχ2=1.022, and a similar photon index for the sec-

ond power law, 1.25.

We also tested a model with a multiphase medium. We found thata single warm

absorber does not provide a good fit to the data, and hence split the intrinsic partial

covering absorptions of our second model into a cold (zpcfabs) and a warm (zxipcf)

component. This model seems to provide a better fit for the soft end of the spectra,

and yields aχ2=3000.98 for 2977 DOF, reducedχ2=1.007. The absorbing columns

are similar to those we found for the double cold partial covering, and the photon

index of the power law is 1.41+0.04
−0.03, higher than with any other model we have tested.

However, the ionization parameter (defined aslog(Ξ), whereΞ = L/nr2) is not very

well constrained,logΞ = −0.09+0.38
−0.47, since the model is limited by the resolution of

our spectra. Warm absorbers have been observed in other Seyferts, albeit at higher

ionization values (see e.g.Longinotti et al. 2009), but in our case the situation is less

clear. The soft excess this model successfully accounts forcan have several origins:

the jet, warm-hot gas from other regions of the galaxy, or a higher normalization of the

thermal emission from the lobes, since we decided to freeze the latter to the maximum

value provided by the spatially resolved fit. Unfortunatelythe grating spectra are not

sensitive enough to test either hypothesis, but future, longer exposures may hold the

key to the complexity we are observing in Mrk 6.

3.3.2 Radio bubble-related emission

To extract the spectra of the extended radio bubbles we only used theChandradata,

since in theXMM images this area is completely dominated by the PSF of the central

AGN. We used the contours from the radio images obtained byKharb et al.(2006)

to define our extraction regions around the 7-kpc radio bubbles, which can be seen in

Figure3.1. The photon statistics for the bubbles are not very good; we do not have
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enough counts to fit to both bubbles separately and determinetheir temperatures inde-

pendently, and even for the joint extraction the photon count is quite low (∼200 counts

after background subtraction, see Figure3.7). Even though we were careful to keep

these regions well away from the central AGN, there is still some contamination from

its PSF in our spectra. The data we simulated with ChaRT and MARX to correct the

effects of pileup in the AGN spectrum (see Section3.3.1) show the number and energy

distribution of photons from the AGN PSF across all the CCD, see Figure3.3, and

can thus be used to estimate the AGN photon contribution to our spectra from these

external regions. Our calculations show that this contamination amounts to up to 60%

of the counts in the spectra prior to background subtraction. However, the background

regions that we have chosen contain a similar number and energy distribution of pho-

tons from the AGN, its PSF being quite homogeneous on these scales, and their effect

is hence mostly eliminated. We carried out a study of the AGN contamination in our

regions by studying the energy distribution of the AGN counts in our simulated data,

within the same extraction regions. We found most of the counts to be contributing at

energies above 4 keV. There is a minor contribution at energies slightly above 1 keV.

The residuals we get from our fit at these energy ranges are likely to have an origin in

this contamination (see Figure3.7).

We have found a source of contamination from high energy photons in the form

of a small bright region (LX ∼ 1.5 × 1039 erg s−1) that can be seen on the left panels

of both Figure3.1 and Figure3.3 just South of the source (labeled as “A” in the left

panel of figure3.1). We plotted a histogram of the counts from this region, and by

their distribution, and the fact that it has no radio or optical counterpart, we infer this

is clearly a point source, most likely a background, more distant quasar. It is quite un-

likely that this object may be an X-ray binary (XRB), but it could be an ultra-luminous

X/ray source (ULX), since its magnitude should be above our detectability threshold

for this distance (LULX ∼ 1039
− 1041 erg s−1) although the morphology of the host

galaxy indicates that this is not very likely (Swartz et al. 2004).

The other bright structure North of Mrk 6, labeled as “B” in the left panel of Figure

3.1, does seem to have a thermal origin, and a similar energy histogram to the photons

we find in the bubbles; part of it is clearly surrounding the radio structure, and we

therefore assume that it is part of the hot shell outside the radio bubbles and include

it in our extraction regions. It must be noted, however, thatMrk 6 has an inner set
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of ∼1.5 kpc radio bubbles, almost perpendicular to the outer∼7.5 kpc structure (see

Kharb et al. 2006), and this is likely to cause some turmoil in the gas surrounding the

AGN. These inner bubbles are not resolved byChandra. The jet of Mrk 6 was detected

by MERLIN (Kukula et al. 1996) and is aligned in the North-South direction, so that

this is the presumed photoionizing axis of the AGN.

This direction also corresponds to the Extended Narrow-Line Region (ENLR) of

Mrk 6, see Figure3.2 and Capetti et al.(1995); Kukula et al.(1996); Kharb et al.

(2006) for details. An overlap between [OIII] and X-ray emission has been observed

in many Seyfert 2 AGNs before, and it is believed to happen when the X-ray photons

heat up and ionize the cold gas around the AGN. The [OIII] emission in this system

seems to correspond to different structures: the emission closer to the active nucleus

is clearly caused by direct photoionization from the AGN, while the two bulges that

extend in the N-S direction, showing both enhanced [OIII] and X-ray emission, are

most likely caused by the interaction of the current jet withthe surrounding material,

which heats it up both through shocks and photoionization (seeCapetti et al. 1995and

Kukula et al. 1996for details on these inner structures). Since the overlap between

the [OIII] and X-ray emission can also be observed at kpc distances, extending to the

North of the AGN, we calculated whether the nucleus could be photoionizing these

regions to X-ray and [OIII] emitting temperatures, following the steps ofWang et al.

(2009) and the models fromKallman & McCray(1982). For the X-ray emission that

can be seen∼3 kpc North of the AGN, around the edge of the radio structure,we used

the parameters derived from our fits of the nuclear spectrum and the radio lobes. We

found that such X-ray emission cannot be caused by photoionization from the AGN,

since the unabsorbed luminosity of Mrk 6 (∼ 1.3× 1043 erg s−1) can only account for

photoionized X-ray emission at distances within 300 pc of the central source. The

[OIII], however, could be photoionized by the AGN at much larger distances, as long

as the electron density stays low (< 10−1 cm−3 for distances over 3 kpc). It is likely

that some of the [OIII] emission to the North of the source mayhave been caused by

the shock itself, both via direct heating and photoionization. The fact that the [OIII]

emission follows the outline of the radio structure, but is mostly detached from it, also

supports this scenario.

With our photon statistics we cannot rule out a model in whichthis emission is

produced in some way by a precessing jet, which would also explain some of the
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emission in the ENLR. Both assumptions could explain the structures that surround

the real, but not the simulated AGN, on Figure3.3. For details on the radio structure of

Mrk 6 and the discussion of a possible jet precession scenario seeKharb et al.(2006).

We fitted to our data an emission spectrum from collisionally-ionized diffuse gas

(apecmodel in XSPEC) with the abundance fixed at 0.35⊙ and Galactic absorption,

using again the averaged column density resultNH = 6.39× 1020atoms cm−2 from

Dickey & Lockman(1990a). We estimated a temperature for the bubbles of 0.94+0.12
−0.19

keV. This model yields aχ2 value of 9.39 for 8 PHA bins and 6 degrees of freedom.

Different extraction regions yield slightly lower values ofkT, but still well within the

errors, and different values ofχ2, due to the reduced number of bins. We also tested

a larger abundance of 0.6⊙ consistent with our estimations on the thermal emission of

Cen A (Kraft et al. 2003), but this requires a lower normalization and yields a poorer

fit to the data (χ2 of 11.42 for 8 PHA bins and 6 DOF).

The normalization of this component is 8.5+1.8
−1.8 × 10−6cm−5, just high enough to be

noticeable on the spectra we extracted for the AGN (∼2% of the flux between 0.8-1.1

keV). We added anapeccomponent to our AGN model and performed a statistical test

on the temperature, finding it to agree with the results from the spatially constrained

spectrum (kT = 0.87+0.25
−0.23 keV). This addition also improves the statistics of the joint

fit, if only slightly (reducedχ2 reduced from 1.051 to 1.049). The effects of adding

this component to theChandraspectrum can be seen on Figure3.5.

To discard the possibility of the emission being non-thermal synchrotron or inverse

Compton, we attempted to fit a model consisting of a power law and local absorption

to the data, and obtained very poor results (reducedχ2 of 3.79). Therefore we can quite

safely assume the emission to be thermal.

Although the abundance that best describes the thermal emission from the bubbles

is 0.35⊙, more consistent with NGC 3801 (0.3-0.4⊙) than with Cen A (0.6⊙), the sta-

tistical difference alone is not enough to rule out a higher value for the abundance, due

to the low number of photon counts. We could argue that we are studying a quite small

early-type S0 galaxy which probably has, as our results show, a very low gas density

outside the central regions. The dust lane that is hinted at in the optical images may be

a result of a past merger; there is an equivalent structure inNGC 3801. Furthermore,

we must consider the influence of the active nucleus on the star formation history of

Mrk 6. While it has been argued for more powerful systems thatthe AGN activity
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may indeed be suppressing star formation in the host galaxy (see e.g.McNamara &

Nulsen 2007, Schawinski et al. 2009, Nesvadba et al. 2010) the situation may be more

complex for lower power systems, and early type galaxies in particular, as suggested

by Schawinski(2010). While these arguments might be enough to support the low

abundance we are observing, our tightest constraint comes from imposing the shock

conditions for the bubbles. The details of these constraints and their consequences will

be discussed in Section3.3.4.

Even though the data show a significant correspondence between the radio con-

tours and the X-ray emission inside the North bubble (see Figure3.1), which could be

associated with jet/ISM interactions leading to the heating of gas in these regions, as

in NGC 6764 (Croston et al. 2008a, Kharb et al. 2010), most of the X-ray photons

seem to correspond to the edges of the bubbles or even the regions just outside them,

which is more compatible with the presence of shells of strongly shocked gas outside

the bubbles, just as in NGC 3801 (Croston et al. 2007). While some structure can be

seen both in the radio maps and in the X-ray image, we will assume in a first approach

that the shells are spherical and uniformly filled with gas, and will later discuss the

implications of a non uniform density.

The fact that the radio emission is apparently fainter in theSouth bubble (see Figure

3.1), and the small difference in the apparent sizes of the bubbles, the North one being

slightly bigger (see the discussion of the size of the shocked shells in Section3.3.4),

is probably due to a different past history for both bubbles, due to the gas expanding

in each direction having encountered a surrounding medium with a different density,

or to an asymmetric energy output from the AGN. The radio images show there is

also a similar asymmetry in the inner E-W bubbles (Kharb et al. 2006) and the N-S

current jet (Kukula et al. 1996). The [OIII] emission is also asymmetric (see Figure

3.2). These asymmetries are not visible in the optical (HST) images of the host galaxy,

the apparent dust lane being roughly perpendicular to the outer radio bubbles, but if

the jet is indeed precessing, it could have created a somewhat cluttered environment

around the AGN. A precessing jet is not likely to explain an asymmetry in the energy

fed by the AGN to each bubble, but we cannot rule this out. Doppler boosting has been

suggested for some Seyfert jets such as the one in Mrk 231 (Reynolds et al. 2009), but

it is unlikely to be the cause of the asymmetry of the lobes in Mrk 6, since it would

require relativistic speeds for the gas in the shells, whichis inconsistent with our results
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(see Section3.3.4). This asymmetry only underlines how challenging it is to make a

self-consistent model for this kind of object. We will assume that these effects are

minor for our purposes.

3.3.3 Luminosity constraints on the external environment

To establish whether the gas from the bubbles is driving a shock into its surround-

ings we need to estimate the temperature of the external medium, derive the relative

pressures and impose the Rankine-Hugoniot conditions for pressure balance (Landau

& Lifshitz 1987). However, we have found that due to the galaxy’s morphologyand

size, the halo regions where the gas is expanding are not bright enough in the X-rays

to allow us to obtain a spectrum. While theChandraspectrum appears to admit an

additional thermal component withkT ∼0.35 keV, there is no statistical improvement

on theXMM spectra from adding it; we therefore cannot state that the component is

real.

To obtain an upper limit on the luminosity and normalizationof the gas component

in these halo regions, we calculated the background-subtracted counts from a wide

annular shell centred in the AGN (Rint=21 arcsec,Rext=59 arcsec, excluding a few

point sources resolved byChandra). We calculated the relative contribution of counts

from the AGN using the simulated dataset, applying a scalingfactor obtained from the

ratio of counts within the innermost regions of the PSF (excluding the pixels we used

for pileup correction) in the real and simulated data, whichtakes into account possible

energy-dependent variations. We then subtracted the AGN contribution from the total

number of counts in the halo, and added the 3σ error, obtaining an upper limit of 270

counts, equivalent to a rate of 3.65×10−3 counts s−1.

Using these statistical constraints on the number of photons from the halo, we can

derive upper limits on the luminosity of this region. These upper limits also constrain

the possible temperature, electron density and pressure for the gas, allowing us to test

the shock conditions. To achieve this, we chose a range of possible temperatures for

the medium outside the radio bubbles (0.1-0.6 keV) and used XSPEC with a toyapec

model to determine the limit on the normalization corresponding to our count rate

for each of our chosen temperatures. We maintained theNH and redshift parameters

fixed to the appropriate values for the system (see previous sections), and the abun-
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dance fixed at 0.35⊙; we will discuss the implications of larger abundances in the next

Section. We then derived from the flux in these models the range of possible X-ray

bolometric luminosities (see Table3.3).

We then estimated the B band luminosity of Mrk 6 from the data in the catalogue

by de Vaucouleurs et al.(1995), obtaining a value of 1.15×1010LB⊙. Since Mrk 6

contains an AGN, it is likely that we are observing a blue excess, therefore this value

is to be considered an upper limit. We used as a reference the work of O’Sullivan

et al. (2001) to estimate the feasibility of our results on the X-ray luminosity. Their

work catalogues the X-ray extended emission detected byROSATon several hundred

early-type galaxies, and attempts to establish a relationship between the X-ray and B

band bolometric luminosities for these systems. We overplotted our results on their

diagram1 (see Figure3.8) to see whether Mrk 6 falls near or above their correlation.

They excluded AGNs on their fit, and are thus only measuring the extended emission

from the galaxy, which is what we are looking for in the outer regions of Mrk 6. Our

results cover a wide range of possible X-ray luminosities, but especially for the lower

temperatures, and considering that our estimate for the B luminosity is an upper limit,

the data do fall in the right region of the plot. We can therefore assume that, although

we are not directly resolving it in ourChandraimage, our upper limit of counts is

consistent with the luminosity expected for the galaxy, excluding the AGN. This means

these photons indeed come from the extended X-ray emission of the galaxy, not from

the background or the AGN.

We also tested the K-band luminosity of Mrk 6 (1.17×1011L⊙) against its X-ray

luminosity using the relations proposed byMulchaey & Jeltema(2010), to avoid the

effects of blue excess from the AGN. We found the results to agreewith our estimations

from the B band. Our results also agree withMulchaey & Jeltema(2010) on the hot gas

content of a sample of early-type galaxies in different environments. Their work shows

that although some of these objects seem to retain their hot gas halos when living in

clusters, others lose it, while for isolated galaxies the hot gas content is mostly related

to the mass of the galaxy. Mrk 6 is quite small and seems to be living in a poor

environment; it is therefore likely to have lost most of its halo gas.

Finally, it must be noted that in the ChaRT/MARX simulations the wings of the

PSF are known to be underestimated at large distances from the point source, espe-

1We obtained the data from http://www.sr.bham.ac.uk/∼ejos/catalogue.html
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cially at low energies. We contacted theChandraCalibration team via the HelpDesk1

and consulted the available bibliography2, and estimated that, for the regions we are

considering in the halo of Mrk 6, the simulated PSF wings could be underestimated

by up to a factor of 2. If this were the case, our upper limit of counts would be more

conservative (∼30% lower) and we would be near the limit of non detection, implying

an external gas temperature below 0.1 keV (see discussion inthe next Section). If the

gas were much colder than 0.1 keV we would not be able to constrain any limits on the

density or assume a shock scenario. This would not be very consistent with what we

know about the virial temperatures of the halo gas in early type galaxies (see e.g.Naab

et al., 2007), but since we do not have the instruments to measure the extreme UV

emission a gas of these characteristics would produce, it cannot be ruled out. We must

also note that the X-ray emission cannot be accounted for by photoionization mech-

anisms (see discussion on the [OIII] emission in the previous Section). We conclude

that the shock scenario provides the most plausible explanation for the emission we are

observing.

3.3.4 Physical properties of the gas shells and ISM

Table 3.3: Estimatedapecnormalization, upper luminosity limits, electron densities
and gas pressure outside the bubbles for a sample of possiblegas temperatures.

kT apecnorm LX ne,out Pout

keV ×10−5cm−5
×1040erg s−1

×10−4cm−3
×10−13Pa

0.1 49.00 3.07 40.60 1.20

0.2 6.10 1.87 14.30 0.85

0.3 3.50 1.27 10.90 0.96

0.4 2.50 1.16 9.18 1.09

0.5 2.00 1.12 8.21 1.22

0.6 1.75 1.11 7.68 1.36

1http://cxc.harvard.edu/helpdesk/
2See http://cxc.harvard.edu/cal/Hrma/hrma/psf/index.html
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Figure 3.6:XMM AGN spectra with the best fitting parameters for Model 1 (two power
laws+ intrinsic absorption+ thermal emission from the bubbles, see Table3.2 for
details). From top to bottom, obsids 0061540101, 0144230101, 0305600501, with the
PN spectrum in black, MOS1 in red and MOS2 in green.

Mrk6/f06.eps
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Figure 3.7: Spectral fit to the spatially constrained radio bubble regions, with the best
fitting apec(T=0.94+0.12

−0.19 keV, abundance=0.35⊙, χ2=9.39 for 8 PHA bins and 6 DOF).

Mrk6/f07.eps
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Figure 3.8:LX vs. LB plot from O’Sullivan et al.(2001) with superimposed Mrk 6 B
band bolometric luminosity (vertical blue line) and the expected (upper limit) X-ray
luminosity range we calculated for the extended thermal emission outside the shells
(horizontal green strip). The diagonal dashed line is the best fit to the data excluding
AGNs, BCGs and dwarf galaxies (i.e. quiescent early-type systems). The AGN is most
likely causing a blue excess in the optical, so the B-band luminosity is an upper limit.
Given that the temperature of the external medium is most consistent with 0.1-0.2 keV,
an X-ray excess caused by this emission is likely to be happening.

Mrk6/f08.eps


3.3.
R

E
S

U
LT

S
6

7

Table 3.4:Top: Model normalization, estimatedne upper and lower limits for the shells, derived limits forne,out required to
comply with the Rankine-Hugoniot conditions for a strong shock, and inferred limits on the mass, pressure, total thermal
energy, work available from the gas filling the shells and total kinetic energy.Bottom: Same estimations for a set of Cen
A-like 200 pc-wide shells (Croston et al. 2009). The errors on the pressures and energies are derived from the errors in the
temperatures of the shells in the XSPEC fit (kT = 0.94+0.12

−0.19 keV)

Model norm ne,Nshell ne,S shell N/S Limit to ne,out MNshell MS shell PNshell PS shell ENshell ES shell WNshell WS shell KNshell KS shell

×10−6cm−5
×10−2cm−3

×10−2cm−3
×10−3cm−3

×107M⊙ ×107M⊙ ×10−12Pa ×10−12Pa ×1056erg ×1056erg ×1055erg ×1055erg ×1055erg ×1055erg

6.71 1.44 1.76 3.59/4.40 2.79 2.28 4.01+0.48
−0.82 4.91+0.59

−1.01 1.64+0.19
−0.34 1.34+0.16

−0.28 10.90+1.30
−2.23 8.92+1.06

−1.84 1.84+0.26
−0.37 1.50+0.21

−0.30

10.33 1.78 2.18 4.46/5.46 3.46 2.82 4.98+0.59
−1.02 6.10+0.72

−1.26 2.03+0.24
−0.42 1.66+0.20

−0.34 13.50+1.70
−2.70 11.10+1.30

−2.31 2.28+0.32
−0.46 1.86+0.26

−0.37

6.71 2.80 3.43 6.99/8.56 1.43 1.17 7.81+0.93
−1.60 9.57+1.14

−1.97 0.84+0.10
−0.17 0.69+0.08

−0.14 5.61+0.67
−1.15 4.58+0.54

−0.94 0.94+0.14
−0.19 0.77+0.11

−0.15

10.33 3.47 4.25 8.67/10.63 1.78 1.45 9.69+1.16
−1.99 11.87+1.42

−2.44 1.04+0.13
−0.21 0.85+0.10

−0.18 6.96+0.83
−1.43 5.68+0.68

−1.17 1.17+0.17
−0.24 0.96+0.13

−0.20
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Using the results from the previous section we can now calculate the upper limits

on the electron densities,ne, for each temperature, from the definition of the model’s

normalization:
10−14

4π[DA(1+ z)]2

∫

neNHdV (3.1)

whereDA is the angular diameter distance to the source. We assumed the volume to

be the one mentioned in the previous subsection, a wide spherical shell centred on the

AGN and beginning just outside the edge-brightened emission around the radio bub-

bles. The results are displayed in Table3.3. Notice how the derivedne,out increases

sharply below temperatures of 0.3 keV. This is caused by the loss of sensitivity of the

instrument at low energies, and a change in the behaviour andtype of emission lines

found at these temperatures. We can derive from these valuesthe pressure of the gas,

also displayed in Table3.3. The pressures are consistent with the environment of Mrk

6 being quite cold and rarefied. Notice the increase of the pressure for very low temper-

atures: this is a consequence of the steep increase in the electron density estimations.

Our choice of the∼60 arcsec region is based on the most likely dimensions of thehalo;

in order to test these constraints we selected a larger region (Rext=75 arcsec) and found

that the densities and pressures change by 15% at most.

We also estimated the limits on the electron densities for the shells, to compare

them with these upper limits we obtained for the surroundinggas. This is necessary

to verify that the proposed shock scenario holds, and see whether any limits on the

external temperature can be derived. To do this we assumed that the dominant ther-

mal contribution to the spectral fit we obtained for the radiobubbles (Section3.3.2)

originates in the edge-brightened, shell-like emission around them. Our extraction re-

gion covers the whole surface of the bubbles to include any photons from the nearest

and farthest areas of the spherical shells, which have a lower surface brightness due to

projection effects. The gas inside the bubbles is radio emitting plasma, and therefore

does not contribute to our spectrum, and any emission from gas immediately outside

the shells is accounted for by the background.

Using the constraints on the temperature and model normalization from our bubble

fit, we then estimated the North and South shell thickness from the apparent thickness

of the edge-brightened emission around the radio bubbles, which in Mrk 6 is quite

evident, see Figure3.1. Since the spectral resolution is not enough to allow us to
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discern the detailed structure of the shells, we assumed a simple spherical geometry

for each structure. From the extent of the emission we estimated for the North shell

a width of∼980 pc (Rint,N = 2.24 kpc, Rext,N = 3.22 kpc), and for the South shell

∼1100 pc (Rint,S = 1.55 kpc, Rext,S = 2.65 kpc). Estimating the thickness of the

shells is difficult due to the poor photon statistics, hence these values were taken as a

conservative upper limit. They are larger than what we expected a priori, but this may

partly be due to the apparent lower density of the external environment in Mrk 6, as

well as to the limited resolution we can achieve with our photon statistics. The results

we obtained are shown in Table3.4. This table also shows what the limits on thene

would be, both for the shells and the external environment, assuming a thickness of

∼200 pc, similar to the one estimated for Cen A.

From these values we can derive the total mass of the gas contained in each struc-

ture and the resulting pressure. These results are also displayed in Table3.4. When

comparing these results with NGC 3801 (Croston et al. 2007), we find that even though

the electron density is lower in Mrk 6, the apparent thickness of the shells is much

bigger, hence the total mass of the gas is higher by slightly less than one order of mag-

nitude. The inferred pressures for the gas are roughly the same as the ones found on

NGC 3801, due to the temperature of the gas being higher in Mrk6. The errors on

the pressure are calculated from the uncertainty in the gas temperature, 0.94+0.12
−0.19 keV.

We can see that choosing thinner shells, like the ones found on Cen A, would imply

a much smaller (∼0.5) fraction of gas, while the pressure would almost double(see

lower section of Table3.4). The pressure jumpPshell/Pout for a 1 kpc shell is∼7-63,

higher than in NGC 3801, but again this is to be expected, due to the bigger tempera-

ture contrast and more rarefied external environment in Mrk 6. The contrast would be

much higher for thinner∼200 pc shells,∼14-122.

We calculated the minimum internal pressure of the Northernbubble under equipar-

tition conditions from the radio data, fitting a broken power-law electron energy spec-

trum with p = 2 at low energies, steepening top = 3 at the electron energy that gives

the best fit to the data. We assume no protons andγmin=10. We obtained a value of

P∼4×10−13 Pa, consistent with the results obtained byKharb et al.(2006), and roughly

an order of magnitude lower than the pressures we derive fromour X-ray data. This

departure from minimum energy is often found in FR I radio galaxies (e.g.Morganti

et al. 1988), and although there are very few examples where the minimuminternal
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pressure is higher than the external pressure in the ISM, we also found this effect in

NGC 3801 and Cen A. These results imply that there is some additional contribution

to the internal pressure, caused by a large deviation from equipartition conditions, a

high fraction of non-radiating particles, such as thermal or relativistic protons origi-

nated from the interaction of the galaxy’s gas with the jet, or a low filling factor. Of

these, the second explanation is the most plausible (seeHardcastle et al. 2007c; Cros-

ton et al. 2008a), even more so if the jet is indeed precessing, as suggested by Kharb

et al.(2006), or if it is just episodic.

In the limit where there is no shock the pressures of the external medium,Pout, and

the shells,Pshell should be equal (Landau & Lifshitz 1987). The difference in the ap-

parent luminosities of both regions already rules out this situation if both temperatures

are equal. We can also rule it out by noticing that these values ofne,out andPout would

imply external temperatures far below 0.1 keV (see the results from Tables3.3 and

3.4) which is unlikely, as discussed in the previous Section. The density ratioρout/ρshell

tends to 4 in the case of a strong shock. For values ofρout/ρshell smaller than 4 the

required values of the external temperature are below or just above 0.1 keV; the most

plausible scenario is therefore that of a strong shock.

Assuming a density contrast of 4, and using again the limits on ne,out from Table

3.3, we can constrain the possible temperature for the externalgas to be around 0.2

keV. This result is consistent for both the North and South shell values and for both the

1 kpc and 200 pc shell thicknesses (the 200 pc hypothesis would imply a higher gas

density within the shells, thus to maintain the density contrast of 4 the upper cap on

the external temperature would be lowered, but the results still imply kT > 0.1 keV).

We were able to directly measure the temperature of the external medium in Cen A

(Kraft et al. 2003), and found the temperature of the ISM to be∼0.29 keV. For NGC

3801 (Croston et al. 2007) we obtained a value of 0.23+0.21
−0.09 keV. These values directly

applied to Mrk 6 would cause an inconsistency, since the density ratio cannot exceed

a value of 4, but given the uncertainties they are still in very good agreement with the

current results.

As an additional test we repeated our calculations for Z=0.6⊙ and Z=1.0⊙. The

model normalizations, and consequently the electron densities, inversely depend on

the abundance, so we found lower values as we approached the solar values. However,

the impact of this effect is bigger on the results from the external gas than to that
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contained in the shells. This causes an inconsistency when applying the conditions

for a strong shock, since the external gas would be required to have temperatures far

below 0.1 keV, which are implausible, as we discussed above.Higher abundances also

have an impact on the energy yield. The pressure and total energy for Z=0.6⊙ would

be ∼ 20% lower than the ones we calculated with Z=0.35⊙, and∼ 40% lower for

Z=1.0⊙.

To further test these results, we used the B-band luminosityof Mrk 6 to relate

it to other galaxies following the relations fromO’Sullivan et al.(2001, 2003). We

found that both the temperature of the external gas (0.2 keV)and the abundance we

fit to the data (0.35⊙) are consistent with their relations. Their sample includes two

galaxies with gas X-ray and B-band luminosities slightly larger (LX ∼ 1040 erg s−1,

LB ∼ 1011L⊙) than what we found for Mrk 6 where these parameters can be directly

related. For NGC 1549 they find an outer gas temperature∼0.25 keV and an abundance

∼0.14⊙. For NGC 4697 their results show T∼0.24 keV and Z∼0.4⊙. We therefore

consider our best estimates of the properties of the large-scale hot gas in Mrk 6 to be

plausible ones.

We can calculate the Mach number for the shock, as follows (Landau & Lifshitz

1987):

M =

√

4(Γ + 1)(Tshell/Tout) + (Γ − 1)
2Γ

(3.2)

whereΓ is the polytropic index of the gas, assumed to be 5/3. The results for our

chosen temperature range are displayed in Table3.5.

Table 3.5: Possible values of the Mach number given by our temperature constraints.
The values ofTshell are the best fit value and the 1σlimits allowed by the errors. The
most likely value is shown in bold.

kTshell (keV)

kTout (keV) 0.75 0.94 1.06

0.10 4.92 5.50 5.84

0.20 3.49 3.90 4.14

0.30 2.86 3.20 3.39

0.40 2.49 2.78 2.95

0.50 2.24 2.49 2.64

0.60 2.05 2.28 2.42
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From the previous constraints we can assume the most likely value for the temper-

ature to be 0.2+0.1
−0.1 keV. This yields a value for the Mach number of 3.90+1.94

−1.04, of the

same order of magnitude as the one we obtained for NGC 3801 (Croston et al. 2007),

although smaller than the one found for Cen A (Kraft et al. 2003). This is to be ex-

pected, since the morphology of Mrk 6 is more similar to the one of NGC 3801 than

to that of Cen A, where only one shell is detected.

The speed of sound in the ISM ranges from∼190 km s−1 in the case where the

external temperature is 0.1 keV to∼460 km s−1 whenkT = 0.6 keV. Since the Mach

number also varies with the temperature (see Table3.5), we derived a consistent value

of 1030+75
−110 km s−1 for the speed of the gas. This allows us to derive the kinetic energy

of the gas, which is displayed in Table3.4. The total thermal energy and total work

available for each radio bubble are also displayed in Table3.4.

The total energy (thermal+ kinetic) from both radio bubbles, under the 1 kpc

width assumption, is∼ 2.6− 4.6× 1056 erg. This corresponds to∼3.6×105 supernova

explosions with individual explosive energy of 1051 erg. This result also agrees with

the value derived byKharb et al.(2006) from the radio data of Mrk 6,∼ 1× 1055 erg,

since it was a lower limit. They estimate a kinetic luminosity for the jet of∼ 1042 erg

s−1, derived from an inferred radio luminosity of∼ 1040 erg s−1 and an efficiency of

1%. With our results, the jet would require∼ 1.1× 107 years to deposit all its energy

into the nuclear ISM and produce this pair of radio bubbles. This result is almost two

orders of magnitude larger than the one they obtained, but not incongruent, since their

estimation was a lower limit derived from the equipartitionpressure. These results

also agree with the timescales they propose in the context ofa precessing jet. Another

timescale can be inferred from the supersonic expansion speed of the bubbles, which

would require a time of∼ 2.5−3.1×106 years to inflate to their current size, assuming

M ∼ 4 throughout their lifetime. If we adopt this timescale, therequired jet power is

∼ 7× 1042 erg s−1.

The thermal energy stored in the shells is an order of magnitude larger than the

kinetic energy required to inflate the cavities (see Table3.4), meaning shock heating

must be the dominant energy transfer mechanism during this stage of the evolution of

the radio source. Although the emission from the surrounding gas is too weak for us

to fit a model to its brightness profile, which would be ideal todetermine the direct

impact of this thermal energy into the surrounding ISM, our results, and comparison
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with those obtained for Cen A and NGC 3801, show that this energy is enough to

significantly alter the surrounding ISM, sweeping out the remaining halo gas.

With our current photon statistics we have no direct evidence of changes in the

brightness (and therefore gas density) across the shells, therefore we cannot state

whether these structures are brighter in the inner edge, closer to the nucleus, in Mrk

6. However, this would be expected if the bubble expansion issupersonic everywhere:

even though the shock is weakest close to the nucleus, the ISMis much denser in this

direction, hence the associated X-ray emission is higher.

If we assumed the density of the gas not to be constant across the shell, with a

higher density in the area closer to the radio source, the derived constraints on the

temperature of the external medium would be relaxed, allowing higher values. Con-

sequently, the pressure and density of the external gas could also be higher. This

situation would bring our results closer to the values we obtained for Cen A and NGC

3801. While this would be desirable for consistency, we mustnote the scenario in

Mrk 6 is quite different, both due to its morphology and to its lower radio power, thus

we could indeed be seeing a case of the AGN driving a strong shock into a very cold

environment. It could also be the case that the shells are notcontinuous all around

the radio bubbles, which would change the constraints on thedensity of the gas. This

hypothesis could be tested with a longer exposure.

To conclude our analysis and study the fueling mechanism of the AGN, we used our

estimates on the external gas temperature and density to calculate the Bondi accretion

rate from the central hot gas. We used the relations fromMarconi & Hunt(2003) and

the K-band luminosity of Mrk 6 and obtained a mass for the black hole of 3.7×108M⊙.

The Bondi rate is given by

Ṁ = 4πλρG2M2
BHc−3

S (3.3)

whereλ=0.25,ρ is the density of the gas at the Bondi radius, andcS is the speed of

sound in the medium (cS =
√

ΓkT/µmp). Since the density and temperature at the

Bondi radius cannot be lower than the ones we estimated for the gas outside the shells,

we used those values to obtain a lower limit ofṀ = 2.04× 10−5M⊙ yr−1. Assuming

µ=0.1 this translates to a Bondi powerPB = 1.1 × 1041 erg s−1. The energy output

we measured from the AGN bolometric luminosity (∼ 2.4 × 1044 erg s−1, using a

bolometric correction factor of 19) and the shocked gas shells (∼ 7 × 1042 erg s−1)
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imply an accretion rate oḟM ∼ 5.7× 10−2 M⊙ yr−1. This suggests that Bondi accretion

is unlikely to provide all the energy we observed to be transferred to the ISM, even

with an efficiency of 100 per cent. Assumingµ=0.1, the density would have to be over

three orders of magnitude higher than our estimates of the density of the unshocked

gas in order for Bondi accretion to be viable. If Bondi accretion cannot account for

the energy we are observing, the main fuel source for this system is likely to be cold

gas. Cold accretion does not depend on the black hole mass andcan happen in poor

environments as long as there is a fuel reservoir, which may be the case in Mrk 6 if the

central obscuring material seen in the optical is indeed cold gas from a past merger.

3.4 Conclusions

We conclude that there is a high probability that we are observing shells of strongly

shocked gas around both radio bubbles of Mrk 6, with Mach numbers 3.2-5.5 consis-

tent with the Rankine-Hugoniot conditions for a strong shock. This is the third clear

detection of such a process in a low-power radio source, and therefore reinforces the

hypothesis that this mechanism may be very common and may play a fundamental role

in the process by which these young radio sources form their stellar populations.

It is very likely that much of the gas in the shells will escapethe gravitational

potential of the host galaxy. Our results show shock heatingis the dominant process,

thermal energy being an order of magnitude larger than the work required to inflate

the radio cavities, implying the outburst impact on the hostgalaxy’s ISM is likely to

be dramatic. Moreover, the inner set of bubbles is expandingperpendicularly to the

external ones, and into denser regions of the host galaxy. Although the shock will

probably be weaker, due to the increased density, the expansion of the inner bubbles

is likely to cause a more direct disruption on the ISM and are likely to have a bigger

impact on star formation. Unfortunately the resolution of the current generation of

X-ray telescopes does not allow us to determine the details of this ejection of gas.

We also conclude that the hypothesis of a variable absorption gas column, with

timescales of 2-6 years, caused by clumpiness of the accreting gas close to the black

hole, is a likely explanation for the variations we see between theChandraandXMM

spectra. If this is indeed the case, and as already pointed out by Risaliti et al.(2002),

this scenario could be more common than previously thought,and applicable also to
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intermediate Seyfert systems, such as Mrk 6. Observations of more such sources may

lead to better constraints on the geometry and composition of the gas distribution sur-

rounding the AGN. Further observations at soft and hard energies, and detailed X-ray

spectroscopy of this source would be of extremely useful forthis purpose.

The variable obscuration also poses some questions about the mechanism fueling

the AGN. Our analysis of the AGN core shows that the dominant contribution to the

soft excess in this system comes from the AGN non-thermal emission, although there

is some contribution from the jet, which could explain the flat power law spectra we are

observing. Our results on the energetics of the source show that Bondi accretion might

not be enough to power it, so that it is possible that cold gas accretion is the dominant

mechanism in this system, unlike what is seen in many more powerful radio sources

(Hardcastle et al. 2007a; Balmaverde et al. 2008). Cold gas has also been suggested as

the primary source of fuel for Cen A and NGC 3801 (Croston et al. 2007). It is also

possible that the active nucleus of Mrk 6 is accreting both the hot phase of the ISM

and cold gas from a past merger. This is consistent with recent results on early-type

galaxies byPellegrini(2010).

While the precessing jet scenario is challenging, due to thehigh torque required to

rotate the axis of the black hole nearly 180◦ within a time of∼ 106 years, required to

create both perpendicular sets of bubbles, it cannot be ruled out. The dust lane hinted

in the optical images could be a sign of a merger, which could have provided the nec-

essary torque, and the evidence for obscuration variability near the black hole could

be further evidence. It would be interesting to follow this hypothesis and find any cor-

relations with other systems where a similar variation in absorption has been studied.

However, this evidence can also be interpreted in terms of a cluttered and uneven envi-

ronment, which can be inferred on bigger scales from the [OIII] emission distribution,

causing the radio bubbles to expand asymmetrically and in different directions. Again,

more evidence, both from future observations of Mrk 6 and from other sources, will

be useful to achieve an accurate interpretation of the underlying physics behind the

variable absorption and the asymmetries we have observed.
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Chapter 4

The Circinus Galaxy

After the promising results found on Markarian 6 (Chapter3), the Circinus Galaxy was

an obvious choice to carry out a similar study, and see the impact of small-scale radio

bubbles in an actively star forming system. For this purpose, I wrote and submitted a

Chandraproposal in March 2010, requesting 120 kiloseconds of exposure time, to be

added to the existing observation of this galaxy. The proposal was successful, and the

following Sections describe the work carried out on the datathus obtained.

We analyse newChandraobservations of the nearest (D = 4 Mpc) Seyfert 2 active

galaxy, Circinus, and match them to pre-existing radio, infrared and optical data to

study the kpc-scale emission. The proximity of Circinus allows us to observe in strik-

ing detail the structure of the radio lobes, revealing for the first time edge-brightened

emission both in X-rays and radio. After considering various other possible scenarios,

we show that this extended emission in Circinus is most likely caused by a jet-driven

outflow, which is driving shells of strongly shocked gas intothe halo of the host galaxy.

In this context, we estimate Mach numbersM ∼ 2.7–3.6 andM ∼ 2.8–5.3 for the W

and E shells respectively. We derive temperatures of 0.74+0.06
−0.05 keV and 0.8− 1.8 keV

for the W and E shells, and an expansion velocity of∼ 900–950 km s−1. We estimate

that the total energy (thermal and kinetic) involved in creating both shells is∼ 2× 1055

erg, and their age is∼ 106 years. Comparing these results with those we previously ob-

tained for Centaurus A, NGC 3801 and Mrk 6, we show that these parameters scale ap-

proximately with the radio power of the parent AGN. The spatial coincidence between

the X-ray and edge-brightened radio emission in Circinus resembles the morphology

of some SNR shocks. This parallel has been expected for AGN, but has never been

77
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observed before. We investigate what underlying mechanisms both types of systems

may have in common, arguing that, in Circinus, the edge-brightening in the shells may

be accounted for by aB field enhancement caused by shock compression, but do not

preclude some local particle acceleration. These results can be extrapolated to other

low-power systems, particularly those with late type hosts.

4.1 Introduction

RecentChandraobservations of the environments of several radio galaxies(e.g., NGC4636,

Jones et al. 2002; Hydra A, McNamara et al. 2000; Centaurus A,Kraft et al. 2003)

have led to significant progress in understanding the AGN-driven gas outflows in these

systems and the role they play in galaxy formation and evolution (as required by mod-

els such as those ofCroton et al. 2006; Bower et al. 2006). We now know that, although

the most powerful radio outflows, spanning hundreds of kpc, are associated with mas-

sive elliptical systems, smaller structures also connected to an active nucleus can be

found in a variety of systems and environments, including spiral and disky galaxies

(e.g.Gallimore et al. 2006; Kharb et al. 2006; Saikia & Jamrozy 2009).

The mechanism by which these structures are produced appears to be similar to

the one we see in the most powerful sources, but on a smaller scale: the relativistic

plasma ejected by the AGN interacts with the surrounding medium, pushing it out

in kpc-scale radio-bright lobes, and inducing shocks that heat the medium to X-ray

emitting temperatures (see e.g.Heinz et al. 1998; McNamara & Nulsen 2007; Shabala

& Alexander 2009). The temperature structure of these bubbles has been analysed in a

variety of systems, the most famous being Centaurus A, wherethe bow shock has been

studied in detail after highly detailed images of the South-West lobe were obtained

with Chandra(see e.g.Kraft et al. 2003; Croston et al. 2009).

The varied morphologies of the galaxies where this mechanism is found, and the

fact that it is most likely episodic (Saikia & Jamrozy 2009; Kharb et al. 2006) make

understanding the energetics involved in this process fundamental to estimating its

impact on galaxy evolution. The thermodynamics of the expanding gas provide details

on the energy output from the AGN, the radiative timescales involved in this energy

being transferred to the ISM, and the way in which the energy input scales with the

mass of the host galaxy, its morphology and the power output of the AGN, which also
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yields estimates of its lifetime. The injection rate, temperature and pressure of the gas

determine star formation triggering and quenching in the central regions of the host

galaxy.

Our previous results on systems such as Cen A (Croston et al. 2009), NGC 6764

(Croston et al. 2008b), NGC 3801 (Croston et al. 2007) and Markarian 6 (Mingo et al.

2011), show that gas outflows in these systems leave distinct signatures (thermal emis-

sion inside and in the rim of the lobes, synchrotron emissionin very powerful shocks)

whose physical properties indicate that the radio bubbles are overpressured with re-

spect to their surroundings (as predicted by e.g.Capetti et al. 1999) and are, in several

cases, driving shocks into them. For some of these galaxies (e.g. NGC 3801, Mrk

6) we have been able to calculate the (substantial) fractionof the AGN power that is

being transferred to the ISM by this mechanism, setting the conditions for episodic

AGN activity and star formation rates. Although the number of suitable sources for

X-ray studies is limited, due to their small angular sizes, for nearby galaxies this tech-

nique is particularly fruitful, since with long exposures we can even resolve different

regions in the shocks driven by the lobes, allowing us to distinguish between thermal

and non-thermal (synchrotron) emission.

In this paper we investigate the low-power AGN in the Circinus galaxy. Circi-

nus is a nearby (D = 4 Mpc) spiral galaxy, which exhibits a complex extended radio

structure (Elmouttie et al. 1998a). While its nucleus and X-ray binary populations

have been studied in some depth in the past (Smith et al. 2000; Smith & Wilson 2001;

Sambruna et al. 2000, 2001a,b), the only preexisting X-ray observation where the ex-

tended emission was spatially resolved was too short to permit the study of the fainter

emission. Our new, deepChandradata allow us for the first time to study the X-ray

counterparts of the larger-scale radio structures. Our main aim in the present paper is

to test our new X-ray data, in conjunction with the existing radio observations, to test

the different scenarios that might have created the extended emission we observe, and

to derive the physical mechanisms and energetics involved.

Although Circinus is very close to us, the fact that it lies soclose to our own

Galaxy’s plane has kept it from being observed in more detailin the past (nH =

5.56× 1021 cm−2, Dickey & Lockman 1990b). Even the distance to the galaxy is not

very well constrained, with most authors relying on the estimation byFreeman et al.

(1977) of 4.2+0.8
−0.8 Mpc, with slight variations. We have settled for what seems to be the
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Table 4.1:Chandraobservations of the Circinus galaxy.

Obsid Date Exposure (ks)

00356 2000-03-14 25

12823 2010-12-17 160

12824 2010-12-24 40

most commonly accepted value, 4 Mpc, since this degree of uncertainty (∼ 5 per cent

variation in distance,∼ 10 per cent in luminosity) should not have an impact on our

conclusions, as we estimate it to be below the systematics.

4.2 Data

We observed Circinus withChandrain December 2010, for a total of 200 ks. We also

used a pre-existing observation from 2000, originally analysed bySmith & Wilson

(2001) (see Table4.1), adding up to a total of 225 ks. We reduced our data using

the standard CIAO 4.2 pipeline, applying the latest calibration files. The observations

show no trace of background flares, so that we could use the full exposures for all of

them.

We generated event files for eachChandraobservation, and merged them into

a single image with the CIAO toolmergeall. We identified the point sources with

wavdetectand cross-checked them manually for false or omitted identifications. We

then removed the point sources and the readout streak (whichis very prominent in the

longest observation, running roughly in the same orientation as the galaxy’s disk) from

the merged image, to keep them from interfering in the analysis and to achieve the best

possible characterization of the extended emission. Finally, we filled in the resulting

gaps with the CIAO tooldmfilth. The resulting image can be seen in Fig.4.1.

We used radio maps from archivalATCA (Australia Telescope Compact Array)

observations at 21, 13, and 6 cm. The analysis of the originaldata is described by

Elmouttie et al.(1998a), who also discuss the radio properties of the source in detail.

In addition to the data ofElmouttie et al.(1998a), we also obtained wide-band (2

GHz) ATCAdata collected during CABB (Compact Array Broadband Backend, Wil-

son et al. 2011) commissioning and as part of an ATNF Summer Student observation
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of Circinus. The CABB commissioning data were taken on 02 April 2009 (∼8 hr, 6 cm

only) using a compact 352 m configuration and 13 April 2009 (∼6 hr, 3 cm and 6 cm)

using a compact 168 m configuration. The ATNF Summer Student observations were

made on 16 January 2010 (∼9 hr, 3 cm and 6 cm) using a 6 km configuration.

TheATCACABB data were calibrated in the MIRIAD package (Sault et al. 1995)

and flagged using the new MIRIAD task mirflag. Model fitting of the source was

performed using uv-components in DIFMAP (Shepherd et al. 1994) with an additional

parameter used to model the spectral index of each component(thus accounting for

spectral variation of the source across the 2 GHz wide band).Both phase and amplitude

self-calibration were performed iteratively to improve the calibration and subsequent

models. The final model achieves a 1 sigma sensitivity of 50µJy/beam.

We also compared our data to the results on the ionized gas of the galaxy (Elmouttie

et al. 1998b), the HI emission (Jones et al. 1999; Curran et al. 2008) and the optical

images of the centre of the galaxy obtained with theHST(Wilson et al. 2000).

We used XSPEC 12.5 to fit models to the X-ray spectra. All the model parameters

thus estimated are quoted with 90 per cent confidence uncertainties.

4.3 Analysis

4.3.1 Imaging

The reduced and merged X-ray image we obtained is presented in Fig. 4.1. Overlaid

over the X-ray image are the 13 cm radio contours and the regions we used to extract

the surface brightness profiles shown in Figs.4.3 and4.4. This image shows sev-

eral extended structures, with different orientations (see alsoCurran et al. 2008). Our

proposed geometry is detailed in Fig.4.2, which was drawn over the combined X-

ray/radio/optical image, to reflect the scale, reach and orientation ofeach component

as accurately as possible. Our Figure is similar to the picture proposed byElmouttie

et al. (1998a), but there are some differences, particularly in the interpretation of the

different structures. The AGN and circumnuclear star-forming ring are at the centre of

the galaxy, the ring facing towards us. The galaxy’s disk extends in the NE-SW direc-

tion, with an orientation of∼ 60◦ relative to the plane of the sky (Jones et al. 1999;

Curran et al. 2008) and shows some X-ray emission, though it is fainter than theother
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Figure 4.1: Merged (new+archival ACIS-S observations) 0.4-5 keVChandraemission
with overlaidATCA13 cm contours andσ = 8 Chandrapixels (4 arcsec) Gaussian
smoothing, displaying the extent and morphology of the extended emission. All point
sources except the nucleus and the SNR have been masked out. The X-ray emission
coincides with the edges of the radio lobes (NW and SE structures), although there is
some diffuse X-ray emission coinciding with the galaxy’s disk (extending NE-SW).
This image also shows the regions we used to extract surface brightness profiles for
both radio lobes (the background was chosen from the circular, dashed regions). The
numbers indicate the first and last regions in each strip. Scale: 19.4 pc arcsec−1. The
resolution of the 13 cm radio map is 11.8× 11.0 arcsec.

Circinus/F01_R.eps
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Figure 4.2: Scheme of the different components we identify in the X-ray and radio
images.

structures. The NW lobe is unobscured, on the near side of thedisk, and the SE lobe

is partly obscured, showing a clear dip in X-ray emission in the areas covered by the

disk. Both lobes appear to be edge-brightened, though the NWlobe is much brighter

and somewhat smaller. The orientation of the lobes is roughly perpendicular to that of

the disk. There is a dip in X-ray luminosity on both lobes behind the bright edges, and

a rise towards the centre of both, suggesting that there is further structure within the

lobes. We extracted surface brightness profiles for both lobes, to quantitatively verify

the correspondence between the X-ray and radio structures,as well as to confirm the

edge-brightening in both cases. The results are illustrated in Figs.4.3and4.4. Near the

AGN, coinciding with the base of the NW lobe, quite strong X-ray emission coincides

with a region of highly ionized gas that is believed to be an ionization cone (Marconi

et al. 1994; Elmouttie et al. 1998b; Wilson et al. 2000; Smith & Wilson 2001). The

X-ray emission from the galaxy’s halo is very faint and not directly discernible from

the images shown.

The radio contours show the overlap between radio and X-ray emission (for a de-

tailed analysis of the radio maps seeElmouttie et al. 1998a). There is faint radio

Circinus/F02.eps
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emission in the NE-SW direction, coincident with the disk ofthe galaxy, while the

radio lobes extend perpendicularly to it. The pattern of radio emission in the lobes

matches the X-ray structures perfectly: the edge-brightened emission in the lobes, the

dip in luminosity behind the edges and the rise towards the centre of the lobes are spa-

tially coincident across both wavelengths, except in a few points. We tested different

orientations and distances when extracting the radial profiles in Figs. 3 and 4. The co-

incidence between the radio and X-ray edge peaks persists across most of both lobes,

though it is clearer in some areas. We chose regions that covered all the appropriate

structures: shells, lobe interior and hotspots, while trying to avoid the main emission

from the ionization cone, which has no radio counterpart, and the edges of the CCD.

The differences in the morphology of the emission between the two lobes can only

be partly explained by orientation effects. The E lobe is larger, and does show X-ray

emission outside the confines of the radio lobe edges in the regions farthest from the

AGN. The W lobe is smaller, more spherical, and its emission seems to be confined

within what is seen in the radio maps. However, the edge of theCCD is just outside the

edge of the W lobe in our long observations, and it is possiblethat we may be missing

some of the outermost edge in this direction, in which case both lobes could exhibit a

tip of X-ray emission outside the radio lobe. It is possible that the outflow may have

encountered very different environments on its way to its current position, whichcould

explain the asymmetry between the W and E lobes.

The W structure also shows the base of the ionization cone detected byMarconi

et al. (1994), while no counterpart is visible in the E, most likely due toits being

obscured by the galaxy’s disk (see Figs.4.5and4.2). TheChandraimages show three

distinct tails, propagating from the AGN in the W direction.The two brighter tails to

the North have [Oiii] and Hα counterparts (see the right panel of Fig.4.5andSmith &

Wilson 2001; Wilson et al. 2000; Elmouttie et al. 1998b) while the southernmost edge

only shows up in Hα + [Nii]. This southernmost edge could be obscured, as suggested

by Elmouttie et al., or could be produced by a different mechanism. While the top tail

is clearly one of the edges of the ionization cone, it is unclear whether the other edge

is given by the central or the southernmost tail (Elmouttie et al. 1998b).
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Figure 4.3: Surface brightness profiles for the W lobe of Circinus, as extracted from
the regions in Fig.4.1. The regions are 30× 9.6 arcsec in size, and have an inclination
angle of 6.9◦. The distance is measured along the regions in the N-S direction, starting
on the northernmost edge of the first region. The arrows indicate the N and S edges of
the shell, and the hotspot, as illustrated in Fig.4.2. Scale: 19.4 pc arcsec−1
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Figure 4.4: Surface brightness profiles for the E lobe of Circinus, as extracted from the
regions in Fig.4.1. The regions are 23× 7.4 arcsec in size, and have an inclination
angle of 30◦. The distance is measured along the regions in the N-S direction, starting
on the northernmost edge of the first region. The arrows indicate the N and S edges of
the shell, and the hotspot, as illustrated in Fig.4.2. Scale: 19.4 pc arcsec−1
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Figure 4.5: Left: The central regions of Circinus as seen in our merged, masked Chan-
dra image, withσ = 2 pixel (1 arcsec) Gaussian smoothing. The image shows the
AGN, the circumnuclear star-forming ring and the ionization cone at the base of the W
radio lobe. Right: composite image showing theHSTdata on [Oiii] emission (red), and
F814W filter (broad I) continuum (green) fromWilson et al.(2000), and the Hα emis-
sion (blue) fromElmouttie et al.(1998b), kindly provided by Bi-Qing For, illustrating
the correspondence between the structures we observe in X-rays and those visible in
the optical. The arrows point to matching structures: the N tail of the ionization cone
(1,2), the S tail (3), which is obscured in the optical images, and parts of the circum-
nuclear ring (4, 5, 6). See Fig.4.2 for more details on the geometry around these
structures. Scale: 19.4 pc arcsec−1

Circinus/F05_R.eps
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4.3.2 Spectroscopy

As we discussed in Section4.1, the nucleus of Circinus and its immediate surroundings

have been studied in detail in the past. The objective of our analysis is to study the

larger scale X-ray emission associated with the radio lobesof Circinus.

We extracted X-ray spectra of the radio lobes from regions excluding the AGN

and circumnuclear emission, as well as the (presumably) photoionized plume in the W

lobe, to avoid contamination. Our W region also avoids most of the area covered by the

part of the disk that lies behind the lobe, thus minimising any possible contamination

from it in the resulting spectrum. The spectra were binned to15 counts per bin to allow

Gaussian statistics to be used. We also binned the spectra to20 counts per bin to check

the robustness of the fits.

We used regions that cover most of the radio lobes, excludingthe circumnuclear

emission and any point sources, after verifying that the spectrum of the gas inside the

lobes does not differ from those of the gas in the shells, presumably due to the low

surface brightness emission from the shells contributing in these regions. We worked

with a number of different source and background regions to minimize contamination.

The spectra of the W lobe are fairly consistent regardless ofour choice of source and

background, but the E lobe was problematic in this respect: we found that the over-

all shape of the spectrum was independent of our choice of regions, but not entirely

consistent with any simple single or double component model. As discussed below,

this anomalous shape may be caused by a higher contribution of star-related emission

from the galaxy’s disk. The statistics on the E lobe are also poorer than those of the W

counterpart, most likely due to the higher obscuration, making it difficult to mask out

bright regions and still obtain a good fit.

We fitted to our spectra a model consisting of local Galactic absorption (wabs) and

emission from a collisionally ionized gas (apec) (see Figs.4.6and4.7). We approached

the analysis by fitting the model both to the individual spectra together and to the

coadded spectrum (generated with the CIAO toolcombinespectra). Only the former

approach is shown in the Figures, but the results are consistent for both methods. Given

that the abundance is not well constrained (especially for the E lobe, where we have

problems with both multiphase gas and covering absorbers),and if left free during

the fitting the values tend to become implausibly low, we assumed a fixed abundance
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Figure 4.6: Spectral fit to the combined spectrum of the W lobeof Circinus. Model:
wabs*apec,kT = 0.74+0.06

−0.05 keV.

of 0.15, compatible with the lower limit set by the abundances in the IGM (see e.g.

Danforth et al. 2006). Abundances higher than 0.2 do not affect the estimated values

for the temperature, but the fit statistics are much worse. See the last paragraph of

Section4.4.2for a discussion on the implications of a different value ofZ.

We found that the emission in the W lobe is very well fitted withthis single temper-

ature model, although there are some residuals, especiallyat high energies, most likely

caused by contamination from the AGN PSF. We obtained a best-fitting temperature

of 0.74+0.06
−0.05 keV, and a reducedχ2 of 1.09. See Fig.4.6and Table4.2for details.

The E lobe, however, proved to be more problematic. This areais partially covered

by the galaxy’s disk, and the spectrum (see Fig.4.7) is not successfully modelled by a

single temperature model (reducedχ2
∼ 1.5). Adding a powerlaw or a second thermal

component does improve the fit, albeit slightly (reducedχ2
∼ 1.2) and most of the

residuals persist. Adding an extra absorbing column does not improve the fit. The

poor fit could be caused by emission from an unresolved X-ray binary population and

massive stars in the disk, or unavoidable contamination from the nearby, strong AGN.

Circinus/F06_R.ps
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Figure 4.7: Spectral fit to the combined spectrum of the E lobeof Circinus. Model:
wabs*apec,kT = 1.6+0.6

−0.2 keV.

XSPEC determined a best fitting temperature for the E lobe ofkT = 1.6+0.6
−0.2 keV,

but it is not well constrained. A detailed analysis shows local minima when the model

assumeskT = 0.8 andkT = 1.8 keV. Thus we used these values as a lower and upper

limit, respectively, for the shell calculations displayedin Table4.2.

The disk over the E lobe is problematic not only because it maybe introducing

some contamination, it might also be masking an E counterpart to the W ionization

cone, which could also be contributing to our spectra. Giventhe different morphologies

of the two lobes, it is also possible that the temperature structure may be different for

the E structure. We will discuss the nature of the emission inthe lobes and its structure

in the following Sections.

We also carried out a fit over the regions corresponding to thedisk (NE-SW), and

found that a single temperature model works remarkably well, with kT = 0.69+0.19
−0.17

keV. This temperature is very similar to the one we found for the W shell, but not so

well constrained (mainly due to a higher fraction of contamination from the AGN).

To test whether there are any changes in the nature of the emission in the brighter

Circinus/F07_R.ps
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areas within the lobes, we extracted spectra from these regions. A fit to a single pow-

erlaw model gave very poor results, since the thermal emission from the shells is still

present. We then fitted to the spectra a model equal to the one we used for each shell

plus either a powerlaw or a second thermal component. The addition of a second com-

ponent improves the fit; however, the poor statistics (the brightest individual spectrum

has just∼100 counts) do not allow us to distinguish between a thermal and a non-

thermal model in this case. Although the fit is slightly better with the non-thermal

model, the difference is not statistically significant. We will discuss thenature of this

emission in Section4.4.3.

4.4 Discussion

In this Section we discuss the possible scenarios that may becausing the emission

we observe. In Section4.4.1we discuss the possibility that the large-scale emission

is caused by photoionization from the AGN. In Section4.4.2we argue that what we

are observing is, instead, a shock. As possible causes behind this shock, we contem-

plate the possibility of a starburst-driven superbubble (Section4.4.3) or a radio jet-ISM

interaction (Section4.4.4).

4.4.1 Photoionization

Given that the edges of the ionization cone coincide with thebase of the W shell almost

exactly (see Fig.4.5and the discussion at the end of Section4.3.1), it is possible that

some of the line emission studied byMarconi et al.(1994) may be caused by collisional

ionization rather than photoionization. However, without[Oiii], [N ii] and Hα maps

with a large field of view and good resolution to measure the intensities and ratios,

it is hard to tell. Given the intensity of the AGN and the lightfrom the starburst ring,

photoionization must indeed play a role in the emission we see in this region. However,

it is extremely unlikely that photoionization from the central AGN could explain the

edge-brightened, large-scale emission we are observing further out. We calculated the

extent of photoionization caused by the AGN following the methods ofWang et al.
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(2009) and the models fromKallman & McCray(1982). Given that:

ξ =
L

nR2
(4.1)

whereξ is the ionizing parameter, which we assume to be between 10 and 100 (rea-

sonable values for AGN outflows, as demonstrated byOgle et al. 2003, see alsoWang

et al. 2009). n ∼ ne is the particle density (which we assume to be between 10−2 and

10−1 cm−3), R is the distance (in cm) andL is the unabsorbed X-ray luminosity of the

AGN required to produce the observed ionization factor (we assumedL = 1.6 × 1042

erg s−1, afterde Rosa et al. 2012). In the case of Circinus, this implies that the AGN

would be able to weakly ionize (ξ ∼ 10) gas up to∼ 700 pc away, but strong ionization

(ξ ∼ 100) would only be produced within the inner∼ 200 pc. Given the relative low

luminosity of the AGN (Yang et al. 2009) and the dense environment surrounding it,

this is consistent with what is observed for the ionization cone, but shows that the edge-

brightened emission in the shells cannot be accounted for byphotoionization. Given

that the X-ray emission at the edges of the radio lobes extends up to 2-3 kpc in projec-

tion (for the W and E shell respectively), even the possibility that the AGN was more

powerful 103–104 years ago makes photoionization unrealistic to explain thelevel of

emission we are detecting at these distances, requiring densities an order of magnitude

smaller than those we measure in these regions to achieve weak photoionization.

While there are no high resolution, large scale [Oiii] or Hα maps that cover all of

the ionization cone, the existing images (Elmouttie et al. 1998b; Wilson et al. 2000) do

show other regions of the galaxy that coincide with part of the lobes, and there seems

to be no enhancement in emission in these regions, matching the radio and X-ray data,

while this enhancement is observed in the ionization cone. From a morphological

perspective, since the base of the W shell coincides with theionization cone (Marconi

et al. 1994), and given the results above, we can infer that there is a transition between

predominantly photoionized and shock-ionized gas at thesedistances, which could be

further investigated with large scale [Oiii] and Hα maps and more X-ray observations.

For consistency, we extracted a spectrum of the two northernmost tails of the ion-

ization cone (see left panel of Fig.4.5) in our longer exposure, covering distances of

150–500 pc from the AGN. We fitted the resulting spectrum to aphotemismodel (part

of WARMABS, an analytical XSPEC model implemented from XSTAR) and fore-



4.4. DISCUSSION 93

ground Galactic absorption. We assumed a gas density of 104 cm−3 and an ionizing

powerlaw withΓ ∼ 1.6 (de Rosa et al. 2012). We found that photoionized emission

alone does not fully account for the spectral shape, yielding a reducedχ2
∼ 2.5. This

may be due to the less than ideal background subtraction (a local background region

that can compensate for the AGN contamination, without including the readout streak

or emission from the star-forming ring will still include thermal emission from the

galaxy’s disk) or to a more complex spectral structure derived from the large volume

covered by our region (a requirement to obtain the necessarystatistics for the fit). By

testing the addition of different continua to improve the fit, we observed that the ion-

ization parameter remained stable, at values of log(ξ) ∼ 1.7–2.0, which supports our

assumptions in the previous paragraph. We also found very low abundance constraints

(∼ 10−2) on O, Mg and Si, and higher values (∼ 0.1–0.3) for Fe and Ne. We were

unable to constrain the abundances for the other elements, but increasing them over

our initial assumption (0.15⊙) increases theχ2.

We also studied the likelihood of detecting an identical structure in the E lobe,

behind the disk of the galaxy. We estimated the countrate we would expect in our image

from this structure with the PIMMS tool, assuming it to have the same unabsorbed flux

as our W ionization cone spectrum (F0.3−10keV,unabs = 1.5 × 10−12 erg cm−2 s−1) and a

foreground absorbing column from the disk comparable to that of the Cen A dust lane

(NH ∼ 1.5× 1022 cm−2). We found that we would only obtain∼300 counts from this

structure in our image, below the emission level from the disk of the galaxy itself, and

thus we would not be able to detect it. Although the obscuration from the disk might

be lower, it is also possible that the E ionization cone, if present, may be fainter than

its W counterpart, if the environment through which the radiation must pass is denser.

The possibility of an ionization cone in the E lobe, therefore, cannot be discarded.

4.4.2 A shock model

The match between the X-ray and radio emission is striking inCircinus (see Figs.4.3

and4.4). Unlike in other, more distant systems, where we lack the spatial resolution to

resolve these structures in such detail, the proximity of Circinus allows us to observe

that the emission from the shells coincides extremely well in radio and X-rays. In

all the radio frequencies there is a dip in luminosity behindthe shell, and a rise in
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Table 4.2: Results for the shells of Circinus. These resultsare for the temperatures
discussed in the text andZ = 0.15⊙. The columns, from left to right, show the shell,
temperature, model normalization, electron density, mass, pressure, total thermal en-
ergy, work available from the gas filling the shells and totalkinetic energy.

Shell kT Norm Ne M P E PV K

keV ×10−4cm−5
×10−2cm−3

×1036Kg ×10−12Pa ×1054erg ×1054erg ×1053erg

W 0.74+0.07
−0.05 1.39+0.24

−0.13 2.27+0.11
−0.11 1.97+0.09

−0.10 4.98+0.14
−0.25 4.56+0.22

−0.23 3.04+0.14
−0.15 5.15+0.25

−0.26

E 0.8 1.30+0.12
−0.12 2.20+0.10

−0.11 1.90+0.09
−0.09 5.21+0.23

−0.25 6.10+0.28
−0.29 4.07+0.18

−0.20 5.38+0.24
−0.26

E 1.8 1.08+0.12
−0.12 2.00+0.11

−0.11 1.73+0.10
−0.11 10.1+0.5

−0.6 5.55+0.30
−0.30 8.32+0.43

−0.45 4.89+0.27
−0.26

emission towards the centre of the radio lobes. Given the edge-brightened nature of

the emission, the abrupt jump in luminosity and the spectralproperties we derived for

the gas, we consider that the most likely scenario is that we are observing shells of

shocked gas around the radio lobes of Circinus. We will discuss below whether this

shock may be starburst or jet-driven. The dip and rise in luminosity behind the shells

suggests further complexity in their structure, since we would expect the lobes to be

uniformly filled with gas. We will discuss the nature of this emission for both the

starburst and jet scenarios.

The fact that the X-ray emission does not appear to be outsidethe radio lobes

(except at the tip of the E lobe, as discussed in Section4.3.1) suggests that the same

shock that is causing the X-ray emission in the shells (which, as detailed in Section

4.3.2, is thermal in origin) is also giving rise to enhanced synchrotron emission at radio

frequencies. The apparent thickness of the shells, measured from the X-ray images, is

∼ 300 pc, and appears constant across the entire structure.

To test the shock hypothesis we assumed two ellipsoidal shells (the geometry that

most closely follows the shells as depicted in Fig.4.2, with the smallest departure from

spherical symmetry) with the two minor axes equal. The two-dimensional regions

we used in our images have eccentricities of 0.74 and 0.52 forthe E and W shells

respectively. The E structure is larger, withRint,ma j = 1.0 kpc, Rext,ma j = 1.4 kpc,

Rint,min = 0.7 kpc,Rext,min = 0.9 kpc. The W shell hasRint,ma j = 0.8 kpc,Rext,ma j = 1.1

kpc,Rint,min = 0.7 kpc,Rext,min = 0.9 kpc. These dimensions correspond to volumes of

7.8× 1064 cm3 and 6.1× 1064 cm3 for the E and W shells respectively.

We derived the electron densities for both shells from the normalization of the
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thermal model (see Table4.2), assuming a uniform filling factor. From these densities

it is also possible to calculate the total mass of gas in the shells, the pressure, the total

thermal energy, and the work available from the gas. We foundthe densities to be

slightly higher than those we found for Mrk 6, but the total energy involved is lower by

roughly two orders of magnitude, which is to be expected given the much lower radio

power observed in Circinus.

In order to test our hypothesis of a shock scenario we attempted to extract spectra

of the gas immediately outside the lobes, but were unable to fit a model to the data, due

to the poor statistics. We then generated radial profiles forthe longest observation from

concentric annuli (rmin = 132 arcsec,rmax = 305 arcsec,δr = 8.7 arcsec), excluding

the emission from the AGN, the lobes and the galactic disk, and a suitable background.

The surface brightness of the gas in the halo is extremely low, and it barely shows up

in radial profiles (see Fig.4.8). The drop in luminosity at R∼ 440 pixels (∼ 4.2 kpc)

indicates the possible extent of the halo, but the errors aretoo large to consider this

anything more than a qualitative indication.

To better constrain the surface brightness we estimated thecount statistics for a

circular region centered in the AGN in the longest observation, excluding the regions

coincident with the lobes, the disk of the galaxy, any point sources, the readout streak

and any CCD gaps or adjacent chips in the process. We used two different radii for

this circular region,r = 246 andr = 305 arcsec, to better assess the effect of the

background, which was extracted from all the remaining S3 chip. We detected the

halo at a 3.8σ level in the 0.3–7 keV energy range (1439± 382 and 884± 239 counts

for the larger and smaller source regions respectively, corresponding in both cases to

a surface brightness of 0.011± 0.003 counts pixel−2), and at a 5.5σ level in the 0.5-2

keV range (1259± 245 and 852± 154 counts for the larger and smaller source regions

respectively, corresponding in both cases to a surface brightness of 0.010±0.002 counts

pixel−2). Since the orientation of the chips in the other two observations is different, it

is not possible to apply the same regions to them, instead we extrapolated the statistics

from the first observation to the total observed time. We thusobtained a 1σ range for

the surface brightness of the halo, in the 0.3–7 keV energy band, of 0.01–0.02 counts

pixel−2 (0.04–0.08 counts arcsec−2).

The constraints on the surface brightness allowed us to testa thermal model with

different temperatures, assuming a suitable extraction regionoutside the radio lobes (a
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Figure 4.8: Radial profile of background-subtracted countsfor the longestChandra
observation of Circinus. Scale: 1 pixel= 0.492 arcsec= 9.54 pc. The emission from
the halo of Circinus is barely above the background level, but there seems to be a net
count drop afterR ∼ 4.2 kpc (∼ 440 pixels), indicating that this may be the extent
of the halo. Combining the results for the three observations we obtained a surface
brightness estimate of 4–8× 10−2 counts/arcsec2.
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spherical shell centred in the AGN, withRint = 3.68 kpc,RCircinusext = 5.24 kpc). Given

the range of temperatures found in the haloes of similar galaxies (see e.g.Tüllmann

et al. 2006b; Yamasaki et al. 2009), we derived the electron densities forkT = 0.1 keV,

0.2 keV and 0.3 keV.

We used our low/high values for the surface brighntess and the halo shell region

to obtain estimated count rates for each temperature. We then derived theapecnor-

malizations required to obtain these count rates, and derived the electron densities and

pressures from those normalizations. The results are displayed in Table4.3. We find

that the electron densities we derive are compatible with those estimated byElmouttie

et al.(1998a), based on observations of other nearby spiral galaxies. Wealso estimated

the cooling time for the gas, obtaining results of 0.3–3.6×108 yr for kT = 0.2–0.3 keV,

and as low as 6.2 Myr forkT = 0.1 keV. These times are very short, since line cooling

is very important at these low temperatures, suggesting that the hot gas into which the

lobes are expanding must have a comparatively recent origin, possibly in a starburst

and/or supernova wind.

To verify our assumptions on the properties of the gas in the halo we used the

relations ofTüllmann et al.(2006a), which give the correlation between the X-ray lu-

minosity of the halo and other parameters for a sample of star-forming spiral galaxies.

Some of their correlations indicate a very strong dependence between the soft X-ray

luminosity of the halo and parameters such as the FIR/Hα star formation rate, and

between the overall galactic X-ray luminosity and the mass of dust or HI in the galaxy.

Given how obscured and nearby Circinus is, most previous studies have focused

just on the central star-forming ring or the supernova remnant, so that some of the

parameters we could use to derive the luminosity of the halo are not known, but we

were able to use the values fromCurran et al.(2008); Jones et al.(1999); Elmouttie

et al. (1998b); For et al.(2012) (LB,bol ∼ 2.9 × 1043 erg s−1, LUV,bol ∼ 9.1 × 1042 erg

s−1, Mdust ∼ 106 M⊙, Mstars ∼ 1011 M⊙, S FRFIR ∼ 3 − 8 M⊙ yr−1) with Tüllmann

et al.’s correlations. This allowed us to constrain the soft (0.3-2 keV) luminosity of

the halo of Circinus to 1.6-6.3×1039 erg s−1 from the correlations ofTüllmann et al.

Given that the extraction region we used in our analysis doesnot cover the full halo

of the galaxy, we find that our results are consistent with what is expected from these

correlations and the observations (see Table4.3). The luminosity we thus constrained

is also compatible with the count rates we estimated from ourimages.
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Table 4.3: Results for the external medium. The columns, from left to right, show
the low/high values of the model normalization, electron density, luminosity and gas
pressure for each assumed gas temperature.

kT Norm Ne L0.2−3keV P

keV ×10−2 cm−5
×10−2 cm−3

×1038 erg s−1
×10−12 Pa

0.1 2.80/5.70 2.35/3.35 0.71/1.45 0.70/0.99

0.2 1.00/2.10 1.40/2.03 5.30/10.70 0.83/1.20

0.3 0.33/0.66 0.80/1.14 5.04/10.07 0.72/1.01

Comparing the electron densities we derive for the shells and the external gas, we

see that density ratios of∼ 1.1–3 can be derived fromkTCircinusext = 0.2 orkTCircinusext =

0.3 keV, and smaller values (0.6–0.9) for kTCircinusext = 0.1 keV. The small density con-

trast makes the latter temperature less consistent with ourshock interpretation, given

that the density ratioρout/ρshell tends to 4 in the case of a strong shock. Based on obser-

vational results (see e.g.Hummel et al. 1991; Beck et al. 1994), the electron densities

we derived fromkT = 0.2 andkT = 0.3 keV are compatible with those seen in the

haloes of spiral galaxies.

Although the fact that we do not directly detect the externalgas is still a limitation,

since it would allow us to rule out a slow shock into a cold, dense medium, or pres-

sure conditions where a shock is not possible, the morphology of the X-ray emission,

the observed properties, and the agreement of the extrapolated values for the external

gas with what we would expect in our assumed scenario indicate that we are indeed

observing a strong shock being driven into the ISM of Circinus.

Using the observed parameters we can calculate the Mach number for the shock,

as follows (Landau & Lifshitz 1987):

M =

√

4(Γ + 1)(Tshell/Tout) + (Γ − 1)
2Γ

(4.2)

whereΓ is the polytropic index of the gas, assumed to be 5/3. We find Mach numbers

M ∼ 2.7–3.6 for the W shell (up toM = 5.1 if the external temperature is closer to

kT = 0.1 keV) andM ∼ 2.8–5.3 for the E shell (up toM = 7.6 for kT = 0.1 keV).

The sound speed is∼ 264+59
−78 km s−1, and the velocity of the shells is 915+45

−35 km s−1 for

the W shell and 950+470
−130 km s−1 for the E shell. The errors on these values reflect the



4.4. DISCUSSION 99

temperature range of both the shell and the external gas; theuncertainty on the E shell

is very large due to the range of possible shell gas temperatures, as indicated in Table

4.2. It is clear, in any case, that the velocity of the shells mustbe supersonic, and close

to 1000 km s−1, in agreement with what is observed in similar systems (e.g.Mrk 6,

NGC 3801: Mingo et al. 2011; Croston et al. 2007)

If we assume that the shells have been expanding with a constant velocity, equal to

the one we have derived for the W structure, we can constrain their age to∼ 106 years.

The total energy (enthalpy of the cavity and kinetic energy from the shock) involved in

creating both shells is∼ 2× 1055 erg, the equivalent of 104 supernova explosions with

individual energy 1051 erg, assuming a 100 per cent efficiency.

While the spectral fits of the ionization cone (see Section4.4.1) seem to support

our initial assumption ofZ = 0.15⊙, this value is still poorly constrained. It is very

likely that the areas of the galaxy covered by our regions contain a multi-phase gas, and

a range of abundances, but these cannot be studied in detail without deeper observa-

tions. The gas density we derive from our models depends bothon the abundance and

the emission measure, so that, assuming that there are no abrupt variations in the abun-

dance between the shells and the regions immediately outside them, forZ = 0.30⊙

the electron density in the shells would be∼ 25% lower, while that of the external

gas would go down by∼ 20%. The ratio between both densities, however, only de-

pends weakly onZ, so even if our assumptions on the abundance were wrong, and

the densities were smaller, our conclusions would stand. The Mach number and the

shock velocity would not change, but the total energy involved in the process would be

slightly smaller.

4.4.3 Starburst-driven bubble

Given that Circinus is a spiral galaxy, with active star formation, it is possible that the

bubbles that we are observing perpendicular to the plane of the galaxy may be caused

by a starburst or supernova-driven wind. As pointed out byElmouttie et al.(1998a),

however, the particle component within starburst-driven “bubbles” is expected to be a

mixture of thermal and non-thermal electrons, with the thermal material causing depo-

larization. The W “bubble” in Circinus does not show a high degree of depolarization.

In the E “bubble” the higher depolarization is most likely caused by the gas in the disk,
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Figure 4.9: 13 cmATCA radio map displaying the regions we used to calculate the
spectral index for the different areas (hotspots, lobes and shells, the RMS error was
estimated from the dashed circle South of the AGN). With thiscolour scale the full
extent of the radio emission can be appreciated, showing theedge-brightening in the
shocked shells, and the dip in luminosity immediately behind them. The resolution of
the radio map is 11.8× 11.0 arcsec.

which is obscuring part of the structure (for full details onthe radio polarization of

Circinus seeElmouttie et al. 1998a).

As we saw in Section4.4.2, the total energy involved in the creation of both “bub-

bles” in Circinus is∼ 2 × 1055 erg. This value is similar to the oneMatsushita et al.

(2005) calculated for the superbubble observed in M82 (0.5–2× 1055 erg), one of the

most powerful examples of superbubbles. The efficiency with which supernova explo-

sions transfer energy to the ISM is quite low (3–20 per cent, depending on the density

of the ISM and time lapse between subsequent explosions).Elmouttie et al.(1998a)

inferred a supernova rate of 0.02 sn yr−1 from their radio observations. To check this

value we used the far-infrared data fromGenzel et al.(1998) (LFIR = 7 × 109L⊙)

and the correlations fromCondon(1992) to estimate a massive star formation rate

(S FRM≥5M⊙ ∼ 0.64 M⊙ yr−1) and derived a supernova rate of∼ 0.026 sn yr−1. With

either of these values, the possibility of a supernova-driven wind is energetically vi-

able in Circinus. However, the enhanced emission at the centre of the “bubbles” is not

easy to explain, morphologically, with this model. Multiple generations of “bubbles”,

within the 106 yr age estimated for the larger structure, seem unlikely.

Circinus/F09_R.eps
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Some consideration must be given to how the radio “bubbles” are related to the

structures closer to the AGN.Elmouttie et al.(1998b) suggest that there is an ongoing

outflow of gas in the W ionization cone (with a total kinetic energy of 5× 1053 erg),

which could be powered by the AGN or a starburst wind. They suggest that the similar

sizes of theHα central ring and the base of the central radio emission indicate that

these structures are related, and that an ongoing starburstwind is the cause of both the

inner outflow and the enhanced radio emission at the centre ofthe “bubbles”. Emission

line ratios in the cone, however, suggest that the emission in the cone may be caused

by AGN-driven photoionization. For Circinus,Elmouttie et al. also point out that

the morphologies of the ionization cone and the radio “plume” are quite different,

indicating that these structures may not have the same origin. As suggested bySchulz

(1988) for NGC4151, it is possible that, as the shock that created the larger structures

in Circinus made its way through the halo gas, it created a low-density region through

which ionizing radiation, from the AGN or a starburst-wind,could escape, giving rise

to the cone. It is thus entirely possible that there is an ongoing starburst wind in the

central regions of Circinus, feeding material into the ionization cone, but that this is

not powerful enough to be the cause behind the large-scale emission in the shells and

at the centre of the “bubbles”.

The strongest argument against the starburst-driven scenario as an explanation for

the large-scale emission, however, comes from the variations in the radio spectral in-

dex we observe across the “bubbles”. Variations in the spectral index are a sign of

a change in the electron population; a lower value ofα may indicate a region where

particle acceleration is occurring. An increasing value ofα indicates radiative losses

and an aging electron population. We calculated the fluxes for the shells, the areas

immediately behind the “bubbles”, and the regions with enhanced radio and X-ray

emission inside them (which we labelled as hotspots), as illustrated in Figure4.9. We

convolved the 6 cm, 13 cm and 20 cmATCAradio maps so that the spatial resolution

was the same in all of them (20.5× 20.5 arcsec), thus ensuring that we are measuring

the emission from the same structures in all cases. To best estimate the extent of the

RMS noise we chose a background region over the galaxy’s disk, where there are flux

variations, rather than a region off-source. We then derived spectral index values for

each structure from the 6 cm/13 cm and from the 13 cm/20 cm flux measurements.

The results are illustrated in Table4.4.
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Table 4.4: Spectral indices. The spectral indices for the different extended structures
(hotspots, shells and lobes) of Circinus, have been derivedfrom theATCA6 cm, 13 cm
and 20 cm maps. The regions we used to calculate the relative fluxes are illustrated in
Fig. 4.9.

Structure λ S α

cm mJy

W hotspot

20 29.0± 2.0 ]

0.62± 0.09
13 20.7± 1.4 ]

0.59± 0.05
6 13.6± 0.7

E hotspot

20 20.9± 3.3 ]

0.60± 0.13
13 15.1± 1.7 ]

0.96± 0.07
6 7.7± 0.8

W shell

20 36.9± 3.3 ]

0.70± 0.13
13 25.3± 2.3 ]

0.94± 0.08
6 13.0± 1.0

E shell

20 37.6± 4.8 ]

0.84± 0.20
13 23.9± 3.4 ]

1.12± 0.12
6 10.8± 1.5

W lobe

20 35.3± 2.6 ]

0.71± 0.11
13 24.1± 1.8 ]

0.77± 0.06
6 14.0± 0.8

E lobe

20 37.2± 3.9 ]

0.78± 0.16
13 24.3± 2.7 ]

0.97± 0.09
6 12.2± 1.2
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Although our results are limited by the very low flux levels and by the fact that at

6 cm the structures we are observing are slightly different, it is clear that the spectral

index does vary between these three regions, and consistently so for both the West-

ern and Eastern structures, in the sense that there is flattening (α decreases) in both

hotspots and steepening (α increases) in both shells, even if the individual values are

slightly different (this may be attributed to low spatial resolution, disk obscuration of

the E lobe, and/or different spectral indices in the pre-shock electrons for both shells).

These results are also consistent with the spectral index map from Elmouttie et al.

(1998a). As stated above, this symmetrical flattening of the spectral index at the centre

of the “bubbles” is most easily explained if there is ongoingparticle acceleration. The

simplest scenario to explain this is that these regions are points where a radio jet inter-

acts with the ISM, and thus the equivalents of the hotspots observed in more powerful

systems (see Section4.4.4for more details). It is natural to assume that this same jet is

the one that provided the energy injection that caused the shock we are observing. This

is further supported by the morphology of the emission, which is coincident in X-rays

and radio, and symmetrical for both lobes, roughly equidistant from the nucleus of the

galaxy.

4.4.4 Jet-driven shocks

In light of these results we find that the scenario that best describes the data is that

which is typically assumed for radio galaxies (see e.g.Scheuer 1974; Kaiser & Alexan-

der 1997). In this scenario the jet emanating from the central AGN makes its way into

the ISM of the host galaxy, transferring part of its energy tothe surrounding gas at the

termination points (or hotspots). This energy transfer heats up the ISM gas, creating a

supersonic bow shock. The material that has flowed up the jet is observed in the form

of radio lobes.

Hotspots in X-rays are characterised by a non-thermal powerlaw spectrum, though

they are generally very faint, given that synchrotron losses are very high at these ener-

gies. As we stated in Section4.3.2, the statistics of the spectra of the hotspot regions

are quite poor, and they do not allow us to distinguish between thermal and non-thermal

emission. If the emission were non-thermal, it would be unlikely to have its origin in

widespread inverse Compton scattering, since the contribution of such a component for
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low-power radio galaxies is negligible. We estimate the IC luminosity density at 1 keV

to be∼ 6×1034 erg s−1 keV−1 for the case of Circinus (equivalent to 2–5×10−5 counts

s−1 in ChandraACIS-S, depending on the IC powerlaw photon index), using the as-

sumptions on theB field detailed in Section4.4.5. Moreover, if there was a detectable

contribution from inverse Compton it would appear uniformly across both lobes. We

calculated the spectral index between 6 cm and 1 keV for the W hotspot, and found it

to be∼ 1. This value is in the range of radio/X-ray ratios seen in FR I jets (see e.g.

Harwood & Hardcastle 2012), suggesting that synchrotron emission could account for

at least part of the X-ray emission we are observing.

Although our images do not show an active jet (at either radio, optical or X-ray

frequencies), we know that this does not rule out the possibility that there is one, from

what is observed in powerful FR II radio galaxies, where the jets are rarely seen, yet

the presence of hotspots clearly indicates their presence (e.g.Kharb et al. 2008). The

jet’s rest-frame emissivity may be very low in Circinus. Moreover, the orientation of

the lobes suggests that the jet should be at a large angle to the line of sight, so that

relativistic beaming may be reducing the visibility of a jetthat would intrinsically be

visible. Doppler-dimmed jets and hotspots have been found in other Seyfert galaxies

with low radio luminosities (see e.g.Kukula et al. 1999), illustrating how the interac-

tions of the jet with different, complex environments can change the observed radio

properties of these sources. This might also explain why theX-ray emission in the

shells extends further than the radio along the (presumed) direction of propagation of

the radio jet. This geometry is expected from some jet propagation simulations (see

e.g.Sutherland & Bicknell 2007).

In this context, to further verify our shock scenario, we calculated the minimum

internal pressure of the radio lobes under equipartition conditions from the radio data,

fitting a broken power-law electron energy spectrum withp = 2 at low energies, steep-

ening top = 3 at the electron energy that gives the best fit to the data. We assumed

ellipsoidal geometry, no protons andγmin = 10. We obtained a value ofP ∼ 6–9×10−14

Pa, consistent with the results obtained byElmouttie et al.(1998a), and roughly 2 or-

ders of magnitude lower than the pressures we derive from ourX-ray data. This depar-

ture from minimum energy is often found in FR I radio galaxies(e.g.Morganti et al.

1988); we also found this effect in NGC 3801, Mrk 6 and Cen A. These results imply

that there is some additional contribution to the internal pressure, caused by a large de-
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Table 4.5: Power scaling. The columns display the radio coreluminosity, jet kinetic lu-
minosity, and total energy (thermal+kinetic) inferred from the radio lobes for different
galaxies, illustrating power scaling.

Source L1.4GHz L jet,kin Etot,lobes

W Hz−1 sr−1 erg s−1 erg

Circinus 2.2×1020 1041 2× 1055

Cen A 1.2×1023 1043

Mrk 6 1.7×1023 1042 2.6− 4.6× 1056

NGC 3801 1.2×1023 3× 1042 1.7× 1056

viation from equipartition conditions, a high fraction of non-radiating particles, such as

thermal or relativistic protons originating from the interaction of the galaxy’s gas with

the jet, or a low filling factor. Of these, the second explanation is the most plausible

one (seeHardcastle et al. 2007c; Croston et al. 2008a).

From the age of the shells and the total energy we can infer thekinetic luminosity

of the (invisible) jet, which is∼ 1041 erg s−1. Comparing these results to those we

obtained for Mrk 6 (Mingo et al. 2011), NGC 3801 (Croston et al. 2007) or Cen A

(Kraft et al. 2003) shows that these parameters scale down with the radio powerof the

parent AGN (see Table4.5).

The fact that the X-ray emission in the shells is thermal is expected, if our shock

scenario is correct. As pointed out byCroston et al.(2009), it is likely that fast shocks

are required to produce in-situ particle acceleration and X-ray synchrotron emission in

the shocked shells, as observed in Cen A. The velocities we derive, smaller than those

found in Cen A, and the unequivocally thermal nature of the emission we observe,

suggest that the case of Circinus is more similar to that of NGC 3801 or Mrk 6.

4.4.5 Implications for particle acceleration and parallels with SNR

The fact that the radio and X-ray emission are spatially coincident in the shells of Circi-

nus resembles the morphology that is observed in some SNR, and poses the question of

how similar the underlying physical processes are. Given that we do not observe non-

thermal emission in the X-rays in the shells of Circinus, butwe do see edge-brightening

in radio, we investigate whether this enhancement of the radio synchrotron emission
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in Circinus can be fully accounted for through a shock-driven enhancement of the

B field strength, similar to what has been observed in ongoing cluster mergers (e.g.

Markevitch et al. 2005; van Weeren et al. 2010). The configuration of the magnetic

field in Circinus is not very clear. The argument ofElmouttie et al.(1998a), stating

that the dominant component of the magnetic field in the shells of Circinus seems

to be predominantly radial (perpendicular to the shock front, parallel to its direction

of propagation) is based on polarization maps and is not verystrong. Other systems

such as NGC 1068 (Wilson & Ulvestad 1987; Simpson et al. 2002) and NGC 3079

(Duric & Seaquist 1988) indicate that fields tangential to the shock front (perpendicu-

lar to the direction of propagation of the shock) are more often found in radio galaxies.

Both radial and tangentialB field configurations can be found on SNR (see e.g.Milne

1987), but only the component that is tangential to the shock front is compressed by it.

Compressed magnetic fields have been found around the leading edges of FR I radio

galaxies (Guidetti et al. 2011, 2012) from rotation measure analysis, suggesting that,

given the right conditions (a component to the magnetic fieldtangential to the front

and a strong shock) this phenomenon may be common to many low-power systems.

To investigate whether this shock-drivenB enhancement could be enough to ac-

count for the enhancement in radio emission, we must calculate whether the jump in

emissivity (of a factor of at least 40) observed between the shells and the gas just

outside them can be explained by this mechanism. The synchrotron emissivity of a

powerlaw distribution of electrons is given by :

J(ν) = CN0ν
−

(p−1)
2 B

p+1
2 (4.3)

whereC can be assumed constant,N0 is the normalization of the relativistic electron

spectrum, and (p−1)/2 = α. If we assume thatB is tangential to the shock front, apply-

ing the Rankine-Hugoniot conditions for a strong shock results in Bshells/BCircinusext ∝

ρshells/ρCircinusext, which, substituting the values from Tables4.2 and 4.3, results in

Bshells∼ 1.1–3BCircinusext. In Eq.4.3N0 is proportional to the electron density, but given

that the electron density depends on the energy density, which scales with the temper-

ature in the shock, we have thatN0,shells/N0,ext ∝ (ρshells/ρCircinusext)(Tshells/TCircinusext)
p−1.

Substituting the values from Tables4.2, 4.3 and 4.4 we can calculate the emissiv-

ity jump. Taking only the values for the W shell, which are better constrained, we
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see thatα ∼ 0.70–0.94 andTshell ∼ 0.69 − 0.81 keV. If TCircinusext = 0.2 keV, us-

ing the densities from Tables4.2 and4.3, we have (ρshells/ρCircinusext) ∼ 1.1–1.7, and

(Tshells/TCircinusext) ∼ 3.5–4.1, thus (Jshells/JCircinusext) ∼ 7–68. If TCircinusext = 0.3

keV we have (ρshells/ρCircinusext) ∼ 1.9–3.0, and (Tshells/TCircinusext) ∼ 2.3–2.7, thus

(Jshells/JCircinusext) ∼ 18–164.

These results show that shock-compression alone could be enough to fully account

for the enhancement in radio synchrotron emission if the conditions are favourable (a

strong shock and a magnetic field tangential to the shock front). It is likely that, even

in the best conditions, there is a component of the magnetic field that is perpendicular

to the shock front. Our results do not preclude local particle acceleration—it is in

fact needed if the conditions at the shock are not ideal—but we know that any particle

reacceleration is not efficient enough to power synchrotron emission in the X-rays.

When making the parallel between the shells of Circinus and what is observed in

SNR, some caution must be exercised. In young SNR whereB field amplification is

observed, it is mediated by efficient particle acceleration (Völk et al. 2005). It seems to

be clear that, in most cases, field compression alone cannot account for the acceleration

of cosmic rays that is observed in SNR, which are in fact the main source of Galactic

cosmic rays. The field amplification in SNR is much larger thanthe enhancement

expected from shock compression alone, given that the values of B in SNR tend to

be of the order of mG (Vink & Laming 2003), 2–3 orders of magnitude higher than

the values found in spiral galaxies, where typical values for the ISM of the disk are

∼ 10 µG, (see e.g.Beck et al. 1996; Vallée 2011; Hummel et al. 1991; Beck et al.

1994). Synchrotron losses also become substantial at the valuesof B found in most

SNR. Rayleigh-Taylor instabilities at the shock front (Guo et al. 2012) seem to be

present in most SNR. While Rayleigh-Taylor instabilities may be behind some of the

B enhancement in shock shells around radio galaxy lobes, strong instabilities are not

expected to develop until the jet has switched off and the radio lobes have become

buoyant (see e.g.Brüggen & Kaiser 2001).

The fact that the spectral index in the hotspots of Circinus is flatter than that of the

lobes suggests that there is spectral ageing of the synchrotron emission, evolving radi-

ally outwards from the hotspots. In the model we discuss herethe electron population

in the shells, however, must come from electrons from the external medium swept up

in the shock. These electrons are already relativistic, as we know from synchrotron
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observations of the haloes of spiral galaxies (see e.g.Beck et al. 1996). We cannot

directly measure the spectral index of the emission outsidethe shells, since it is too

faint. However, we studied the spectral index in the disk, and found a valueα ∼ 1.

This value is similar to that found in the shells, hinting that this is the spectral index

of the electron population outside the shells as well. This provides additional support

to the idea that the halo electrons swept up in the shock are not strongly reaccelerated,

since that would flatten their spectral index, and that the main mechanism behind the

enhanced synchrotron emission in the shells we observe in the radio maps is indeed

a B field enhancement. The thermal nature of the X-ray emission in the shells also

supports the hypothesis of shock compression as the dominant mechanism behind the

radio emission enhancement.

We carried out equipartition calculations for the shells, and found that, under those

conditions, the pressures we derive are over an order of magnitude below our measure-

ments. This suggests that the shells are not in equipartition and that the contribution

to the total energy density from the synchrotron-emitting electrons is not the dominant

one. This is to be expected, since the spatial coincidence between the X-ray emitting

hot gas and the synchrotron-emitting plasma implies that they coexist in this region,

and the former component is expected to dominate the energy density.

As mentioned above, compressed magnetic fields may be commonto low-power

radio galaxies. Given that field enhancement through shock compression does not

preempt particle acceleration, it is likely that in most systems a combination of both is

responsible for the observed emission. An accurate measurement of the spectral index

and emissivity of the electrons outside the lobes, and better X-ray statistics for both the

shells and the external environment, would allow us to estimate the contributions from

both processes in Circinus and in other systems. In the case of systems more similar

to Cen A, where particle acceleration seems to be causing synchrotron emission in the

shells, all the way to the X-rays, constraints on the magnetic field in the shock, e.g. via

rotation measure analysis, as inGuidetti et al.(2011), could be used for estimations on

the contribution to the emission caused by magnetic field compression.

Our results suggest that the parallel between the jet-driven shocks of low power FR

I galaxies and those of SNR, where a similar morphology and some of the same phys-

ical processes can be expected, is more common than we previously thought. The fact

that it has only been observed in Circinus is mainly due to thesmall distance between
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this galaxy and our own, which allows us to spatially resolvethese structures, and ob-

serve their characteristics with the level of sensitivity of our current instruments. This

is particularly relevant for more distant low-power radio galaxies in general, and those

with late-type hosts in particular. It is also significant for the edge-brightening in the

radio lobes of Mrk 6 (Kharb et al. 2006; Mingo et al. 2011), which could be explained

through this mechanism. As pointed out in Section4.4.2, the shock results suggest

that we are facing a scenario similar to the one we found in NGC3801, suggesting that

some of our conclusions may apply to this object, as well as, possibly, to NGC 6764.

4.5 Conclusions

We have presented a detailed analysis of the X-ray emission associated with the ra-

dio lobes of the Circinus galaxy. Our deepChandraobservation has allowed us to

study both the morphological correspondence between radioand X-ray emission, and

the X-ray spectral properties of the gas in these structures. We conclude that we are

observing shells of shocked gas around the radio lobes of Circinus, expanding into

the halo regions of the galaxy with Mach numbersM ∼ 2.7–3.6 for the W shell and

M ∼ 2.8–5.3 for the E shell, consistent with the Rankine-Hugoniot conditions for a

strong shock.

We rule out the possibility that this emission is caused by AGN photoionization,

and discard the scenario in which the radio structures are the result of star formation or

a supernova-driven wind; instead we argue that they are caused by the interaction of a

radio jet with the surrounding gas. The total energy (thermal and kinetic) involved in

the creation of these shells is∼ 2× 1055 erg. We estimate their age to be∼ 106 years.

From these parameters we infer the kinetic luminosity of thejet, which is∼ 1041 erg

s−1. When comparing these results with those previously obtained for Cen A, Mrk 6

and NGC 3801, we observe that they scale with the radio power of the source.

The presence of two symmetrical structures resembling jet termination points or

“hotspots”, together with the slightly different X-ray spectra and flattening of radio

spectral index in these regions, suggests that the radio jetmay still be active, even if it

is not visible. This suggests that “invisible” jets may be a more common occurrence

among Seyfert and late type galaxies than previously thought, given that it is difficult

to separate the different radio structures in galaxies with active star formation, when
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the radio bubbles are faint or their orientation is similar to that of the disk. This opens

new questions on the role of low radio luminosity, star-forming, active galaxies, which

are often ignored in survey studies.

In Circinus the X-ray and radio emission from the shocked shells are spatially coin-

cident. This, added to the fact that the radio emission is edge-brightened, allows us to

draw a parallel between these structures and what is observed in supernova remnants:

the radio emission from the shells comes from shock-compressed or (re)accelerated

cosmic ray electrons in the environment, but particle acceleration, if present at all, is

not efficient enough to produce TeV electrons, so that only thermal emission is ob-

served in X-rays. This correspondence has been long expected for AGN, given the

similarity between the physical processes involved in SN and jet-driven shocks, but

has not been unequivocally observed before. We believe thisscenario may be common

to other low-power radio galaxies, and potentially very relevant to those with late-type

hosts, but can only be observed where we are able to spatiallyresolve the different

structures, something that has been achieved for Circinus due to its proximity to us.
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The 2Jy sample of radio-loud AGN

5.1 Introduction: the 2Jy sample of Southern radio galax-

ies

The 2Jy sample of radio galaxies1 was defined by Wall and Peacock in 1985 (Wall &

Peacock 1985). It includes all the galaxies with flux greater than 2Jy at 2.7 GHz, with a

maximum redshift z=0.7. Tadhunter et al.(1993) andMorganti et al.(1993) defined a

subsample of Southern sources withδ < +10◦ with a complete radio and optical study.

In this Chapter I describe the objects in a statistically complete subsample of the

2Jy steep-spectrum sources defined byDicken et al.(2008), containing 47 objects with

with δ < +10◦ and redshifts 0.05 < z < 0.7. Particle acceleration in the jet causes the

radio spectrum to flatten, thus the steep-spectrum (α > 0.5) selection ofDicken et al.

(2008) excludes core and jet dominated sources As forDicken et al.(2008), we have

also included the flat-spectrum, core-dominated sources 3C273 and PKS 0521–36

for comparison. The subsample studied here has consistent,uniform multiwavelength

coverage. Chapter6 describes in detail the analysis done on the cores of these galaxies.

All the AGN in this subsample have X-ray observations save for PKS 0117–15 (3C

38), which, unfortunately, was not observed byXMM-Newton. The list of galaxies

in the sample and theChandraandXMM-Newtonobservations are listed in Table5.1.

Most of the observations were taken specifically for this project,Chandraobservations

were requested for the low-z sources to map any extended emission (jets, hotspots,

1http://2Jy.extragalactic.info/2Jy_home_page.html
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lobes and any emission from a hot IGM for sources in dense environments). For the

sources withz > 0.2, where extended structures cannot be resolved, we requested

XMM observations instead, to maximise the signal to noise ratioof the AGN spectra,

so as to allow spectral separation of the unresolved components.

From a radio classification point of view, the sample is dominated by powerful

sources, with 6 objects being Fanaroff-Riley type I (FR I), 8 compact sources (compact

steep-spectrum/gigahertz peaked-spectrum, labeled as CSS or C/J), and 32 Fanaroff-

Riley type II (FR II) (Morganti et al. 1993, 1999). As for emission line classification,

10 sources are LERGs, 19 are NLRGs, 13 are BLRGs and 4 are QSOs (Tadhunter et al.

1993, 1998). Two of our BLRGs (PKS 0035-02, or 3C 17, and PKS 1151-34) have

double-peaked Balmer lines, which have been a matter of debate regarding the possi-

bility that they are generated in radiatively-inefficient scenarios (see e.g.Eracleous &

Halpern 1994; Nagao et al. 2002). Recent results, however, seem to indicate that, at

best, double-peaked lines are common to radiatively inefficient and efficient sources

(Wu & Liu 2004), if not a sign of radiatively efficient accretion, as ordinary broad lines

are (see e.g. the review bySulentic et al. 2000).

The 2Jy sample does not overlap with the 3CRR catalogue, due to the different lo-

cation of the sources (the 3CRR catalogue covers sources in the Northern hemisphere,

δ > +10◦). Some of the brightest sources are included in the original3C catalogue,

as is the case for e.g. the quasar 3C 273 (PKS 1226+02). Although we have excluded

core-dominated sources (to minimise the effects of beaming, and with the exception of

PKS 0521-36 and 3C 273, which we kept for comparison), the 2Jyselection is estab-

lished for a higher frequency than the 3CRR sample, which implies that, overall, more

beamed sources are selected for the 2Jy sample than they are for the 3CRR. Some of

the implications of this fact are discussed in Section6.4.

Throughout this and the next Chapter I have kept the existingoptical line classi-

fications for the objects in both the 2Jy and in the 3CRR samples, for consistency,

but point out when evidence suggests that this classification belies the true nature of a

specific object.
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Table 5.1:Objects in the 2Jy sample observed withChandra(ACIS-S except for PKS 0625–53 and
PKS 2135–14, which were taken with the ACIS-I) andXMM-Newton(MOS and PN). FRI and FRII
stand for Fanaroff-Riley class I and II respectively, CSS stands for compact steep-spectrum, BL-LAC
for BL-Lacertae object.

PKS FR Class Type z Instrument Obsid Exp (ks)

0023-26 CSS NLRG 0.322 XMM 0671870601 19.55

0034-01 FRII LERG 0.073 Chandra 02176 28.18

0035-02 FRII BLRG 0.220 Chandra 09292 8.04

0038+09 FRII BLRG 0.188 Chandra 09293 8.05

0039-44 FRII NLRG 0.346 XMM 0651280901 20.57

0043-42 FRII LERG 0.116 Chandra 10319 18.62

0105-16 FRII NLRG 0.400 XMM 0651281001 21.27

0213-13 FRII NLRG 0.147 Chandra 10320 20.15

0235-19 FRII BLRG 0.620 XMM 0651281701 13.67

0252-71 CSS NLRG 0.566 XMM 0651281601 19.17

0347+05 FRII LERG 0.339 XMM 0651280801 16.47

0349-27 FRII NLRG 0.066 Chandra 11497 20.14

0404+03 FRII NLRG 0.089 Chandra 09299 8.18

0409-75 FRII NLRG 0.693 XMM 0651281901 13.67

0442-28 FRII NLRG 0.147 Chandra 11498 20.04

0521-36 C/J BL-LAC/BLRG 0.055 Chandra 00846 9.87

0620-52 FRI LERG 0.051 Chandra 11499 20.05

0625-35 FRI LERG 0.055 Chandra 11500 20.05

0625-53 FRII LERG 0.054 Chandra 04943 18.69

0806-10 FRII NLRG 0.110 Chandra 11501 20.04

0859-25 FRII NLRG 0.305 XMM 0651282201 13.85

0915-11 FRI LERG 0.054
Chandra 04969 98.2

Chandra 04970 100.13

0945+07 FRII BLRG 0.086
Chandra 06842 30.17

Chandra 07265 20.11

1136-13 FRII Q 0.554
Chandra 02138 9.82

Chandra 03973 77.37

1151-34 CSS Q 0.258 XMM 0671870201 18.67

1226+02 FSRLQ Q 0.158 XMM 126700601 27.19

1306-09 CSS NLRG 0.464 XMM 0671871201 22.67

1355-41 FRII Q 0.313 XMM 0671870501 14.97

1547-79 FRII BLRG 0.483 XMM 0651281401 13.25

1559+02 FRII NLRG 0.104 Chandra 06841 40.18

1602+01 FRII BLRG 0.462 XMM 0651281201 13.67

1648+05 FRI LERG 0.154
Chandra 05796 48.17

Chandra 06257 50.17

1733-56 FRII BLRG 0.098 Chandra 11502 20.12

1814-63 CSS NLRG 0.063Chandra 11503 20.13

1839-48 FRI LERG 0.112 Chandra 10321 20.04

1932-46 FRII BLRG 0.231 XMM 0651280201 13.18

1934-63 CSS NLRG 0.183Chandra 11504 20.05

1938-15 FRII BLRG 0.452 XMM 0651281101 18.17

1949+02 FRII NLRG 0.059 Chandra 02968 50.13

1954-55 FRI LERG 0.060 Chandra 11505 20.92

2135-14 FRII Q 0.200 Chandra 01626 15.13

2135-20 CSS BLRG 0.635 XMM 0651281801 17.57

2211-17 FRII LERG 0.153 Chandra 11506 20.04

2221-02 FRII BLRG 0.057 Chandra 07869 46.20

2250-41 FRII NLRG 0.310 XMM 0651280501 13.67

2314+03 FRII NLRG 0.220
XMM 0651280101 21.67

Chandra 12734 8.05

2356-61 FRII NLRG 0.096 Chandra 11507 20.05
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5.2 The low-z sources

As mentioned in the previous Section, we analysedChandraobservations for the low-z

sources in our sample. Four low-z sources (PKS 0404+03, 1814–63, 2135–14, 2221–

02) haveXMM observations that we did not use, since theChandraimages provided

all the information needed for the analysis described in Chapter6.

The following subsections briefly describe the images and spectra of the 2Jy sources

imaged byChandra, with the exception of PKS 1226+02 (3C 273), which was the first

object to be identified as a quasar, and as such has been thoroughly studied in the past

(see e.g.Soldi et al. 2008; Jester et al. 2005, 2006; Liu & Zhang 2011, and references

therein).

All the X-ray images correspond to ACIS-S observations except for PKS 0625–53

and PKS 2135–14, which were taken with the ACIS-I. The imageshave been filtered

to show just the 0.3-7 keV energy range, and are smoothed witha Gaussian profile

with σ = 3 pixels (1 pixel=0.492 arcsec), to better show the extended structures. The

original radio maps can be found inMorganti et al.(1993, 1999) and references therein.

No radio contours are shown in Figs.5.18(PKS 1814–63) and5.20(PKS 1934–63),

since these are compact steep-spectrum sources (CSS) and have no extended radio

structures.

PKS 0034–01 (3C 15)

PKS 0034–01 has a radio morphology that is intermediate between that of an FR I and

an FR II. The host galaxy sits in a relatively sparse environment, and it does not appear

to be disturbed or interacting (Ramos Almeida et al. 2010) but it has a dust lane (Martel

et al. 1999). TheChandraobservation shows a 6 kpc one-sided jet (for a detailed study

seeDulwich et al. 2007), which is also detected in radio (Morganti et al. 1999) and the

Ks band (Inskip et al. 2010). There is also some X-ray emission coincident with the

edges of the radio lobes (Kataoka et al. 2003), hinting at a possible jet-driven shock,

similar to the ones we studied in e.g. Cen A (Kraft et al. 2003; Croston et al. 2009) or

Mrk 6 (Mingo et al. 2011). Although this object is classified as a LERG, in our plots it

is near the luminosity break between LERGs and NLRGs (LX,2−10keV = 6.6× 1042 erg

s−1, see Table6.1). Its spectrum is relatively obscured (NH ∼ 1023 cm−2), and requires

two powerlaw components. We do not detect a Fe K-α line, as we did for PKS 0043–
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42. It is unclear whether PKS 0034–01 is a “true” (albeit somewhat atypical) LERG, a

low-luminosity NLRG, or an intermediate case. The absence of a torus (van der Wolk

et al. 2010) seems to point towards the first possibility, though its poor environment

makes it difficult to explain where the hot gas for a radiatively-accretion scenario might

come from, given that it does not show evidence for any recentstar formation either

(Dicken et al. 2012).
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Figure 5.1: PKS 0034-01 (3C 15). The radio contours increaseby factors of 2 between
0.0001 and 0.0128 Jy/beam, the beam major axis is 0.34 arcsec, and the minor axis is
0.34 arcsec.
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PKS 0038+09 (3C 18)

This BLRG seems to be in a dense environment (Ramos Almeida et al. 2010). We

do not detect a luminous intracluster medium, but there seems to be some extended

emission around the AGN in our images. Its X-ray spectrum is bright (we had to

correct it for pileup), and is well described with a single powerlaw component, with no

traces of intrinsic absorption, as is expected for most broad-line objects.
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Figure 5.2: PKS 0038+09 (3C 18). The radio contours increase by factors of 2 between
0.007 and 0.112 Jy/beam, the beam major axis is 4.37 arcsec, and the minor axis is3.39
arcsec.
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PKS 0043–42

PKS 0043–42 seems to live in a dense environment (Ramos Almeida et al. 2010), from

which we detect some faint extended emission in ourChandraimage. (Inskip et al.

2010) report a possible interaction with a nearby companion. Itsradio morphology is

very extended, and typical of a powerful FR II, with strong hotspots and no detectable

radio core (Morganti et al. 1999). Although it is classified as a LERG, PKS 0043–42

is most likely a high excitation object where the strong emission lines are simply not

detected. (Ramos Almeida et al. 2010) find distinct evidence for a clumpy torus in

theirSpitzerdata, and its X-ray spectrum shows clear signatures of radiatively efficient

accretion, in the form of a bright hard component and a Fe K-α emission line. Its high

luminosity situates this object in the parameter space occupied by the fainter NLRGs

in our plots.
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Figure 5.3: PKS 0043-42. The radio contours increase by factors of 2 between 0.0008
and 0.1024 Jy/beam, the beam major axis is 1.19 arcsec, and the minor axis is0.88
arcsec.
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PKS 0213–13 (3C 62)

This NLRG has an optical shell and a narrow tidal tail (Ramos Almeida et al. 2010).

TheChandraimage features a very bright hotspot W of the nucleus, coincident with

the radio emission, and some enhanced emission inside the lobes, possibly from inverse-

Compton scattering. The spectrum is dominated by the hard component, with the soft,

jet-related component being very faint.
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Figure 5.4: PKS 0213-13 (3C 62). The radio contours increaseby factors of 2 between
0.003 and 0.192 Jy/beam, the beam major axis is 5.92 arcsec, and the minor axis is
3.44 arcsec.
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PKS 0349–27

This well-known FR II galaxy has some remarkable optical features, including an

extended narrow line region and bridges connecting it to twoneighbouring galaxies

(Ramos Almeida et al. 2010; Inskip et al. 2010). In our Chandra image we detect

some extended emission in the E-W direction, which could be associated with the op-

tical bridges linking the host to the other galaxies or a hot medium. We also see a

faint enhancement of the emission inside the lobes, and an enhancement in emission

with a slight offset with the NE radio hotspot. The X-ray spectrum shows very little

absorption and is completely dominated by the hard component; we were only able to

obtain an upper limit on the jet-related powerlaw (see Table6.1).
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Figure 5.5: PKS 0349-27. The radio contours increase by factors of 2 between 0.0004
and 0.1024 Jy/beam, the beam major axis is 3.38 arcsec, and the minor axis is2.52
arcsec.
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PKS 0404+03 (3C 105)

The host of PKS 0404+03 has been studied in detail in the optical and IR (seeInskip

et al. 2010, and references within), despite the presence of a nearby star and the high

foregroundNH column. van der Wolk et al.(2010) failed to detect a dusty torus in

this system. TheChandraimage shows some emission coincident with the SE radio

hotspot. The spectrum is somewhat atypical, with high intrinsic absorption, very faint

soft emission (∼ 20 photon counts between 0.4 and 3 keV) and a bright accretion-

related component.
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Figure 5.6: PKS 0404+03 (3C 105). The radio contours increase by factors of 2 be-
tween 0.0003 and 0.3072 Jy/beam, the beam major axis is 2.20 arcsec, and the minor
axis is 2.20 arcsec.
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PKS 0442–28

The Chandraimage of this NLRG shows some extended emission, particularly sur-

rounding the base of the N radio lobe, although there are no indications of it belonging

to a cluster (Ramos Almeida et al. 2010). There is also some X-ray emission inside

the lobes, presumably from inverse-Compton scattering, and a bright region coincident

with the N hotspot. The spectrum is very bright, with low intrinsic absorption and a

strong accretion-related component. There seems to be someexcess emission around

5-6 keV, indicating the possible presence of a Fe K-α line, but adding a Gaussian com-

ponent to the best fit model did not improve the statistics.
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Figure 5.7: PKS 0442-28. The radio contours increase by factors of 2 between 0.001
and 0.128 Jy/beam, the beam major axis is 1.02 arcsec, and the minor axis is0.56
arcsec.
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PKS 0521–36

PKS 0521–36 is a very bright BL-Lac/BLRG (seeInskip et al. 2010, and references

therein). TheChandraimage features a large streak, and is quite piled up. The spec-

trum is well described with a single, unabsorbed powerlaw, as expected from this type

of object.
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Figure 5.8: PKS 0521-36. The radio contours increase by factors of 2 between 0.02
and 2.56 Jy/beam, the beam major axis is 1.18 arcsec, and the minor axis is0.72 arcsec.
The instrumental streak is visible in the NE-SW direction.
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PKS 0620–52

This LERG has the lowest redshift in our sample, and shows evidence for a young

stellar population (Dicken et al. 2012). Although its optical morphology is not dis-

turbed (Ramos Almeida et al. 2010), the presence of numerous nearby galaxies, and

the fact that we detect extended emission in ourChandraimage, make us agree with

the hypothesis ofSiebert et al.(1996); Trussoni et al.(1999) that this object sits in

a rich cluster. The emission is slightly stronger along the Southern edge of the radio

lobes. Its spectrum is quite faint; we were able to detect andfit the soft component, but

obtained only an upper limit on the accretion-related emission.
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Figure 5.9: PKS 0620-52. The radio contours increase by factors of 2 between 0.0005
and 0.1280 Jy/beam, the beam major axis is 2.64 arcsec, and the minor axis is1.53
arcsec.
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PKS 0625–35

This object is suspected to be a BL-Lac (Wills et al. 2004). It has a one-sided jet

(Ramos Almeida et al. 2010; Inskip et al. 2010), and it does not seem to be interact-

ing. The presence of a cluster environment around it is also unclear (Trussoni et al.

1999). Although optically classified as a LERG, it is clear from our data that this

is not a “standard” low-excitation object. TheChandraimage shows a large streak,

and is piled up. The spectrum is very bright, with some intrinsic absorption and two

powerlaw components. In our plots PKS 0625–35 sits near the low-luminosity end of

the NLRGs, its accretion-related luminosity being only below that of PKS 0043–42

and PKS 0034–01, which are both “dubious” LERGs. Beaming might account for the

enhanced luminosity.
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Figure 5.10: PKS 0625-35. The radio contours increase by factors of 2 between 0.001
and 0.032 Jy/beam, the beam major axis is 4.70 arcsec, and the minor axis is3.25
arcsec. The instrumental streak is visible in the N-S direction.
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PKS 0625–53

This LERG is hosted by a dumbbell galaxy, which is also the brightest member in

Abell 3391. It has an FR I radio morphology with a wide-angledtail (Morganti et al.

1999) and a deflected jet. The optical images show a bridge of interaction with the

W component of the dumbbell system (Ramos Almeida et al. 2010), and a strong

nuclear component is not detected in the IR (Inskip et al. 2010), consistent with the

classification as a low excitation object. TheChandraimage shows emission around

the galaxy from the hot ICM. The nucleus is very faint in X-rays; our spectrum only

has one bin, which allows us to constrain an upper limit to theluminosity.
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Figure 5.11: PKS 0625-53. The radio contours increase by factors of 2 between 0.0007
and 0.0112 Jy/beam, the beam major axis is 1.10 arcsec, and the minor axis is0.92
arcsec.
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PKS 0806–10 (3C 195)

The optical and IR images of this galaxy show clear signs of disturbance (Inskip et al.

2010; Ramos Almeida et al. 2010). Our Chandra image shows some enhancement

in emission at the base of the radio lobes, and hotspots that are spatially coincident

with the radio emission (Morganti et al. 1993), the Southern one being the stronger of

the two. The spectrum is bright, with a strong accretion-related component and some

intrinsic absorption.
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Figure 5.12: PKS 0806-10 (3C 195). The radio contours increase by factors of 2
between 0.001 and 0.064 Jy/beam, the beam major axis is 2.43 arcsec, and the minor
axis is 1.60 arcsec.
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PKS 0915–11 (3C 218, Hydra A)

Hydra A is a very well studied galaxy. It sits in the center of arich cluster and is

one of the most powerful local radio sources (see e.g.Lane et al. 2004, and references

therein). The optical emission lines are very weak, and the K-band imaging does not

show a nuclear point source (Inskip et al. 2010). It also shows evidence for recent star

formation (Dicken et al. 2012), which is not common in cluster-centre galaxies, but

can be attributed to a recent merger (Ramos Almeida et al. 2010, report the presence

of a dust lane). TheChandraimages show the hot gas emission from the ICM, as well

as emission associated with the lobes (see e.g.Hardcastle & Croston 2010; Gitti et al.

2011; Kaastra et al. 2004, and references therein). The AGN is very faint in X-rays,

and its spectrum has a rather peculiar shape, possibly because of contamination from

thermal emission that our region selection cannot fully correct for. This situates Hydra

A slightly apart form the bulk of the LERG population in our diagrams, relatively

close to the LERG/HERG divide. The intrinsicNH and the soft emission are rather

well constrained, but the error in the normalization of the hard powerlaw component

is quite large, which is reflected in the large error bars in our plots.
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Figure 5.13: PKS 0915-11 (3C 218, Hydra A). The radio contours increase by factors
of 2 between 0.004 and 1.024 Jy/beam, the beam major axis is 1.96 arcsec, and the
minor axis is 1.45 arcsec.
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PKS 0945+07 (3C 227)

This is a well-known BLRG (Hardcastle et al. 1998a), with a very extended optical

emission line region (Prieto et al. 1993). TheChandraimage shows some enhanced

emission inside the radio lobes (Morganti et al. 1993), definitely from inverse-Compton

scattering, as reported byHardcastle et al.(2007c), and bright X-ray emission coinci-

dent with the radio hotspots, particularly for the E structures. The spectrum is very

bright, and requires pileup correction and some care when selecting the extraction re-

gion (there is a faint streak in the image). It is well modelled with two powerlaws and

low, but well constrained, intrinsic absorption.
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Figure 5.14: PKS 0945+07 (3C 227). The radio contours increase by factors of 2
between 0.004 and 1.024 Jy/beam, the beam major axis is 2.04 arcsec, and the minor
axis is 1.49 arcsec. The instrumental streak is visible in the NW-SE direction.
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PKS 1559+02 (3C 327)

The host galaxy of this NLRG is very massive, and seems to havea bifurcated dust lane

(Inskip et al. 2010; Ramos Almeida et al. 2010), which crosses the nucleus. Its radio

morphology is extended and well known (Morganti et al. 1993), with the E lobe being

much brighter than its W counterpart.van der Wolk et al.(2010) report a large infrared

excess that extends beyond what is expected for a torus. TheChandraimage shows

a very bright nucleus, which is close to the edge of the S3 chip. There is enhanced

emission within the E lobe, most likely from inverse-Compton scattering (Hardcastle

et al. 2007c), with two bright spots coinciding with the E radio hotspot.There seems

to be some enhanced emission in the W lobe as well, but since itfalls in one of the

chips without retro-illumination it is hard to quantify. The spectrum is best fit with

two components and low intrinsic absorption, and a Fe K-α emission line. As for PKS

0409–75 (Section5.3), it is remarkable that the Fe line is detected despite the faintness

of the accretion-related component.
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Figure 5.15: PKS 1559+02 (3C 327). The radio contours increase by factors of 2
between 0.0002 and 0.0256 Jy/beam, the beam major axis is 2.20 arcsec, and the minor
axis is 2.20 arcsec.
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PKS 1648+05 (3C 348, Hercules A)

Hercules A is a cluster-embedded LERG with some unusual radio properties (Morganti

et al. 1993). Dust features are detected in the optical images (Ramos Almeida et al.

2010), and it seems to be at the centre of a cooling flow, and the lobes seem to be

driving a shock into the ICM (Nulsen et al. 2005a,b), which is evident in theChandra

image, where there is clear emission from the hot ICM, with a lower density in the

regions corresponding to the radio lobes. The nuclear X-rayspectrum is very faint,

with soft emission being the main contributor. We were only able to constrain an

upper limit for the hard component.
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Figure 5.16: PKS 1648+05 (3C 348, Hercules A). The radio contours increase by
factors of 2 between 0.002 and 0.256 Jy/beam, the beam major axis is 0.14 arcsec, and
the minor axis is 0.14 arcsec.
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PKS 1733–56

The host galaxy of PKS 1733–56 shows clear evidence of recentstar formation (Dicken

et al. 2012, 2009), and a disturbed optical morphology (Ramos Almeida et al. 2010; In-

skip et al. 2010), probably caused by interactions within the dense field it inhabits. The

Chandraimage shows some diffuse emission, which could correspond to a hot ICM,

and an enhancement in emission coincident with the radio hotspots. The spectrum is

very bright, and had to be corrected for pileup. It is also quite typical of a BLRG,

with low intrinsic absorption which does not allow us to distinguish clearly between

both components. There is a faint excess∼ 6 keV which could be related to a Fe K-α

emission line, but adding an extra component does not improve the fit.
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Figure 5.17: PKS 1733-56. The radio contours increase by factors of 2 between 0.004
and 0.256 Jy/beam, the beam major axis is 2.25 arcsec, and the minor axis is1.90
arcsec.
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PKS 1814–63

PKS 1814–63 shows clear traces of an optical disk and a dust lane (Ramos Almeida

et al. 2010; Inskip et al. 2010), which is atypical for a system with this radio luminosity

(Morganti et al. 2011). It also shows evidence for starburst activity (Dicken et al. 2012)

and has an extended emission line region (Holt et al. 2008, 2009). TheChandraimage

shows no traces of an ICM. The spectrum is bright and dominated by a relatively

unobscured hard component, as typical for NLRGs. It also hasa Fe K-α emission line.
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Figure 5.18: PKS 1814-63. This source has no extended radio structures.
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PKS 1839–48

This FR I is another example of a cluster-embedded LERG (Ramos Almeida et al.

2010; Tadhunter et al. 1993). van der Wolk et al.(2010) report no detection of a

dusty torus, which is consistent with the classification of this object as low-excitation.

Although not as dense of that of Hydra A or Hercules A, there isemission from the

ICM in theChandraimage. Its X-ray spectrum has a relatively bright soft component,

but no traces of accretion-related emission, for which we were only able to constrain

an upper limit.
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Figure 5.19: PKS 1839-48. The radio contours increase by factors of 2 between 0.001
and 0.064 Jy/beam, the beam major axis is 2.55 arcsec, and the minor axis is1.90
arcsec.
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PKS 1934–63

This source has a compact radio core (Ojha et al. 2004) and is optically very blue

(Ramos Almeida et al. 2010), as well as being part of an interacting galaxy pair (Inskip

et al. 2010). It also shows evidence for infalling gas (Holt et al. 2008, 2009). Its radio

spectrum is self-absorbed, and thus we could only derive an upper limit to its 178 and

151 MHz fluxes. TheChandraimage shows no signs of extended emission, only the

compact source that coincides with the radio core. Its X-rayspectrum is dominated

by the soft component, and we are not able to disentangle the obscuring column from

the hard component, nor do we detect the Fe K-α reported byRisaliti et al. (2003)

from theirBeppo-SAXobservations. It is possible that this object is heavily obscured,

although we do not see an excess in IR emission to support this.
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Figure 5.20: PKS 1934-63. This source has no extended radio structures.

2Jy/1934_2.ps
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PKS 1949+02 (3C 403)

PKS 1949+02 is a NLRG with an X-shaped radio morphology, and as such it has been

studied in some detail (seeRamos Almeida et al. 2010, and references therein). The

Chandraimage shows some enhancement that could correspond to a dense medium,

and two hotspot features to the E of the core spatially coincident with the radio emis-

sion. Some emission can also be observed close to the W radio hotspot. The X-ray

spectrum has also been studied in detail (Kraft et al. 2005; Balmaverde et al. 2008), it

is dominated by the hard component, rather obscured, and it has a very prominent Fe

K-α emission line.
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Figure 5.21: PKS 1949+02 (3C 403). The radio contours increase by factors of 2
between 0.002 and 0.256 Jy/beam, the beam major axis is 4.53 arcsec, and the minor
axis is 4.13 arcsec.

2Jy/1949.ps


5.2. THE LOW-Z SOURCES 151

PKS 1954–55

PKS 1954–55 is also located in a rich environment (Ramos Almeida et al. 2010), which

is detected in X-rays, particularly at the base of the radio lobes. The X-ray spectrum

of this LERG is rather faint, and only a soft component is detected.
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Figure 5.22: PKS 1954-55. The radio contours increase by factors of 2 between 0.004
and 0.064 Jy/beam, the beam major axis is 2.43 arcsec, and the minor axis is1.29
arcsec.
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PKS 2135–14

The host of PKS 2135–14 has a close disk galaxy companion (Ramos Almeida et al.

2010), and a disturbed morphology. TheChandraimage shows some extended emis-

sion around the nucleus, but given the brightness of this QSOit is difficult to tell

whether that emission is from the PSF or a real ICM. The spectrum of this source had

to be corrected for pileup. It has two distinct components and some intrinsic obscura-

tion. There is some excess above 5 keV which we have not been able to model.
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Figure 5.23: PKS 2135-14. The radio contours increase by factors of 2 between 0.004
and 0.128 Jy/beam, the beam major axis is 5.46 arcsec, and the minor axis is3.37
arcsec. The instrumental streak is visible in the NE-SW direction.
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PKS 2211–17 (3C 444)

PKS 2211–17 is another example of a cluster-embedded LERG (Ramos Almeida et al.

2010; Inskip et al. 2010). It is classified as an FR II, but its morphology is almost

intermediate between both FR classes. We detect a very denseICM with clear cavities

corresponding to the radio lobes, which are driving a shock (Croston et al. 2011). Its

nuclear spectrum is very faint, with only∼ 20 counts in the 0.4-7 keV energy range.

We could only derive upper limits for both X-ray components.
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Figure 5.24: PKS 2211-11 (3C 444). The radio contours increase by factors of 2
between 0.001 and 0.016 Jy/beam, the beam major axis is 4.57 arcsec, and the minor
axis is 2.03 arcsec.
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PKS 2221–02 (3C 445)

This object is a relatively well-known BLRG (Leahy et al. 1997; Morganti et al. 1993).

It has a very bright nucleus in the K band (Inskip et al. 2010) and an extended emission

line region (Balmaverde et al. 2008). It seems to be interacting with a close companion

(Ramos Almeida et al. 2010). The radio hotspots are detected byChandra, though they

are very far apart, and the Northern one falls outside of the S3 chip. There seems to be

some enhanced emission around the nucleus as well. The X-rayspectrum is bright, but

not heavily piled up. The hard component dominates, and we detect a rather prominent

Fe K-α emission line.
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Figure 5.25: PKS 2221-02 (3C 445). The radio contours increase by factors of 2
between 0.004 and 0.032 Jy/beam, the beam major axis is 2.40 arcsec, and the minor
axis is 2.40 arcsec. The arrows indicate the positions of thetwo hotspots.
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PKS 2356–61

The host of PKS 2356–61 shows signs of a past merger (Ramos Almeida et al. 2010).

It is very radio powerful and has large hotspots and shells (Subrahmanyan et al. 1996),

which are also detected in ourChandraimage. There is X-ray emission around the

source and at the base of the lobes which could be related to a hot ICM. This NLRG has

a spectrum clearly dominated by the accretion-related component, with a noticeable Fe

K-α emission line.
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Figure 5.26: PKS 2356-61. The radio contours increase by factors of 2 between 0.02
and 0.64 Jy/beam, the beam major axis is 7.16 arcsec, and the minor axis is6.88 arcsec.
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5.3 The high-z sources

As mentioned in Section5.1, for the sources with 0.2 < z< 0.7 we usedXMM-Newton

observations. The following Subsections describe the spectra and environmental prop-

erties of these objects. Images are not provided, since theydo not provide any addi-

tional insight on the extended structures and environmentsof these galaxies, given the

lower spatial resolution of theXMM instruments as compared toChandra.

PKS 0023–26

This object seems to be inhabiting a dense environment (Ramos Almeida et al. 2010).

We detect withXMM another active galaxy (MRSS 473–052098)∼20 arcsec away

from the source. PKS 0023–26 also seems to have a young stellar population (Dicken

et al. 2012), and redshifted HI emission consistent with infalling gas(Holt et al. 2008).

Its X-ray spectrum is quite typical for what is expected in NLRGs, with a dominating

jet-related component and low intrinsic absorption.

PKS 0035–02 (3C 17)

PKS 0035–02 is a BLRG whose host galaxy is interacting (Ramos Almeida et al.

2010). It has an interesting radio morphology (Morganti et al. 1999), with a bent jet and

several hotspots, also detected in the Ks band (Inskip et al. 2010). Its optical spectrum

shows double-peaked Balmer lines. TheChandraimage shows the jet (Massaro et al.

2009), and there seems to be some extended emission around the nucleus. Its spectrum

shows two distinct components and some intrinsic absorption, which is not overly

frequent in broad-line objects due to orientation.

PKS 0039–44

The optical nucleus of this NLRG seems to be dusty, and it is believed to have two

components (Ramos Almeida et al. 2010), which are not resolved in ourXMM images.

Its X-ray spectrum is bright, with two distinct components,some intrinsic absorption

and a prominent Fe K-α line.
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PKS 0105–16 (3C 32)

This galaxy seems to be interacting with a nearby neighbour (Ramos Almeida et al.

2010). The spectrum we extracted from theXMM images is quite typical for a NLRG,

with two components, intrinsic absorption and a noticeableFe K-α line.

PKS 0235–19

The optical images of the BLRG PKS 0235–19 show a structure that might be a tidal

tail or a warped disk structure (Ramos Almeida et al. 2010), which is misaligned with

respect to the radio structures. The X-ray spectrum is not very bright, it features some

intrinsic absorption, which allows us to isolate the soft and hard components, with the

hard one being dominant.

PKS 0252–71

PKS 0252–71 has a compact radio morphology, and seems to be interacting with a

neighbour (Ramos Almeida et al. 2010). Its X-ray spectrum is quite faint; it features

two distinct components (the jet-related one being brighter) and some absorption.

PKS 0347+05

This object was previously classified as a BLRG, but a recent study byTadhunter et al.

(2012) suggests that this is in fact a double system with a radio-loud object and a

Seyfert 1 radio-quiet AGN. It was already known that this wasan interacting system

(Ramos Almeida et al. 2010; Inskip et al. 2010), but given these recent results is is very

possible that we are measuring data from both objects, giventhat the galaxies are only

5 arcsec apart, and we are thus unable to resolve them. The optical spectra analysed by

Tadhunter et al.(2012) suggest that the broad lines previously attributed to the radio

source belong instead to the Seyfert, and the line ratios seem to indicate that the radio

galaxy is a LERG. They suggest that this latter source is justa relic, having recently

switched off, since they do not detect the radio core. TheXMM images show that the

emission is centered between both sources, with more emission coming from the region

associated with the radio source. The spectrum we analyse isdominated by the soft

component, and heavily absorbed, though theNH column is not very well constrained.
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This is not compatible with the spectrum of a Seyfert 1 galaxy; we therefore assume

that the radio-loud AGN is still active, and is indeed the main contributor to the X-ray

spectrum, which is more consistent with that of a NLRG. We have decided to use the

optical LERG classification for this source, although that makes it an outlier in most

of our plots, due to its brightness. The X-ray excess (as compared to other LERGs)

could be attributed to the contribution from the Seyfert core, and the IR excess to the

presence of star formation (Dicken et al. 2012), but in any case the true nature of this

source remains uncertain.

PKS 0409–75

This FR II has the highest redshift in our sample, and is one ofthe brightest radio

sources in the Southern hemisphere (Morganti et al. 1999). It has a young stellar

population (Dicken et al. 2012) and it seems to have a double optical nucleus (Ramos

Almeida et al. 2010). Its X-ray spectrum is also very bright, and atypical, withthe

jet-related component clearly dominant, no detectable intrinsic absorption and only an

upper limit on the accretion-related component, which, however, has a detectable Fe

K-α line.

PKS 0859–25

This NLRG seems to be in a relatively dense environment (Ramos Almeida et al.

2010), and to have a double optical nucleus. ItsXMM spectrum is remarkable in that

it shows a very prominent Fe K-α line.

PKS 1151–34

This QSO seems to be interacting with a nearby spiral galaxy (Ramos Almeida et al.

2010). This source has double-peaked Balmer lines (Eracleous & Halpern 1994), and

has thus been included in the ongoing debate over radiatively efficient versus inefficient

accretion in broad-line objects (Nagao et al. 2002). Although the PAH features in the

Spitzerobservations seem to indicate a young stellar population, this is not confirmed

by the far-IR observations (Dicken et al. 2012). TheXMM spectrum is rather bright,

and well modelled with two power laws (the hard component being much brighter
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than the soft one), a surprisingly high absorption column (which is also not very well

constrained, see Table6.1), and a Fe K-α emission line.

PKS 1306–09

PKS 1306–09 shows clear signs of interaction with nearby neighbours, and has a dou-

ble optical nucleus (Inskip et al. 2010; Ramos Almeida et al. 2010). ItsXMM spectrum

shows no signs of a jet-related component, and requires someintrinsic absorption.

PKS 1355–41

The optical images of this QSO show some features that may indicate interactions

(Ramos Almeida et al. 2010). Its XMM spectrum requires two powerlaw components

and very low intrinsic absorption.

PKS 1547–79

PKS 1547–79 shows clear signs of interaction and a double nucleus both in the optical

(Ramos Almeida et al. 2010) and IR images (Inskip et al. 2010). Its XMM spectrum

is rather peculiar, and not very bright, probably due to the high redshift. There may

be signs of thermal contamination in the soft emission, and heavy intrinsic absorption

is required for a good fit, but is very poorly constrained. This is very atypical for

a BLRG, and possibly an effect of the poor spectral quality (the observation suffers

from rather heavy flare contamination for about 70% of the exposure time), but careful

flare-filtering and rebinning of the data resulted in no improvements in the fits.

PKS 1602+01 (3C 327.1)

The host galaxy seems to have a double optical nucleus (Ramos Almeida et al. 2010)

and perhaps an extended emission line region (Morganti et al. 1999). TheXMM spec-

trum has two bright components, with no intrinsic absorption.

PKS 1932–46

The host of this BLRG shows signs of ongoing star formation (Dicken et al. 2012), has

an extended emission line region (Inskip et al. 2007) and its core seems to be relatively
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faint in the K band (Inskip et al. 2010), its IR luminosity is also rather low in our plots.

The X-ray spectrum is not very bright, and is best modelled with a single, unobscured

component, which does not allow us to distinguish between jet and accretion-related

emission.

PKS 1938–15

The host of PKS 1938–15 seems to be inhabiting a very dense environment (Ramos

Almeida et al. 2010), with several close companions. The spectrum of this BLRG has

two components and a low intrinsicNH column. It has an excess compatible with a Fe

K-α emission line; adding this component improves the fit slightly.

PKS 2135–20

The host of this BLRG shows evidence for star formation (Dicken et al. 2012), and

traces of a past interaction (Ramos Almeida et al. 2010). Although the quality of the

spectrum is rather poor, given the low luminosity of the source (for a BLRG) and the

high redshift, we detect two components, heavy (although not very well constrained)

intrinsic absorption, and some excess that could be compatible with a Fe K-α emission

line, although it is unclear due to our low statistics.

PKS 2250–41

This source has a rather bright extended [OIII] line emission (Tadhunter et al. 2002),

and it is likely to belong to a group of galaxies (Ramos Almeida et al. 2010). Its XMM

spectrum has a very faint accretion-related component, forwhich we were only able to

derive an upper limit, although this is clearly a high-excitation object.

PKS 2314+03 (3C 459)

The host galaxy of this NLRG is classified as an ultraluminousinfrared galaxy (ULIRG)

due to its intense star formation activity (Dicken et al. 2012; Tadhunter et al. 2002),

it is morphologically disturbed (Ramos Almeida et al. 2010), and it also has a strong

radio core (Morganti et al. 1999), which offsets it slightly from the rest of the NLRG
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population in our 5 GHz plots. The X-ray spectrum has two distinct components and

some intrinsic absorption, with some excess in the soft energy range.



Chapter 6

The cores of the 2Jy sample

6.1 Introduction

Our knowledge of active galactic nuclei (AGN), their observational properties and un-

derlying mechanisms has vastly increased over the last few decades. We now know that

these objects are powered through gas accretion onto some ofthe most supermassive

black holes that sit in the centres of most galaxies (e.g.Magorrian et al. 1998). Radio-

loud objects are particularly important to our understanding of AGN, since, despite the

fact that they constitute only a small fraction of the overall population, it is during this

phase that the impact of the AGN on their surrounding environment (through the pro-

duction of jets and large-scale outflows and shocks) can be most directly be observed

and measured (e.g.Kraft et al. 2003; Croston et al. 2011; Cattaneo et al. 2009).

It is now commonly accepted that the dominant fuelling mechanism for radio-quiet

objects is the accretion of cold gas onto the black hole from aradiatively efficient, ge-

ometrically thin, optically thick accretion disk (Shakura & Sunyaev 1973). However,

this may not be the case for radio-loud objects.Hine & Longair (1979) noticed the

existence of a population of radio-loud objects which lacked the high-excitation opti-

cal emission lines traditionally associated with AGN. These so-called low-excitation

radio galaxies (LERGs) cannot be unified with the rest of the AGN population, since

their differences are not merely observational or caused by orientation or obscuration.

They are believed to accrete hot gas (see e.g.Janssen et al. 2012) in a radiatively inef-

ficient manner, through optically thin, geometrically thick advection-dominated flows

163
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(ADAF, see e.gNarayan & Yi 1995). These objects thus lack the traditional accre-

tion structures (jet and torus) commonly associated with active nuclei (see e.g.Mason

et al. 2012; van der Wolk et al. 2010; Fernández-Ontiveros et al. 2012), and seem to be

channeling most of the gravitational energy into the jets, rather than radiative output,

which makes them very faint and hard to detect with any non-radio selected surveys.

Current models (e.g.Bower et al. 2006; Croton et al. 2006) suggest that the ra-

diatively efficient process may be dominant at high redshifts, and to be responsible

for the correlation between black hole mass and host galaxy’s bulge mass (e.g.Silk

& Rees 1998; Heckman et al. 2004). It may also be behind the apparent correlation

(and delay) between episodes of star-formation and AGN activity in the host galaxies

(e.gHopkins 2012; Ramos Almeida et al. 2013). Radiatively inefficient accretion is

believed to be more common at low redshifts (Hardcastle et al. 2007a), and to play a

crucial role in the balance between gas cooling and heating,both in the host galaxy and

in cluster environments (McNamara & Nulsen 2007; Antognini et al. 2012). These two

types of accretion are often called ‘quasar mode’ and ‘radiomode’, which is somewhat

misleading, given that there are radiatively efficient AGN with jets and radio lobes.

As pointed out byHardcastle et al.(2009), it is important to note that the high/low-

excitation division does not directly correlate with the FRI-FRII categories established

by Fanaroff & Riley (1974), as is often thought. While most low-excitation objects

seem to be FRI, there is a population of bona-fide FRII LERGs, as well as numerous

examples of FRI HERGs (e.gLaing et al. 1994). This is most likely caused by the

complex underlying relation between fuelling, jet generation and environmental inter-

action. There seems to be a evidence for a difference in the Eddington rate between

both populations (see e.g.Hardcastle et al. 2007a; Best & Heckman 2012; Russell

et al. 2012; Lin et al. 2010; Ho 2009; Mason et al. 2012; Evans et al. 2011; Plotkin

et al. 2012), with LERGs typically accreting at much lower rates (≤ 0.1 Eddington)

than HERGs. Estimating the jet kinetic power is also complicated, given that its ra-

dio luminosity depends on the environmental density (Hardcastle & Krause 2013) and

given the vastly different energy budgets and particle contents of FRI and FRII radio

galaxies (see e.g.Godfrey & Shabala 2013).

From works like those ofHardcastle et al.(2006, 2009), we do know that LERGs

follow the correlation of narrow-line galaxies (NLRGs) between soft X-ray and radio

emission (Hardcastle & Worrall 1999), reinforcing the hypothesis that in radio-loud
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objects this X-ray component originates in the jet. One of the crucial points we aim to

investigate in this Chapter is the dissimilarity between the NLRG and LERG popula-

tions.

In this Chapter we analyse the X-ray emission from the 2Jy sample of radio galax-

ies (Wall & Peacock 1985), with an approach based on that ofHardcastle et al.(2006,

2009) used on the 3CRR galaxies. X-ray emission is less ambiguousthan other wave-

lengths for an analysis of a sample such as the 2Jy, which contains a variety of pop-

ulations, in that it is unequivocally linked to AGN activity. To fully understand the

characteristics of this AGN activity, however, a multiwavelength approach is needed.

Our aim is to study the correlations between the luminosities of the sources at dif-

ferent wavelengths, to infer the physical processes involved. While many of the sources

in the 3CRR catalogue have been observed in great detail, themultiwavelength cover-

age is not uniform, and the sample is not statistically complete, being more complete

for redshifts<0.5. The observations of the 2Jy sample, however, were takenwith the

explicit purpose of providing a one on one comparison for allthe objects in the sam-

ple, which provides us with the opportunity to test whether the conclusions reached by

Hardcastle et al. can be extrapolated to all radio-loud AGN or are related to the biased

redshift distribution of the 3CRR sources.

6.2 Data and Analysis

6.2.1 X-ray Data Analysis

As mentioned in Chapter5, there are 47 sources in our sample, with 0.02 < z < 0.7,

listed in Table5.1. All have X-ray observations save for PKS 0117–15 (3C 38), which,

unfortunately, was not observed byXMM-Newton.

We analysedChandraobservations for the low-z sources in our sample. When

using archival data we only considered ACIS-S and ACIS-I observations without grat-

ings, and discarded calibration or very short observationsthat did not significantly

contribute to the statistics. When more than one spectrum was extracted for a source,

we carried out simultaneous fits. We reduced the data using CIAO 4.3 and the latest

CALDB. We included the correction for VFAINT mode to minimise the issues with

the background for all the sources with a count rate below 0.01 counts s−1 and observed
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in VFAINT mode. For sources with rates above this threshold and below 0.1 counts

s−1 the difference made by this correction is barely noticeable, and forthe brightest

sources the software is not able to properly account for the high count rate, consider-

ing some of these events as background, and resulting in dark“rings” appearing in the

images, and the loss of a substantial number of counts.

We extracted spectra for all the sources, using extraction regions consistent with

those ofHardcastle et al.(2009): a 2.5 pixel (1 px= 0.492 arcsec) radius circular

region centered in the object as source, and an immediately external annulus, with an

outer radius of 4 pixels, for the background, to minimise thecontamination from any

thermal components in the circumnuclear regions. For very bright sources we had to

use larger regions to include most of the PSF, namely a 20 pixel radius circle for the

source, and a 20 to 30 pixel circular annulus for the background. In the cases where

pileup was present (PKS 0038+09, 0442–28, 0521–36, 0625–35, 0945–27, 1733–56,

1814–63, 2135–14), we corrected the ARF as described byHardcastle et al.(2006)

and Mingo et al. (2011). We generated an energy versus flux table from an initial

model fit, and fed it to ChaRT, a tool that generates a PSF from agiven model. We

then fed the results to the tool MARX, which produces an imageof the simulated PSF.

We then generated a new events file from our original data and an annular extraction

region, identical to the one we used to generate our spectra,but excluding the central

few pixels. We used a code to fit a 5th-degree polynomial to theratio of this events

file and the whole simulated events file as a function of energy. This code reads in

the ARF generated by CIAO and scales the effective area at each energy, using the

polynomial fit, to effectively correct for the missing effective area due to the exclusion

of the central pixels. The code then writes a new ARF which canbe used to correct for

the effects of excluding the central pixels.

For the sources with 0.2 < z < 0.7 we usedXMM-Newtonobservations. We ex-

tracted MOS and PN spectra for all of them, using SAS 11.0 and the latest calibration

files. We used spatially coincident extraction regions for the three instruments when-

ever possible, using 30-arcsec source regions and off-source 90-arcsec background

regions for the fainter sources, and 60-arcsec and 120-arcsec source and background

regions, respectively, for the bright ones. Only a few observations were affected by flar-

ing severe enough to require filtering. The most problematiccase was PKS 1547–79,

a faint source observed during a period of high flaring. We filtered the most severely
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affected parts of the observation.

Four low-z sources (PKS 0404+03, 1814–63, 2135–14, 2221–02) haveXMM ob-

servations that we did not use, since theChandraspectra adequately characterised

the AGN spectrum and had no contamination from any circumnuclear gas. For PKS

2314+03, however, we used both theChandraandXMM observations, given that its

spectrum is quite peculiar.

The case of 3C 273 is also peculiar, in that we only used one of the numerous

observations available. We decided to use anXMM observation to avoid issues with

the pileup. Given that the jet is not resolved in the MOS and PNcameras we took this

into account when modelling the nuclear emission. We are also aware of the fact that

this source is highly variable, as most bright AGN are. X-rayvariability is a systematic

effect that introduces scatter in our plots, but has been taken into account in our results.

We rebinned all the spectra to 20 counts per bin (after background subtraction) to

make them compatible withχ2 statistics.

6.2.2 Spectral Fitting

For spectral fitting we used XSPEC version 12.5 and followed the same approach as

Hardcastle et al.(2006, 2009), as follows. We considered the energy range between

0.4 and 7 keV for theChandraspectra, and 0.3 to 8 keV for theXMM spectra. We ap-

proached the fitting process in a systematic manner: we initially used a model a single

power law and fixed Galactic absorption (wabs), adding a second power law, intrinsic

absorption (zwabs) and a redshifted Gaussian profile for theFe K-α line (zgauss) when

required by the spectra. When a single power law model was sufficient to provide a

good fit, we froze the parameters and added a second componentwith a fixed photon

index and an intrinsic absorption columnNH = 1023 cm−2 at the redshift of the source.

If the 90 per cent uncertainty of the power law normalizationwas consistent with zero,

we considered the upper bound as an upper limit to calculate the luminosity of this

component. In most cases it was possible to discern whether and which power law

would fit the soft and hard end of the spectrum: when the photonindex of the ‘soft’

power law (which we will call ‘unabsorbed’ throughout this work, afterHardcastle

et al. 2006, 2009) could not be properly constrained we fixed its value toΓ=2.0; for a

poorly constrained ‘hard’ component (which we will call ‘accretion-related’), we froze
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Γ=1.7.

We derived the luminosity for the unabsorbed component,LXu, from the normal-

ization of the unabsorbed power law, and used XSPEC to calculate the 2-10 keV un-

absorbed luminosity (corresponding to the accretion-related component),LXa.

As mentioned in the previous Section, ourXMM extraction regions for 3C 273

include the jet, since it is not resolved. Our spectral fit shows a soft excess that is

not fit by the simple two-power law model we used for most of theother sources.

Despite the slightly worse resultingχ2, we decided not to add an additional component

to model the jet. The impact on our results should be negligible.

We are also aware of the fact that the brightest sources are likely to have measurable

variations in their luminosity over time. This is an intrinsic uncertainty characteristic

of X-ray AGN studies, unavoidable unless follow-up observations are carried out for

each source. We estimate the impact of variability and othersystematics in Sections

6.4and6.5.

6.2.3 Other Data

To establish a direct comparison with the 3CRR sources, we used comparable mea-

surements, which for the 2Jy sample were taken systematically.

We used the VLA and ATCA data at 5 GHz (both for overall and coreluminosities)

from Morganti et al.(1993, 1999). Since only some of the 2Jy sources are covered by

the Parkes catalog (Wright & Otrupcek 1990), we calculated the spectral index from

408 MHz and 1.4 GHz observations (also from the Parkes catalog) and extrapolated

the results to 178 MHz. We used this same spectral index to extrapolate the 151 MHz

fluxes, needed to calculate the jet kinetic power (see Section 6.5.1). The low-frequency

fluxes for PKS 1934-63 are upper limits, since the source is self-absorbed in radio.

For the infrared, we used 24µm data taken by Spitzer, fromDicken et al.(2008,

2009). The 3C sources were observed at 15µm (rest-frame), which is consistent

enough for our purposes of comparison. We studied the behaviour of a number of

sources at both wavelengths, and estimated that the deviation in luminosity caused by

the difference between 15 and 24µm was well below 10 per cent in all cases.

For the optical line classification we used the data fromTadhunter et al.(1993,

1998). K-band magnitudes were taken fromInskip et al.(2010) and K-corrected using
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the relations given byGlazebrook et al.(1995) andMannucci et al.(2001). The values

presented in the Tables are K-corrected.

For the 3CRR sources we used the data fromHardcastle et al.(2006, 2009). In this

case the 178 MHz fluxes were measured as part of the sample definition, but 1.4 GHz

and 151 MHz fluxes had to be extrapolated from these measurements and the 178-750

MHz spectral indices1 The references for the K-band magnitudes of each source are

given in Table6.6.

6.3 The X-ray 2Jy sample

The results of the spectral fits are displayed in Table6.1. The sources where a Fe

K-α line was detected are listed in Table6.2. Details for each individual source, and

references to previous work, are given in Chaper5.

We find that our X-ray results, both on the luminosity of the cores and the detection

of extended emission withChandra, agree with an earlyROSATpaper bySiebert et al.

(1996). The X-ray luminosities we derive allow us to establish a direct comparison

with the 3CRR sources studied byHardcastle et al.(2006, 2009).

1http://3crr.extragalactic.info/

http://3crr.extragalactic.info/
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Table 6.1:Best fit parameters for all the objects in the sample. Where no

errors are indicated the parameters were fixed to that value.Values fol-

lowed by an asterisk represent upper limits. When the normalization of

one of the powerlaws is an upper limit this component is addedafter the

fit, to assess the contribution of a hypothetical second component. The

subindices 1 and 2 refer to the unabsorbed and accretion-related compo-

nents, respectively.

PKS z ForegroundNH Intrinsic NH Γ1 Norm 1 Γ2 Norm 2 χ2/DOF

×1020 cm−2
×1022 cm−2 keV−1cm−2s−1 @1keV keV−1cm−2s−1 @1keV

0023-26 0.322 1.76 0.16+0.11
−0.10 2.00 1.06× 10−6* 1.84+0.51

−0.19 1.73+0.55
−0.80 × 10−5 20.69/23.00

0034-01 0.073 2.89 10.07+4.84
−3.04 1.24+0.36

−0.34 1.17+0.14
−0.15 × 10−5 1.70 1.01+0.29

−0.28 × 10−4 10.02/20.00

0035-02 0.220 2.85 3.34+1.36
−0.97 2.00 1.44+0.14

−0.13 × 10−4 1.70 2.59+0.41
−0.43 × 10−4 31.12/49.00

0038+09 0.188 5.45 10.00 0.97+0.07
−0.07 1.05+0.07

−0.07 × 10−3 1.70 4.54× 10−4* 84.44/82.00

0039-44 0.346 2.56 12.40+1.82
−1.76 2.87+0.42

−0.18 6.60+1.52
−1.52 × 10−6 1.39+0.09

−0.17 1.58+0.40
−0.51 × 10−4 94.30/92.00

0043-42 0.116 2.70 13.91+5.53
−4.08 2.00 2.06+0.85

−0.86 × 10−6 1.70 1.51+0.47
−0.40 × 10−4 6.32/5.00

0105-16 0.400 1.67 16.13+7.34
−5.43 1.59+0.18

−0.20 2.65+0.21
−0.22 × 10−5 1.50+0.41

−0.39 1.84+2.01
−0.40 × 10−4 125.16/137.00

0213-13 0.147 1.89 18.40+4.66
−3.40 1.69+1.05

−1.59 4.62+1.23
−1.81 × 10−6 1.77+0.18

−0.22 1.31+0.64
−0.51 × 10−3 45.85/50.00

0235-19 0.620 2.70 0.00 1.43+0.25
−0.24 7.30+1.07

−1.09 × 10−6 1.43+0.25
−0.24 7.30+1.07

−1.09 × 10−6 10.44/10.00

0252-71 0.566 3.66 14.90+12.67
−7.09 2.13+0.40

−0.33 8.15+1.50
−2.14 × 10−6 1.70 3.87+1.54

−1.04 × 10−5 20.40/24.00

0347+05 0.339 13.20 74.85+39.25
−20.63 1.95+0.25

−0.25 1.54+0.17
−0.17 × 10−5 1.70 1.57+1.42

−0.79 × 10−4 16.72/24.00

0349-27 0.066 1.00 6.40+2.00
−1.52 2.00 2.67× 10−6* 1.70 2.55+0.49

−0.55 × 10−4 15.98/20.00

0404+03 0.089 12.10 49.13+19.32
−15.61 2.00 1.05× 10−5* 1.70 2.78+1.72

−1.14 × 10−3 12.28/8.00

0409-75 0.693 8.71 10.00 2.02+0.06
−0.07 8.71+0.33

−0.35 × 10−5 1.70 4.64× 10−6* 137.62/107.00

0442-28 0.147 2.32 0.85+0.33
−0.31 2.00 5.49+5.45

−5.30 × 10−5 1.13+0.24
−0.17 1.18+0.44

−0.30 × 10−3 119.53/134.00

0521-36 0.055 3.33 10.00 1.53+0.03
−0.03 6.17+0.12

−0.12 × 10−3 1.70 2.01× 10−4* 417.14/366.00

0620-52 0.051 5.32 10.00 2.40+0.10
−0.10 9.51+0.52

−0.52 × 10−5 1.70 1.27× 10−5* 39.24/47.00

0625-35 0.055 7.51 5.99+2.56
−1.64 2.00 1.11+0.09

−0.09 × 10−3 1.70 2.74+0.57
−0.45 × 10−3 221.05/173.00

0625-53 0.054 5.51 10.00 2.00 1.15× 10−5* 1.70 8.51× 10−10* 1.00/1.00

0806-10 0.110 7.65 21.19+8.22
−6.18 3.00+1.04

−1.37 1.08+0.34
−0.43 × 10−5 1.70 4.63+2.33

−1.52 × 10−4 18.17/18.00

0859-25 0.305 10.80 38.25+21.16
−23.79 1.61+0.41

−0.44 9.13+1.53
−0.84 × 10−6 1.67+0.39

−0.75 1.81+31.00
−1.13×10−4 × 10−4 24.73/24.00

0915-11 0.054 4.94 2.39+1.90
−1.35 2.00 2.11× 10−6* 1.35+0.60

−0.63 2.49+4.58
−1.55 × 10−5 71.33/57.00

Continued on next page
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PKS z ForegroundNH Intrinsic NH Γ1 Norm 1 Γ2 Norm 2 χ2/DOF

×1020 cm−2
×1022 cm−2 keV−1cm−2s−1 @1keV keV−1cm−2s−1 @1keV

0945+07 0.086 3.01 1.44+0.20
−0.18 3.01+0.62

−0.57 8.30+2.62
−2.52 × 10−5 0.73+0.09

−0.09 1.24+0.18
−0.14 × 10−3 468.26/434.00

1136-13 0.554 3.59 6.06+4.33
−2.77 2.00+0.09

−0.08 3.22+0.08
−0.14 × 10−4 1.48+0.44

−0.29 1.38+0.22
−0.53 × 10−4 705.38/619.00

1151-34 0.258 7.70 52.76+52.42
−28.83 1.86+0.07

−0.07 8.02+0.26
−0.28 × 10−5 1.70 1.28+2.40

−0.90 × 10−4 160.27/163.00

1226+02 0.158 1.79 0.79+0.09
−0.06 2.17+0.01

−0.02 1.79+0.01
−0.02 × 10−2 1.16+0.02

−0.02 4.93+0.23
−0.19 3584.67/2539.00

1306-09 0.464 3.03 0.11+0.04
−0.04 2.00 2.24× 10−6

∗ 1.77+0.09
−0.09 7.25+0.62

−0.54 × 10−5 163.12/169.00

1355-41 0.313 5.61 0.27+0.24
+0.18 2.00 1.11+0.39

−0.38 × 10−5 1.70 2.84+8.48
−2.45 × 10−4 843.39/722.00

1547-79 0.483 9.69 99.28+594.53
−46.51 2.00 1.60+0.18

−0.70 × 10−5 1.70 2.51+1.86
−1.38 × 10−4 17.89/18.00

1559+02 0.104 6.42 6.02+3.85
−2.89 3.37+0.30

−0.25 2.12+0.22
−0.26 × 10−5 1.70 3.26+1.32

−0.97 × 10−5 19.22/23.00

1602+01 0.462 6.59 0.00 1.68+0.03
−0.03 2.79+0.06

−0.06 × 10−4 1.68+0.03
−0.03 2.79+0.06

−0.06 × 10−4 396.19/362.00

1648+05 0.154 6.40 10.00 0.80+1.34
−1.61 5.01+1.85

−1.91 × 10−6 1.70 1.45× 10−3* 6.53/4.00

1733-56 0.098 8.89 10.00 1.54+0.05
−0.05 1.06+0.04

−0.04 × 10−3 1.70 1.67× 10−4* 142.22/133.00

1814-63 0.063 7.76 2.00+0.28
−0.28 2.00 2.03+1.35

−1.40 × 10−5 1.26+0.18
−0.17 1.90+0.23

−0.25 × 10−3 119.13/126.00

1839-48 0.112 5.70 10.00 1.35+0.23
−0.22 1.17+0.21

−0.21 × 10−5 1.70 8.82× 10−6* 6.98/8.00

1932-46 0.231 5.01 0.00 1.82+0.08
−0.07 6.20+0.29

−0.27 × 10−5 1.82+0.08
−0.07 6.20+0.29

−0.27 × 10−5 52.79/74.00

1934-63 0.183 6.15 10.00 1.36+0.18
−0.18 2.44+0.28

−0.28 × 10−5 1.70 1.88× 10−5* 14.91/15.00

1938-15 0.452 9.66 0.37+0.15
−0.12 2.00 4.28+0.77

−1.89 × 10−5 1.51+0.06
−0.08 8.92+1.00

−0.63 × 10−5 189.19/194.00

1949+02 0.059 14.80 42.69+8.26
−3.06 2.05+0.30

−0.29 1.50+0.17
−0.17 × 10−5 1.41+0.10

−0.14 1.24+0.39
−0.49 × 10−3 78.24/81.00

1954-55 0.060 4.61 10.00 0.97+0.37
−0.38 4.00+1.43

−1.38 × 10−6 1.70 7.34× 10−6* 1.78/2.00

2135-14 0.200 4.73 18.38+11.73
−7.97 1.90+0.17

−0.12 8.26+0.39
−0.39 × 10−4 1.70 1.79+0.68

−0.41 × 10−3 120.06/96.00

2135-20 0.635 3.38 64.52+44.68
−24.56 2.00 4.75+0.97

−1.01 × 10−6 1.70 4.63+4.04
−2.60 × 10−5 12.24/14.00

2211-17 0.153 2.51 10.00 2.00 4.74× 10−6* 1.70 4.87× 10−9* 1.00/1.00

2221-02 0.057 5.01 19.69+3.12
−1.97 0.82+0.26

−0.29 5.17+0.47
−0.50 × 10−5 1.70 2.21+0.27

−0.17 × 10−3 169.28/144.00

2250-41 0.310 1.48 10.00 1.93+1.69
−1.16 4.62+2.55

−2.77 × 10−6 1.70 4.08+1640.00
−4.08 × 10−8 13.49/8.00

2314+03 0.220 5.22 9.58+7.88
−4.17 2.16+0.21

−0.19 1.55+0.13
−0.17 × 10−5 1.70 3.23+1.47

−0.79 × 10−5 67.19/46.00

2356-61 0.096 2.34 14.68+1.50
−1.29 3.08+0.57

−0.88 8.43+2.02
−2.15 × 10−6 1.70 9.82+0.98

−0.92 × 10−4 47.84/47.00
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Table 6.2:Objects for which a Fe Kα emission line was detected. Where no errors are quoted the
parameter had to be fixed for the overall model fit.

PKS peak eq. width

keV keV

0039-44 6.32+0.68
−0.18 0.06

0043-42 6.48+0.32
−0.05 0.88

0105-16 6.22+0.78
−0.22 0.09

0409-75 6.68+0.09
−0.15 0.44

0859-25 6.51+0.47
−0.10 0.28

1151-34 6.34 0.10

1559+02 6.44+0.05
−0.05 4.00

1814-63 6.40+0.09
−0.07 0.15

1938-15 6.51+0.07
−0.06 0.16

2221-02 6.37+0.05
−0.05 0.17

2356-61 6.30+0.08
−0.07 0.14

In our analysis of the X-ray emission of the 2Jy objects we observe trends similar to

those observed byHardcastle et al.(2006, 2009) for the 3CRR sources. The luminosity

distribution of the sources versus redshift is as expected,with a greater abundance of

low-luminosity sources at lowz, and only the brighter objects detected at highz (see

Figures6.1and6.2). This effect is, at least in part, caused by the detection limits and

sample selection criteria (see Section5.1).

It is important to keep in mind that the luminosities we derive for the X-ray com-

ponents may suffer from contamination from each other. This is particularlyevident

in the broad-line and quasar-like objects. In these objectsthere is little or no intrin-

sic absorption to allow us to distinguish both components, thus we adopt the same

value for LXu and LXa. This effect can be seen in Figures6.1, 6.2 and6.3, where a

few BLRGs and QSOs seem to have systematically higher luminosities than the rest of

their populations.

These plots show a distinct separation between the different populations. Low-

excitation objects have much lower accretion-related X-ray emission than any of the

other groups. This is consistent with the hypothesis in which LERGs lack the tra-

ditional accretion features characteristic of the high-excitation population (see e.g.

Hardcastle et al. 2007a). The separation between narrow-line (NLRG) and broad-line

(BLRG) objects is more striking in Figure6.2due both to the possible contamination

by jet emission in broad-line objects, and to the influence ofrelativistic beaming, which

‘boosts’ the soft X-ray emission in objects whose jets are viewed at small inclination
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Figure 6.1: X-ray luminosity for the accretion-related componentLXa of the 2Jy
sources against redshift. Open and filled symbols refer to the 2Jy and 3CRR objects, re-
spectively. Red squares represent LERGs, green circles NLRGs, blue crosses BLRGs,
and purple triangles QSOs.

2Jy_cores/z_XA_no3C.eps
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Figure 6.2: X-ray luminosity for the unabsorbed componentLXu of the 2Jy sources
against redshift. Only the 2Jy sources are plotted. Arrows indicate upper limits.
Colours and symbols as in Fig.6.1.

2Jy_cores/z_XJ_no3C.eps
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angles.

The four LERGs that fall in the NLRG parameter space in Figure6.1may, in fact,be

high-excitation objects. 3C 15 (PKS 0034-01) is very luminous and has a relatively

well constrained, obscured, hard component (see Section5.2). Although we do not

detect unequivocal signs of accretion in the form of an emission Fe Kα line, this could

be due to the low statistics, rather than the absence of the line itself. PKS 0043-42 does

have a Fe Kα line, andRamos Almeida et al.(2011a) find IR evidence for a torus (see

also Section5.2). PKS 0625-35 (Section5.2) is extremely bright and is suspected to

be a BL-Lac (Wills et al. 2004). In this case it is hard to tell whether this object is a

LERG with a low inclination angle or has been classified as such because the optical

emission lines cannot be detected at such low inclinations.

A special mention should be made of PKS 0347+05. This object is classified as a

BLRG in our sample, but recent evidence suggests that this is, in fact, a double system,

with a LERG and a radio-quiet Seyfert 1 in close interaction (see Section5.3). We

have decided to keep this object in our plots and classify it as a LERG based on its

optical spectrum (Tadhunter et al. 2012), for consistency with the rest of our analysis,

though it is a clear outlier in most of our plots.

Figure6.3shows the distribution of 2Jy sources according to the relation between

their unabsorbed and accretion-related X-ray luminosities. Each population occupies

a different area in the parameter space, with a certain degree of overlap between the

brighter NLRGs and fainter BLRGs, as can be expected from unification models. For

the same reason, there is some overlap between the fainter NLRGs and the brighter

LERGs. However, it is evident from Figure6.3that LERGs have a much lowerLXa/LXu

ratio than any of the other populations. This reinforces theconclusions from the pre-

vious paragraph about the nature of accretion in LERGs. Adding the 3CRR objects

makes this even more evident, as can be seen in the equivalentplot byHardcastle et al.

(2009). As in Figure6.1, the four ‘dubious’ LERGs seem to fall in the parameter space

occupied by NLRGs.

6.4 Correlations

As described in Section6.2.2, from the analysis of the X-ray cores we derived the

luminosity of the unabsorbed (LXu) and accretion-related components (LXa). For our



176 CHAPTER 6. THE CORES OF THE 2JY SAMPLE

Figure 6.3: X-ray luminosity of the 2Jy sources, showing theunabsorbed component
LXu against X-ray luminosity for the ‘accretion-related’ componentLXa. Arrows indi-
cate upper limits. Colours and symbols as in Fig.6.1.

2Jy_cores/XA_XJ_no3C.eps
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Figure 6.4: X-ray luminosity for the unabsorbed componentLXu against X-ray lumi-
nosity for the ‘accretion-related’ componentLXa. The 2Jy sources are represented with
brighter colours, the 3C sources are faded. Arrows indicateupper limits. Colours and
symbols as in Fig.6.1.

analysis we compared these luminosities with those derivedfrom the 178 MHz, 5

GHz (core), 24µm and [OIII] fluxes, all of which are displayed in Table6.3. As

in the case of the 3CRR objects (Hardcastle et al. 2009), the 2Jy sample is a flux-

limited sample, thus correlations are expected in luminosity-luminosity plots. We test

for partial correlation in the presence of redshift to account for this, following the

method and code described byAkritas & Siebert(1996), which takes into account

upper limits in the data. The results of the partial correlation analysis are given in

Table6.4.

While the relations between these luminosities can providesome insight into the

physical processes going on in each source, it is important to keep in mind that there

are several intrinsic effects that limit this insight, orientation, beaming and environ-

mental interference being perhaps the most relevant. Theseeffects are also the most

likely cause of scatter in the plots that we present in the following Sections. In this

2Jy_cores/XA_XJ.eps
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Table 6.3:Luminosities for the sources in the 2Jy sample, following the format ofHardcastle et al.
(2009). The values are given as the logarithm of the luminosity in erg s−1, upper limits are indicated
with a negative sign before the value. We have converted the radio and IR luminosity densities intoνLν
to allow for direct comparison between the magnitudes in different bands. Where measurements could
not be obtained their absence is indicated with a dash. E stands for LERG, N for NLRG, B for BLRG,
Q for Quasar.

PKS Type z L178 L5 LXu LXa L IR L[OIII ]

0023-26 N 0.3220 43.1995 - -41.7630 - - 43.2675 43.0002 43.3871 44.0083 42.1761

0034-01 E 0.0730 41.5867 41.2511 41.3818 41.3219 41.4316 42.8183 42.7068 42.9062 43.0790 40.4914

0035-02 B 0.2200 42.7985 42.5488 43.4787 43.4369 43.5184 44.2855 44.2345 44.3386 44.2986 42.0792

0038+09 B 0.1880 42.6169 41.5383 44.2211 44.1928 44.2478 -45.0957 - - 44.5053 42.1761

0039-44 N 0.3460 43.1535 40.6509 42.6282 42.5145 42.7184 44.5595 44.3935 44.6551 45.2193 43.0414

0043-42 E 0.1160 42.1566 40.9657 41.0552 40.8193 41.2055 43.3669 43.2479 43.4739 43.6785 40.6990

0105-16 N 0.4000 43.4682 40.6056 43.3793 43.3423 43.4118 44.7524 44.6612 45.0429 44.8354 42.3979

0213-13 N 0.1470 42.3706 - 41.6300 41.4145 41.7323 44.4381 44.2259 44.6096 43.9029 42.1139

0235-19 B 0.6200 43.8768 - 43.2763 43.2061 43.3359 43.2763 43.2061 43.3359 45.3503 43.2788

0252-71 N 0.5660 43.8008 - 43.2278 43.0951 43.3013 44.3057 44.1877 44.4365 44.6714 42.1461

0347+05 E 0.3390 43.0134 40.3314 42.9743 42.9242 43.0204 43.669643.4976 43.8776 44.2241 40.9590

0349-27 N 0.0660 41.4014 39.7998 -40.6457 - - 43.0344 42.9299 43.1111 43.0560 41.0792

0404+03 N 0.0890 41.7898 40.1009 -41.5201 - - 44.3437 44.1142 44.5513 43.8783 41.4624

0409-75 N 0.6930 44.4056 41.2734 44.4708 44.4532 44.4871 -44.6998 - - 44.5990 42.1139

0442-28 N 0.1470 42.5893 40.9848 42.7098 41.2542 43.0095 44.8055 44.6787 44.9417 44.2050 41.8388

0521-36 B 0.0550 41.8739 41.7060 43.8792 43.8707 43.8875 -44.3627 - - 44.2909 41.1600

0620-52 E 0.0510 41.1170 40.8899 41.9805 41.9561 42.0035 -41.9354 - - 42.5477 -39.4150

0625-35 E 0.0550 41.1784 41.3137 43.1093 43.0720 43.1431 44.0000 43.9391 44.0670 43.3494 -40.4771

0625-53 E 0.0540 41.7439 40.1449 -41.1107 - - -41.3137 - - 42.1729 -40.0414

0806-10 N 0.1100 42.1093 40.8854 41.7310 41.5105 41.8504 43.7651 43.5873 43.9357 45.0004 42.7709

0859-25 N 0.3050 43.2810 42.0771 42.6419 42.5997 42.7092 44.3297 43.9065 45.5883 44.5421 41.9777

0915-11 E 0.0540 42.5674 40.8864 -40.4020 - - 42.0803 41.6608 42.5321 42.9201 40.4624

0945+07 B 0.0860 42.0389 40.4438 42.3991 42.2416 42.5182 44.624844.5719 44.6818 44.0509 41.9031

1136-13 Q 0.5540 43.5461 - 44.8021 44.7831 44.8131 44.8932 44.6843 44.9564 45.3264 43.7324

1151-34 Q 0.2580 42.7489 - 43.4187 43.4033 43.4325 44.0164 43.4650 44.4575 44.6217 42.4472

1226+02 Q 0.1580 42.8550 43.8874 45.2902 45.2857 45.2949 45.466945.4495 45.4860 45.6289 43.4800

1306-09 N 0.4640 43.1813 - -42.4592 - - 44.2909 44.2573 44.3264 44.6644 42.1461

1355-41 Q 0.3130 42.9741 41.6516 44.6732 44.4271 44.7655 44.9641 44.8024 45.1361 45.3247 42.8865

1547-79 B 0.4830 43.4741 40.9513 43.3551 43.1056 43.4010 44.9838 44.5588 45.1465 44.9409 43.4314

1559+02 N 0.1040 42.3780 40.5543 41.9832 41.9263 42.0263 42.748842.6579 42.8484 44.9319 42.2553

1602+01 B 0.4620 43.6639 42.2472 44.5507 44.5419 44.5592 44.550744.5419 44.5592 44.8836 42.8129

1648+05 E 0.1540 43.6328 40.4129 41.6811 41.4731 41.8172 -42.6949 - - 43.1741 40.6532

1733-56 B 0.0980 42.0457 41.8810 43.6182 43.5998 43.6359 -44.1220 - - 43.9524 41.8129

1814-63 N 0.0630 42.1275 - 41.5170 41.0075 41.7390 44.1678 44.1085 44.2161 43.8851 40.6335

1839-48 E 0.1120 41.9730 41.3632 41.7705 41.6868 41.8408 -42.4046 - - 43.0864 -39.3617

1932-46 B 0.2310 43.3967 41.5878 43.1983 43.1791 43.2184 43.1983 43.1791 43.2184 43.6958 42.3802

1934-63 N 0.1830 -43.3798 - 42.5568 42.5027 42.6044 -43.1977 - - 44.3024 42.0792

1938-15 B 0.4520 43.5708 41.3177 43.7138 43.4614 43.7853 44.4878 44.4560 44.5339 44.8070 42.8808

1949+02 N 0.0590 41.6303 39.5819 41.2886 41.2371 41.3360 43.821043.6067 43.9377 44.2903 41.8573

1954-55 E 0.0600 41.5454 40.2738 40.7084 40.5256 40.8410 -41.6471 - - 42.4294 -39.0000

2135-14 Q 0.2000 42.4922 41.7612 44.1805 44.1596 44.2006 45.0350 44.9548 45.1425 45.1763 43.1139

2135-20 B 0.6350 43.6840 - 43.1152 43.0110 43.1955 44.4560 44.0865 44.7177 45.0205 43.1461

2211-17 E 0.1530 42.8790 39.7356 -41.6781 - - -39.8085 - - 42.5933 40.3802

2221-02 B 0.0570 41.4983 40.4621 41.7707 41.7262 41.8084 43.8865 43.8540 43.9311 44.3153 42.2304

2250-41 N 0.3100 43.2265 40.5518 42.5944 42.4901 42.6764 -43.2248 - - 44.6544 42.6990

2314+03 N 0.2200 42.9494 42.8189 42.5477 42.4961 42.5830 43.266143.1263 43.4112 44.9483 42.2041

2356-61 N 0.0960 42.3572 40.5681 41.4955 41.3678 41.5890 43.9668 43.9249 44.0075 44.0745 41.9542
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Table 6.4: Results of partial correlation analysis described in Section 6.4. The number of objects
for each correlation is given in column 4, and it includes allthe objects in the corresponding subsample
given in column 3. The last column indicates the strength of the partial correlation between the quantities
in columns 1 and 2 in the presence of redshift. We consider thecorrelation significant ifτ/σ > 3.

x y subsample n τ σ τ/σ

L178 LXu 2Jy+3CRR NLRG 109 0.210 0.044 4.744

2Jy NLRG 19 0.243 0.141 1.727

L178 LXa all 149 0.118 0.029 4.116

2Jy+3CRR HERG 104 0.130 0.037 3.477

2Jy+3CRR LERG 44 0.014 0.031 0.460

L5 LXu all 139 0.458 0.046 10.029

L5 LXa all 139 0.264 0.047 5.651

2Jy+3CRR, QSOs excluded 121 0.141 0.045 3.109

2Jy+3CRR LERG 44 0.150 0.057 2.625

LIR LXu all 119 0.359 0.055 6.537

2Jy+3CRR HERG 85 0.277 0.070 3.940

LIR LXa all 119 0.480 0.046 10.358

2Jy+3CRR HERG 85 0.410 0.062 6.637

L[OIII ] LXa all 124 0.420 0.046 9.141

2Jy+3CRR HERG 90 0.353 0.060 5.908

L178 LIR all 141 0.190 0.035 5.408

2Jy+3CRR HERG 107 0.207 0.044 4.715

2Jy+3CRR NLRG 62 0.182 0.059 3.073

2Jy+3CRR LERG 34 0.107 0.076 1.399

L178 L[OIII ] all 135 0.191 0.035 5.467

2Jy+3CRR HERG 101 0.205 0.043 4.801

2Jy+3CRR NLRG 56 0.152 0.054 2.844

2Jy+3CRR LERG 34 0.121 0.066 1.835

LIR L[OIII ] all 113 0.592 0.063 9.320

2Jy HERG+LERG 47 0.676 0.095 7.154

2Jy+3CRR HERG 84 0.533 0.068 7.806

2Jy HERG 37 0.600 0.104 5.769
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Chapter we therefore describe the correlations between these luminosities without ref-

erence to any particular model, merely attempting to establish the physical scenarios

and measurement systematics that may cause these correlations to arise.

To allow direct comparison with the results ofHardcastle et al.(2009), we have

plotted both the 2Jy and the 3CRR objects in our Figures. Fig.6.4 summarises the

X-ray characteristics of both populations. In terms of sample size, we have multiwave-

length luminosities for 47 2Jy objects and 135 3CRR sources (although in the latter the

data are less complete, see the tables in Section6.7), more than doubling the number

of objects studied byHardcastle et al.(2009).

The differences between the LERGs and HERGs observed in Fig.6.3 are high-

lighted by the addition of the 3CRR objects. It is also clearer that there is an overlap

in the parameter space between BLRGs and NLRGs. Two 3CRR NLRGs with very

low values ofLXa are M 87 and 3C 338, both of which are believed to be radiatively

inefficient accretors that would normally be classified as LERGs (see discussion in

Evans et al. 2008). 3C 123 is probably more appropriately classified as a reddened

NLRG, and the X-ray spectrum of 3C 200 is more compatible withthat of a NLRG

(see Appendix A ofHardcastle et al. 2006).

There are also some differences between the 2Jy and 3CRR populations, which can

be partly attributed to the slightly different selection criteria used in both samples, and

which may cause the 2Jy sample to have more beamed objects (asdiscussed in Section

5.1), as well as issues with sample completeness in the latter sample (the 3CRR sample

is nearly complete in X-rays for low-z objects, but not so forz > 0.5). While we

consider that these effects do not invalidate our results, it is essential to keep inmind

that any selection criteria for an AGN sample introduce a certain bias. We will discuss

other possible sources of bias in Section6.5.

6.4.1 X-ray/Radio correlations

The 178 MHz luminosity is not only an indicator of the time-averaged jet power, but

also of the age of the source, and is related to the propertiesof the external environment

(Hardcastle & Krause 2013). By adding the 2Jy sources to theL178/LXu plot (Fig. 6.5),

a correlation between these quantities for the NLRGs is morereadily apparent than

it was for Hardcastle et al.(2009), despite the scatter (see Table6.4 and Table 5 in
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Figure 6.5: X-ray luminosity for the unabsorbed componentLXu as a function of 178
MHz total radio luminosity. The 2Jy sources are representedwith brighter colours, the
3C sources are faded. Arrows indicate upper limits. Coloursand symbols as in Fig.
6.1.

Hardcastle et al.(2009)). The situation is not so clear for the BLRGs and QSOs, most

likely due to the contamination from the accretion-relatedcomponent. In the case of

the LERGs the scatter is expected due to the fact that there are no selection effects

on orientation. All of this suggests that there may be a weak physical link between

the unabsorbed X-ray power (prior to beaming correction) and the overall radio power

(related to the overall AGN power).

There is no apparent correlation betweenL178/LXu if only the 2Jy sources are con-

sidered (see Table6.4). This is most likely due to the large scatter in the jet-related

quantities, andLXu in particular, caused by the presence of beamed objects in the 2Jy

sample, a consequence of the selection criteria, as well as the low number of sources.

In fact, the values ofτ in theL178/LXu correlation when only the 2Jy sources are con-

sidered is larger than it is for the combined 2Jy and 3CRR samples, but the scatter

(indicated byσ) is much larger in the former case, resulting inτ/σ < 3.

2Jy_cores/R_XJ.eps
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Figure 6.6: X-ray luminosity for the ‘accretion-related’ componentLXa as a function of
178 MHz total radio luminosity. The 2Jy sources are represented with brighter colours,
the 3C sources are faded. Arrows indicate upper limits. Colours and symbols as in Fig.
6.1.

By contrast, and as already pointed out byHardcastle et al.(2009), there seems to

be a strong correlation betweenL178/LXa for all the populations excluding the LERGs,

which seem to lie mostly below this correlation (see Fig.6.6 and Table6.4). The

BLRGs and QSOs are not clearly outlying in this plot, despitethe contamination from

the jet-related X-ray component.

Fig. 6.7shows the relation between the 5 GHz core luminosity and the unabsorbed

X-ray component. The correlation between these quantitiesis strong (Table6.4), de-

spite the scatter, due to the fact that both quantities are subject to beaming. The fact

that the LERGs lie in the same correlation as the NLRGs is evidence for the jet-related

nature of the soft X-ray component in radio-loud sources (see e.g.Hardcastle et al.

2009; Worrall et al. 1987, and references within). For consistency with the rest of the

AGN classes, however, there must be a contribution from the same mechanism that

causes the soft emission in radio-quiet objects, at least inradiatively-efficient sources.

2Jy_cores/R_XA.eps
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Figure 6.7: X-ray luminosity for the unabsorbed componentLXu as a function of 5 GHz
radio core luminosity. Arrows indicate upper limits. Colours and symbols as in Fig.
6.1.

Figure6.8shows the relation between the 5 GHz core luminosity and the accretion-

related X-ray component. In this plot it becomes apparent that the LERGs show a dis-

tinct behaviour, completely apart from the high-excitation population. The correlation

between these two quantities is less strong than betweenL5GHz,core andLXu (Table6.4),

and almost disappears if the QSOs are removed.

Correlations between both X-ray luminosities and the 5 GHz radio core luminos-

ity are expected due to their mutual dependence on redshift.If the X-ray luminosity

were simply related to the AGN power, and independent from orientation and beam-

ing, it would not be strongly correlated to the 5 GHz core luminosity. As argued by

e.g. Hardcastle & Worrall(1999), Doppler beaming can introduce up to three orders

of magnitude of scatter in these correlations, given its strong influence onL5GHz,core.

The correlation we observe betweenL5GHz,core and LXu, in particular, reinforces the

hypothesis that the soft X-ray flux is related to jet emissionin radio-loud sources.

2Jy_cores/RC_XJ.eps
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Figure 6.8: X-ray luminosity for the ‘accretion-related’ componentLXa as a function
of 5 GHz radio core luminosity. Arrows indicate upper limits. Colours and symbols as
in Fig. 6.1.

2Jy_cores/RC_XA.eps
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Figure 6.9: X-ray luminosity for the unabsorbed componentLXu, as a function of total
infrared (24µm for the 2Jy sources, 15µm for the 3C sources) luminosity. Arrows
indicate upper limits. Colours and symbols as in Fig.6.1.

6.4.2 X-ray/IR correlations

The main source of uncertainty inLIR comes from its dependence with orientation,

which is believed to introduce a large uncertainty (see e.g.Runnoe et al. 2012; Hard-

castle et al. 2009, and references therein).

Despite the large scatter, there is an evident overall correlation betweenLIR and

LXu (Fig. 6.9and Table6.4), which was already visible in the plots ofHardcastle et al.

(2009). The 2Jy sources fill some of the gaps left by the 3CRR sourcesin the parameter

space. The correlation disappears for individual populations, however.

The correlation betweenLIR and LXa is very strong (Fig. 6.10 and Table6.4).

This is expected, since both luminosities are indicators ofthe overall power of the

accretion disk. Some of the scatter in this correlation is likely to come from the fact

that LIR is more dependent on orientation thanLXa, and the way in which the latter

is affected by obscuration (objects with a much largerLIR than LXa are likely to be

2Jy_cores/I_XJ.eps
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Figure 6.10: X-ray luminosity for the ‘accretion-related’componentLXa, as a function
of total infrared (24µm for the 2Jy sources, 15µm for the 3C sources) luminosity.
Arrows indicate upper limits. Colours and symbols as in Fig.6.1.

2Jy_cores/I_XA.eps
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Compton-thick). It is also very likely thatLXa is more affected by beaming thanLIR, as

suggested byHardcastle et al.(2009). It may seem surprising that broad-line objects

follow the correlation despite the scatter introduced by beaming, and despite the fact

that in some of themLXa is contaminated fromLXu. However, the infrared luminosity

in these sources is likely to include some non-thermal contamination from synchrotron

emission associated with the jet, and due to their orientation, the contribution from the

torus is also larger. These effects effectively boost their IR emission and brings them

closer to the correlation.

Some of the NLRGs in our sample are quite heavily obscured, and we could only

constrain an upper limit to their absorption column and accretion-related X-ray lumi-

nosity. These objects are probably Compton-thick, and lie to the lower right of the

correlation in this plot.

The behaviour of the LERGs in this Figure is most significant,reinforcing the idea

that LERGs cannot be explained as heavily obscured, ‘traditional’ HERGs. LERGs are

underluminous in X-rays, and lie below the correlation for HERGs. Adding an intrinsic

absorption columnNH = 1024 cm−2 is still insufficient to boost the X-ray luminosity of

most of these objects enough to situate them on the correlation. The overlap between

the populations happens mostly for objects whose classifications are not clear, and the

scatter caused by systematics is probably the main cause behind this overlap.

The origin of the IR emission in LERGs should be questioned. We know from

cases like M 87 that no accretion-related component is detected on small scales (see

Section 4.1 inHardcastle et al. 2009), although IR emission is measured withSpitzer.

It is very likely that in LERGs the IR emission is associated with the jet and the old

stellar population, and is therefore not reliable as an estimator of accretion.

6.4.3 X-ray/[OIII] correlations

As pointed out byHardcastle et al.(2009), there is a strong correlation betweenL[OIII ]

andLXa (Fig. 6.11and Table6.4), given that both quantities directly trace accretion.

As in the case of the correlation betweenLIR andLXa, the LERGs fall below the cor-

relation expected for high-excitation objects. The scatter in this plot is much higher

than that seen in Figure6.10. Infrared emission is a better indicator of accretion than

[OIII], since it is less contaminated by the jet and stellar processes, as well as easier to
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measure.

The relation between the [OIII] and jet-related X-ray luminosity is shown in Fig.

6.12. This plot is surprising in that it separates the populations quite clearly. This is

not expected a priori, since [OIII] traces the photoionizing power of the AGN, which

is directly related to accretion, and not directly dependent on jet power, which is traced

by LXu.

Figure 6.11: X-ray luminosity for the ‘accretion-related’componentLXa against the
[OIII] emission line luminosity. Arrows indicate upper limits. Colours and symbols as
in Fig. 6.1.

The LERGs are underluminous in [OIII], as expected, and showa great deal of

scatter due to the effect of the random orientation on their X-ray emission. Broad-line

objects have boosted X-ray luminosities both due to beamingand to contamination

from the accretion-related component, and lie towards the top right corner of the plot.

Their relative faintness in [OIII] can be explained by obscuration, as suggested by

Jackson & Browne(1990). This causes some BLRGs and most NLRGs to appear as

overluminous in [OIII] with respect to the other populations.

2Jy_cores/O_XA.eps
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Figure 6.12: X-ray luminosity for the unabsorbed componentLXu against the [OIII]
emission line luminosity. Arrows indicate upper limits. Colours and symbols as in
Fig. 6.1.

2Jy_cores/O_XJ.eps
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Figure 6.13: [OIII] emission line luminosity against the 178 MHz total radio luminos-
ity. Arrows indicate upper limits. Colours and symbols as inFig. 6.1.

6.4.4 Radio/IR /[OIII] correlations

Hardcastle et al.(2009) found correlations between the overall radio luminosity and the

infrared and [OIII] luminosities. We observe the same in ourplots and correlation anal-

ysis (Table6.4), with the 2Jy sources filling some of the gaps in the parameter space

(Figs.6.13, 6.14). The LERGs have higher (relative) radio luminosities thanthe other

populations, as expected. Beaming is likely to introduce scatter in the radio luminosity

in both plots, while orientation is likely to influence the scatter in IR luminosities. For

the 3CRR objects it can be seen that the broad-line objects have systematically higher

[OIII] luminositites than narrow-line objects for the sameluminosity, but this is not so

clear for the 2Jy sources alone, due to their redshift distribution.

By contrast, and as observed byHardcastle et al.(2009), the radio core luminosity

is not well correlated with eitherLIR norL[OIII ] (Figs.6.15, 6.16). The QSOs have radio

cores that are far more luminous than those of the other classes. All the populations,

in fact, seem to be in different regions of the parameter space, with the broad-line

2Jy_cores/R_O.eps
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Figure 6.14: 178 MHz total radio luminosity against the total infrared (24µm for
the 2Jy sources, 15µm for the 3C sources) luminosity. Arrows indicate upper limits.
Colours and symbols as in Fig.6.1.

2Jy_cores/R_I.eps
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Figure 6.15: [OIII] emission line luminosity against the 5 GHz radio core luminosity.
Arrows indicate upper limits. Colours and symbols as in Fig.6.1.

objects having more luminous radio cores than the narrow-line objects for the same

LIR andL[OIII ] due to beaming, and LERGs being fainter in both plots, but also more

radio-luminous, in proportion, than NLRGs.

The correlation betweenLIR andL[OIII ] is very strong (Figure6.17and Table6.4),

and made much clearer by the addition of the 2Jy objects. Orientation effects are likely

to affect both quantities in the same way (except for [OIII] absorption in some objects),

and neither magnitude is affected by beaming, which greatly reduces the scatter. Con-

tamination from the jet is also likely to favour both quantities equally, by adding to the

IR emission and introducing an additional source of photoionization.

6.5 Jet power and Eddington rates

One of the hypotheses that has gained more strength in recentyears over the mecha-

nisms underlying accretion in LERGs postulates that there is an accretion rate switch

2Jy_cores/RC_O.eps
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Figure 6.16: 5 GHz radio core luminosity against the total infrared (24µm for the 2Jy
sources, 15µm for the 3C sources) luminosity. Arrows indicate upper limits. Colours
and symbols as in Fig.6.1.

2Jy_cores/RC_I.eps
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Figure 6.17: Total infrared (24µm for the 2Jy sources, 15µm for the 3C sources)
luminosity against the [OIII] emission line luminosity. Arrows indicate upper limits.
Colours and symbols as in Fig.6.1.

2Jy_cores/O_I.eps
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between these objects and the high-excitation population at about 1− 10 per cent of

the Eddington rate (see e.g.Best & Heckman 2012; Russell et al. 2012, and references

therein). In this Section we aim to test this hypothesis, taking into account not just the

radiative power from the AGN, but also the kinetic power of the jet, denotedQ in this

thesis.

6.5.1 Jet power estimations

To estimate the jet kinetic power we used both the correlations of Cavagnolo et al.

(2010), which relies on 1.4-GHz measurements, and ofWillott et al. (1999), which

is derived from 151-MHz fluxes, with a correction factorf = 15 (see discussion in

Hardcastle et al. 2009). Cavagnolo et al.(2010) derived their correlation from X-ray

cavity measurements; this method, as pointed out byRussell et al.(2012), is subject

to uncertainties in the volume estimations and on how much ofthe AGN power is

actually transferred to the interstellar/intergalactic medium. Given that the objects in

our samples are far more powerful than the ones considered byCavagnolo et al.(2010),

it is possible that their correlation underestimates the jet powers in our case, but it is

the best estimate based on actual data.Willott et al. (1999) derived their correlation

from minimum energy synchrotron estimates and [OII] emission line measurements,

which make the slope of the correlation somewhat uncertain,as well as introducing an

additional uncertainty (in form of the factorf ) in the normalization.

Godfrey & Shabala(2013) discuss these issues in detail, arguing that, given the

vastly different particle contents and energy budgets of FRI and FRII sources, as well

as the dependence of the jet luminosity with the environment(jets are more luminous

in denser environments, see e.g.Hardcastle & Krause 2013), it is very likely that, a

priori, a single correlation cannot be used across the entire population of radio-loud

objects. However, they find that such a correlation does work, and conclude that en-

vironmental factors and spectral ageing ‘conspire’ to reduce the radiative efficiency

of FRII sources, effectively situating them on the sameQ jet − L151 correlation as the

low-power FRI galaxies. This makes the use of these correlations qualitatively inaccu-

rate, but quantitatively correct, within the assumptions,as lower limits to the jet kinetic

power.

We have repeated the luminosity versus jet power plots ofGodfrey & Shabala
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(2013) for our sources, using both theCavagnolo et al.(2010) andWillott et al. (1999)

correlations, and we find them to agree very well, with slightdivergences at the high

and low ends of the distribution due to the different shapes of both correlations. For

our analysis we have used the relation ofWillott et al. (1999), both for consistency

with the analysis ofHardcastle et al.(2006, 2009), and because of the relatively higher

reliability of low-frequency measurements. As a further check, we have compared the

jet power we obtained for PKS 2211-17 with that obtained independently byCroston

et al.(e.g.2011), and have found them to agree within the uncertainties.

6.5.2 Black hole masses and bolometric corrections

We calculated the black hole masses for the objects in our sample from the Ks-band

magnitudes ofInskip et al.(2010) and a slight variation of the well-known correlation

between these quantities and the black hole mass (Graham 2007). We cross-tested the

results with the black hole masses obtained from the B-band magnitudes ofRamos

Almeida et al.(2010) (using the corrections ofFukugita et al. 1995) and the relations

from Graham(2007), and found them to be mostly consistent, save for an overalleffect

that might be related to the different apertures used (the B-band derived masses tend to

be smaller).

15 of our objects are missing from the work ofInskip et al.(2010). We obtained

2MASSmagnitudes for some of them, so 11 sources do not have K-band measurements

and are thus missing from the following tables and plots. Of these, 3 are QSOs, 4

BLRGs, 3 NLRGs and 1 LERG. Given that the black hole masses derived from K-

band magnitudes for broad-line objects and QSOs are not reliable, we can assume that

our sample is adequately covered. A further source of uncertainty for theMBH − LK

correlation originates from the fact that black hole massesin clusters are expected to be

systematically higher (see e.g.Volonteri & Ciotti 2012). This is particularly important

for LERGs inhabiting rich environments, a point we return toin the next Section.

When cross-checkingUKIRT and2MASSobservations for the 3CRR sources we

found five objects where differences greater than 0.4 mag (after aperture and K correc-

tions) were present between both instruments. After checking carefully these discrep-

ancies, we have relied on2MASSmeasurements whenever possible. It is important to

keep in mind not only the limitations of the available data, but also the large degree of
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scatter present in the correlation ofGraham(2007).

We derived the bolometric luminosity from the different bands, and studied their

consistency. We used the correlations ofMarconi & Hunt (2003) for the X-ray 2-10

keV luminosity, the simple relation ofBest & Heckman(2012) for the [OIII] luminos-

ity and the relation ofRunnoe et al.(2012) for the IR luminosity. These values are

shown in Table6.5.

It is worth noting that all these relations are a subject of debate. TheLX,2−10keV/Lbol

relation was initially postulated for bright quasars (Elvis et al. 1994), and although

more complex relations like that ofMarconi & Hunt (2003) agree with the initial re-

sults, they cannot be be fully applied to low-luminosity andlow-excitation sources

(see e.g.Ho 2009). The mid-IR luminosity seems to be a very reliable estimator of

the bolometric luminosity of an AGN, despite issues with non-thermal contamination

where a jet is present (see e.g.Fernández-Ontiveros et al. 2012), and a minor contribu-

tion from star formation. The main issue with this correlation lies in the dependence

on orientation, which can introduce a bias of up to 40% (see e.g. Runnoe et al. 2012).

[OIII] has been widely used to assess the bolometric luminosity, given that the conver-

sion factor between the two is just a constant, but it is not reliable when there are other

sources of photoionization, and it is known to underestimate the bolometric luminos-

ity in low-excitation sources (see e.g.Netzer 2009) and is also orientation-dependent

(Dicken et al. 2009; Jackson & Browne 1990).
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Table 6.5: K-band magnitudes, K-corrections (calculated using the rela-

tions of Glazebrook et al. 1995; Mannucci et al. 2001), absolute mag-

nitudes, black hole masses, Eddington luminosities, X-ray, [OIII] and

infrared-derived Eddington ratios and jet Eddington ratios for the sources

in the 2Jy sample. The K-band magnitudes fromInskip et al.(2010) are

marked as I10 in the reference column, the magnitudes taken directly

from the 2MASS catalogue are marked as 2M. The errors quoted for

LX,rad/LX,Edd are derived from both the errors in the X-ray powerlaw

normalization and the errors in the intrinsicNH , to show the maximum

possible uncertainty. Where NH was fixed to 1023 cm−2, the upper and

lower values of the X-ray luminosity were calculated forNH = 0 and

NH = 1024 cm−2 respectively. For PKS 0521–36 the intrinsic absorption

is unconstrained, thus an upper limit is given forLX,rad/LX,Edd, indicated

with an asterisk. E stands for LERG, N for NLRG, B for BLRG, Q for

Quasar.

PKS Type Ref z mag Ks K-corr Mag Ks MBH LEdd LX,rad/LX,Edd L[OIII ],rad/L[OIII ],Edd LIR,rad/LIR,Edd Q/LEdd

×109 M⊙ ×1040 W

0023-26 N I10 0.322 15.036 -0.604 -26.70 1.67 2.17 1.76+0.10
−0.11 × 10−3 2.42× 10−2 1.15× 10−2 9.10× 10−2

0034-01 E I10 0.073 12.569 -0.183 -25.21 0.53 0.69 1.50+0.28
−0.28 × 10−3 1.56× 10−3 8.28× 10−3 1.23× 10−2

0035-02 B I10 0.220 14.107 -0.482 -26.47 1.40 1.81 4.41+0.54
−0.47 × 10−2 2.32× 10−2 2.17× 10−2 5.25× 10−2

0038+09 B I10 0.188 14.299 -0.428 -25.94 0.93 1.21 8.14+0.08
−0.56 × 10−1 4.34× 10−2 4.57× 10−2 4.82× 10−2

0039-44 N I10 0.346 15.411 -0.622 -26.53 1.46 1.89 9.81+1.97
−1.84 × 10−2 2.03× 10−1 8.99× 10−2 9.79× 10−2

0043-42 E I10 0.116 12.999 -0.283 -25.94 0.94 1.22 4.18+0.82
−0.65 × 10−3 1.44× 10−3 1.22× 10−2 2.29× 10−2

0105-16 N I10 0.400 15.419 -0.649 -26.91 1.96 2.55 1.33+0.64
−0.39 × 10−1 3.44× 10−2 3.64× 10−2 1.38× 10−1

0213-13 N I10 0.147 13.502 -0.349 -26.07 1.03 1.33 9.57+3.05
−2.85 × 10−2 3.41× 10−2 1.59× 10−2 2.98× 10−2

0347+05 B I10 0.339 14.286 -0.617 -27.59 3.28 4.27 2.31+1.66
−0.66 × 10−2 7.46× 10−4 8.21× 10−3 2.72× 10−2

0349-27 E I10 0.066 12.853 -0.166 -24.68 0.36 0.46 4.16+0.56
−0.55 × 10−3 9.04× 10−3 1.20× 10−2 1.23× 10−2

0404+03 N I10 0.089 13.417 -0.221 -24.85 0.41 0.53 1.80+0.83
−0.62 × 10−1 1.91× 10−2 3.84× 10−2 1.88× 10−2

0442-28 N I10 0.147 13.160 -0.349 -26.41 1.33 1.73 2.30+0.10
−0.09 × 10−1 1.40× 10−2 1.96× 10−2 3.52× 10−2

Continued on next page
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Table 6.5 –Continued from previous page

PKS Type Ref z mag Ks K-corr Mag Ks MBH LEdd LX,rad/LX,Edd L[OIII ],rad/L[OIII ],Edd LIR,rad/LIR,Edd Q/LEdd

×109 M⊙ ×1040 W

0521-36 B I10 0.055 10.913 -0.139 -26.18 1.12 1.45 6.98× 10−2* 3.48× 10−3 2.57× 10−2 9.28× 10−3

0620-52 E 2M 0.051 9.801 -0.129 -27.11 2.27 2.95 3.06+9.80
−3.06 × 10−5 3.09× 10−5 8.18× 10−4 1.09× 10−3

0625-35 E I10 0.055 10.724 -0.139 -26.36 1.29 1.68 2.00+0.23
−0.18 × 10−2 6.27× 10−4 5.19× 10−3 2.13× 10−3

0625-53 E I10 0.054 10.042 -0.137 -27.00 2.09 2.72 6.41+0.02
−6.41 × 10−6 1.41× 10−4 4.91× 10−4 4.24× 10−3

0806-10 N I10 0.110 12.137 -0.269 -26.67 1.62 2.11 7.84+2.01
−1.69 × 10−3 9.78× 10−2 5.71× 10−2 8.91× 10−3

0859-25 N I10 0.305 14.758 -0.589 -26.83 1.83 2.38 3.84+3.72
−2.05 × 10−2 1.39× 10−2 2.44× 10−2 1.01× 10−1

0915-11 E I10 0.054 10.868 -0.137 -26.18 1.12 1.45 9.17+1.23
−0.62 × 10−5 6.98× 10−4 2.88× 10−3 3.79× 10−2

0945+07 B I10 0.086 12.376 -0.214 -25.81 0.84 1.10 2.08+0.10
−0.07 × 10−1 2.56× 10−2 2.39× 10−2 1.54× 10−2

1151-34 Q 2M 0.258 14.040 -0.537 -27.08 2.22 2.88 1.23+1.53
−0.15 × 10−2 3.40× 10−2 2.29× 10−2 2.77× 10−2

1226+02 Q 2M 0.158 9.937 -0.371 -29.82 1.18 1.54 2.06+0.92
−0.05 6.87× 10−1 2.12× 10−1 5.58× 10−2

1306-09 N I10 0.464 15.120 -0.666 -27.61 3.33 4.33 1.88+0.02
−0.04 × 10−2 1.13× 10−2 1.63× 10−2 4.35× 10−2

1355-41 Q I10 0.313 12.744 -0.597 -28.91 8.95 11.63 5.60+1.69
−0.12 × 10−2 2.32× 10−2 1.73× 10−2 1.10× 10−2

1547-79 B I10 0.483 15.185 -0.669 -27.66 3.44 4.47 1.51+44.55
−0.91 × 10−1 2.11× 10−1 2.45× 10−2 7.76× 10−2

1559+02 N I10 0.104 12.205 -0.256 -26.46 1.38 1.80 4.75+0.14
−1.67 × 10−4 3.50× 10−2 5.90× 10−2 1.34× 10−2

1648+05 E 2M 0.154 12.550 -0.363 -27.14 2.33 3.03 2.42+554.08
−2.42 × 10−4 5.21× 10−4 2.18× 10−3 1.61× 10−1

1733-56 B I10 0.098 12.485 -0.242 -26.03 1.00 1.30 3.75+1.53
−0.03 × 10−2 1.76× 10−2 1.74× 10−2 1.54× 10−2

1814-63 N I10 0.063 11.896 -0.159 -25.52 0.68 0.88 6.34+0.22
−0.46 × 10−2 1.71× 10−3 2.23× 10−2 2.64× 10−2

1839-48 E 2M 0.112 11.841 -0.274 -27.01 2.11 2.74 1.19+1.35
−1.19 × 10−4 2.94× 10−5 2.14× 10−3 6.66× 10−3

1932-46 B I10 0.231 14.971 -0.499 -25.84 0.86 1.12 6.90+0.09
−0.18 × 10−3 7.49× 10−2 1.35× 10−2 2.72× 10−1

1934-63 N I10 0.183 14.023 -0.419 -26.14 1.09 1.41 2.20+12.07
−2.20 × 10−3 2.98× 10−2 2.86× 10−2 2.73× 10−2

1949+02 N I10 0.059 11.333 -0.149 -25.92 0.92 1.20 1.63+0.81
−0.43 × 10−2 2.10× 10−2 3.32× 10−2 6.30× 10−3

2135-14 Q 2M 0.200 12.404 -0.449 -28.00 4.47 5.81 1.40+0.38
−1.40 × 10−1 7.82× 10−2 2.74× 10−2 8.54× 10−3

2211-17 E I10 0.153 13.422 -0.361 -26.25 1.18 1.54 2.81+0.16
−2.81 × 10−7 5.46× 10−4 1.72× 10−3 7.27× 10−2

2221-02 B I10 0.057 11.448 -0.144 -25.73 0.79 1.03 2.31+0.25
−0.22 × 10−2 5.77× 10−2 4.17× 10−2 3.20× 10−3

2250-41 N I10 0.310 15.508 -0.594 -26.12 1.07 1.40 4.35+28.50
−4.35 × 10−4 1.25× 10−1 4.97× 10−2 1.56× 10−1

2356-61 N I10 0.096 12.559 -0.237 -25.90 0.91 1.18 2.58+0.19
−0.22 × 10−2 2.68× 10−2 2.35× 10−2 3.24× 10−2
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6.5.3 AGN power and accretion rate

We plotted the radiative Eddington rates (Lrad/LEdd) derived from the different bands

against each other first, to establish their relative reliabilities. We find that the [OIII]

and IR-derived luminosities are well correlated, but the plot shows a scatter of over an

order of magnitude. Moreover, there seem to be some systematic differences between

the 2Jy and 3CRR populations, which we attribute to the relative better quality of the

data for the 2Jy objects.

Jet power versus radiative luminosity plots can also be enlightening in discerning

the relative contributions of both components for each population. Fig. 6.18shows

Lbol,[X]/LEdd versusQ/LEdd for the 2Jy and the 3CRR sources, where Q is the jet

power as defined byWillott et al. (1999). Figs. 6.19 and6.20 show the same plot

for [OIII] and IR derived bolometric luminosities, respectively. Figure6.20is the one

with the smallest degree of scatter. Reassuringly, and as verified in the histograms, in

all the plots adding both components still results in sub-Eddington accretion, even in

the brightest sources.

The X-ray derived Eddington rates show the greatest degree of uncertainty on indi-

vidual measurements, two orders of magnitude for some sources, and even higher for

the LERGs. This is most likely intrinsic to the nature of X-ray measurements of AGNs,

where source variability, intrinsic absorption and beaming contribute to the scatter. We

redid the plot purposefully overestimating the errors by including the uncertainty in the

intrinsic NH (when the NH was assumed to be 1023 cm−2 we assumed upper and lower

values of 1024 and 0 cm−2, respectively). We found that this was still not enough to

bring some of the NLRGs and most of the LERGs to the correlation. LERGs seem to

have systematically lower (by over three orders of magnitude in some cases) radiative

Eddington rates in X-rays than they do when these rates are derived from IR or [OIII]

measurements.

While IR measurements are most reliable to determine accretion in high-excitation

sources, they appear to overestimate this component in LERGs. Most IR points in

Figure 6.20 are detections, not upper limits. As pointed out in Section6.4.3, it is

likely that in these objects the IR emission is associated with the jet and the old stellar

population, rather than accretion. For the same reason, [OIII] measurements are also

likely to be an overestimation, since the jet and stellar photoionization can boost this
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Figure 6.18:Lbol,[X]/LEdd versusQ/LEdd for the 2Jy and the 3CRR sources. Error bars
reflect the uncertainties in the accretion-related luminosity, but not systematics such as
the uncertainty in absorption or intrinsic variability. Arrows indicate upper limits.

emission. We conclude that for LERGs the Eddington rate is best derived from X-ray

measurements.

In all these plots a division between high and low-excitation sources is clearly

visible. A trend between jet power and radiative luminositycan be observed for the

LERGs. We can assume that a certain degree of contamination from jet emission

is present in the radiative component in the three plots, andis probably causing this

apparent trend.

Several conclusions can be drawn from the behaviour of the HERGs in these plots.

The fact that we do not see a decrease in jet power at high radiative luminosities indi-

cates that, even if there is a switch between radiatively inefficient and efficient accre-

tion, jet generation is not switched off when radiatively efficient accretion takes over.

There are several NLRGs, in fact, where the contribution from the jet kinetic luminos-

ity is higher than that of the radiative luminosity (see alsoPunsly & Zhang 2011). The

amount of scatter in the plots may suggest that these processes are independent.

This hypothesis must be treated carefully, however, due to the sources of bias

2Jy_cores/Q_Edd_X_scaled.eps
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Figure 6.19:Lbol,[OIII ]/LEdd versusQ/LEdd for the 2Jy and the 3CRR sources. Arrows
indicate upper limits.

present in this kind of analysis. The timescales involved are much shorter for the radia-

tive luminosity than they are for the jet power estimations.This is likely to introduce

a great amount of scatter in these plots. It is possible that the sources we are selecting

had more luminous cores in the past, which would belie their trueQ/Lrad ratio. More-

over, our study does not include radio-quiet objects, whichare far more numerous than

the radio-loud population, and which would presumably occupy the upper left corner

in the parameter space, given that their radiative output exceeds by far any contribution

from a jet.

To assess the extent of bias we plotted the HERGs in our 2Jy and3CRR samples

next to the SDSS selected quasars ofPunsly & Zhang(2011). Fig. 6.21showsLbol,[OIII ]

versusQ for these objects. Given that we are effectively selecting the most radio-

powerful objects for our samples, this plot shows that thereis a correlation for the

maximum possible jet power and the radiative power, despitethe scatter. The SDSS

QSOs fill the gap between our sources and the more radio-quietpopulation, and overlap

with our sample, showing that there is a continuity in the overall distribution. This

2Jy_cores/Q_Edd_Oiii_scaled.eps
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Figure 6.20:Lbol,IR/LEdd versusQ/LEdd for the 2Jy and the 3CRR sources. Arrows
indicate upper limits.

reinforces the conclusions ofPunsly & Zhang(2011), who pointed out that there is no

reason to expectLbol,[OIII ] andQ to be correlated beyond the scaling with the central

black hole and the contribution toLbol,[OIII ] from jet photoionization for the overall

AGN population.

6.5.4 An Eddington switch?

We plotted histograms of the total Eddington luminosity ((Lrad + Q jet)/LEdd) for the

three bands and the high/low-excitation populations. In all cases we found the dis-

tribution to be clearly bimodal, with HERGs having systematically higher Eddington

rates (peaking at∼ 20 per cent Eddington) than LERGs (peaking at∼ 1 per cent Ed-

dington). The narrowest distribution is that obtained fromthe IR data (Figure6.22), but

those derived from X-ray and [OIII] measurements have coincident peaks and outliers.

Despite the fact that they have no influence on the result, we decided to remove

the broad-line objects from the histograms to allow direct comparison between the 2Jy

and 3CRR samples (we have no K-band measurements for 3CRR BLRGs and QSOs),

2Jy_cores/Q_Edd_IR_scaled.eps
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Figure 6.22: Histogram of total Eddington rate ((Lbol,IR + Q)/LEdd) distribution for the
2Jy and the 3CRR sources. Broad-line objects are excluded from the HERGs to allow
direct comparison between both samples.

and to remove the bias derived from black hole masses that are, at best, uncertain for

these objects (e.g. 3C 273 in the X-ray histogram appears as super-Eddington, due to

its luminosity, high jet power, and, probably, underestimated BH mass).

Before any conclusions can be drawn on the existence of an Eddington switch

between LERGs and HERGs, it is important to consider the nature of outliers (i.e.

high Eddington LERGs and low Eddington HERGs). In the case ofthe HERGs, the

two objects with very low Eddington rates are M 87 and 3C 338, which are outliers in

all our plots and, as pointed out at the beginning of Section6.4, are most likely LERGs

(Evans et al. 2008). The LERGs with high Eddington rates fall into two categories:

‘dubious’ LERGs and cluster-embedded objects. To the former category belong PKS

0034-01 (3C 15), PKS 0043-42, PKS 0347+05, PKS 0625-35, 3C 123 and 3C 200

(seeHardcastle et al. 2006). To the latter category belong PKS 2211-17, PKS 1648+05

(Hercules A), PKS 0915-11 (Hydra A), 3C 319 and 3C 438. All these objects (save

perhaps for Hydra A, which has a peculiar spectrum) are bona-fide LERGs embedded

in very dense clusters. It is possible that a boost of the jet luminosity due to the dense

environment and an underestimation of the black hole mass (Volonteri & Ciotti 2012)

are combining to produce this effect.

To test this effect we have redone the histogram assuming that the LERGs have

2Jy_cores/totEdd_IR.eps
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Figure 6.23: Histogram of total Eddington rate distribution (Lbol,IR + Q)/LEdd for the
HERGs,Q/LEdd for the LERGs) for the 2Jy and the 3CRR sources. Broad-line objects
are excluded from the HERGs to allow direct comparison between both samples.

no measurable radiative contribution from radiatively efficient accretion (that is, tak-

ing into account only Q for these objects), and excluding allthe sources for which the

optical classification might not be reliable. This histogram is shown in Figure6.23.

Although the separation between both populations is now clearer, there is still some

overlap. The remaining LERGs withlog(Q/LEdd) > −1.5 are the cluster-embedded

objects mentioned above. While it is difficult to assess by how much the black hole

mass is underestimated in these galaxies, some of the plots of Volonteri & Ciotti (2012)

show that they could be off by over half an order of magnitude.Hardcastle & Krause

(2013) show that there is almost an order of magnitude scatter on the radio luminosity

in their simulations for objects with the same jet powers, caused by the range of envi-

ronmental densities they tested. Therefore, the combination of these two effects could

be enough to account for the high values of Q in cluster-embedded objects, and the

reason behind the overlap between both populations. If thiswere the case, our results

would be compatible with a simple Eddington switch between radiatively inefficient,

low-excitation objects, and radiatively efficient, high-excitation ones.

2Jy_cores/totEdd_IR_justQ.eps
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6.6 Summary and Conclusions

It is now clear that a classification that is based purely on morphological features, as

that ofFanaroff & Riley (1974), emission line properties, or orientation, as predicted

by models such as that ofAntonucci(1993), cannot account for the underlying variety

within the AGN population. As suggested by e.g.Lin et al. (2010), we need a classifi-

cation that encompasses both the physical properties and the observational properties

of AGNs. This is particularly important for the LERG/HERG case, since the difference

between both classes lies in their underlying physical scenarios.

Although recent studies take into account this intrinsic difference between both

populations, and progress is being made towards understanding the properties of LERGs,

most samples are still use restrictive selection criteria,employ only one or two energy

bands to characterise the populations, contain objects which are misclassified, and

bolometric corrections that do not accurately describe theless powerful sources. In

this work we present consistent results that question the accuracy of some of these

assumptions, and prove that further, more careful analysisis needed to understand the

relationship between radiative output and jet production in the overall AGN popula-

tion.

Throughout this work we have shown that the best way to reliably classify AGN

populations is through a multiwavelength approach, which we use on our sample of 47

2Jy and 135 3CRR sources (more than double the size of that studied byHardcastle

et al. 2009). We show that several objects classified as LERGs based on their optical

spectra (PKS 0034-01, PKS 0043-42, PKS 0625-35, 3C 123, 3C 200 and more recently

PKS 0347+05) are most likely high-excitation sources, and vice-versa, some objects

classified as NLRGs (M 87 and 3C 338 being the clearest cases) are LERGs where the

high-excitation lines are produced through other processes.

We find the same strong correlations between hard (2-10 keV) X-ray, mid-IR and

[OIII] emission asHardcastle et al.(2006, 2009), confirming that these quantities are

all related to radiatively efficient accretion. We confirm the jet-related nature of the

soft X-ray emission, as suggested byHardcastle & Worrall(1999). We also show that

selection criteria must be taken into account when studyingcorrelations between these

quantities: relativistic beaming can introduce a large scatter in the plots, resulting in

poorer partial correlations. We find that all the correlations ofHardcastle et al.(2009)
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become stronger by the addition of the 2Jy objects.

By comparing the accretion-related correlations, we show that mid-IR measure-

ments are best to constrain the accretion properties of high-excitation objects, while

for the low-excitation population X-rays are the best band to set an upper limit on

radiatively efficient accretion, given that they are less subject to contamination from

stellar processes and the presence of a jet (this is taken into account by the soft X-ray

component, whose jet-related nature we confirm). Radio measurements are essential to

establish the extent of radiatively inefficient accretion, and the amount of AGN power

invested in the jet.

We emphasise the fact that bolometric corrections,MBH/L correlations and jet

power estimations only give an overall indication of AGN behaviour, and may be inac-

curate for individual sources, given the vast range of environments and nuclear powers

involved. Further studies of individual SEDs and jet-environment interaction simula-

tions are needed to establish how reliable these correlations are, in particular for the

case of LERGs.

Despite these intrinsic limitations, we find unequivocal proof for the radiatively

inefficient nature of the LERGs, as well as confirmation for the factthat these objects

accrete at very low Eddington rates (≤ 10 per cent in all cases, with the distribution

peaking∼ 1 per cent). We find that the HERGs in our sample are narrowly distributed

around 10-30 per cent Eddington rates. However, we find an overlap between both

populations, that is not consistent with a simple switch. Even after discarding the

‘dubious’ objects, we find that LERGs embedded in very rich clusters have higher Ed-

dington rates. For these sources the central back hole masses must be underestimated

and the jet luminosity is higher (Hardcastle & Krause 2013). These two factors can

account for the order of magnitude in Eddington rate that makes these objects overlap

with the HERGs, in which case a simple switch between both populations would be

feasible.

We do not see signs in our plots for radiatively efficient accretion completely tak-

ing over from jet production. In fact, we find several NLRGs inwhich the dominant

energetic contribution from the AGN stems from the jet, rather than radiative lumi-

nosity. Selection on radio flux selects for the objects with the largest values ofQ at

any given epoch. We find that jet kinetic power and radiative luminosity seem to be

independent in high-excitation objects, confirming the conclusions ofPunsly & Zhang
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(2011). While a better understanding of the timescales and the addition of radio-quiet

objects to the plots are necessary to fully understand whether these quantities are truly

independent, our plots seem to indicate that they are.

6.7 Appendix: 3CRR tables
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Table 6.6: K-band magnitudes, K-corrections (calculated using the relations ofGlazebrook

et al. 1995; Mannucci et al. 2001), absolute magnitudes, black hole masses, Eddington lu-

minosities, X-ray, [OIII] and infrared-derived Eddingtonratios and jet Eddington ratios for

the sources in the 3CRR sample. The errors quoted for LX,rad/LX,Edd are derived from the

errors in the X-ray powerlaw normalization. Upper limits are indicated with an asterisk. E

stands for LERG, N for NLRG, B for BLRG, Q for Quasar. The K magnitudes given cor-

respond to the following references: LLilly & Longair (1984), SSimpson et al.(2000), V

de Vries et al.(1998), B Best et al.(1998). 2M stands for sources where the measurements

were taken directly from 2MASS.

PKS Type Ref z mag Ks K-corr Mag Ks MBH LEdd LX,rad/LX,Edd L[OIII ],rad/L[OIII ],Edd LIR,rad/LIR,Edd Q/LEdd

×109 M⊙ ×1040 W

4C12.03 0 L 0.156 13.130 -0.367 -26.60 1.54 2.00 9.20× 10−4* 1.62× 10−3 - 1.18× 10−2

3C20 1 L 0.174 14.060 -0.403 -25.96 0.95 1.24 3.16+7.29
−0.90 × 10−2 4.58× 10−3 2.57× 10−2 7.98× 10−2

3C28 0 L 0.195 13.570 -0.441 -26.77 1.75 2.27 9.97× 10−5* 1.42× 10−3 8.27× 10−4 2.49× 10−2

3C31 0 2M 0.017 8.481 -0.043 -25.77 0.82 1.07 2.92× 10−6* 9.72× 10−5 8.55× 10−4 6.12× 10−4

3C33 1 S 0.060 11.720 -0.150 -25.54 0.69 0.90 2.75+2.54
−1.62 × 10−2 6.04× 10−2 2.41× 10−2 1.91× 10−2

3C35 0 L 0.068 11.770 -0.170 -25.80 0.84 1.09 1.98× 10−3* 3.43× 10−4 - 4.82× 10−3

3C42 1 S 0.395 15.140 -0.648 -27.16 2.36 3.07 2.99+4.67
−2.86 × 10−2 1.24× 10−2 - 5.42× 10−2

3C46 1 V 0.437 14.830 -0.660 -27.74 3.67 4.78 - 4.59× 10−2 - 3.92× 10−2

3C55 1 L 0.735 16.540 -0.763 -27.50 3.05 3.97 - - 1.29× 10−1 2.59× 10−1

3C66B 0 2M 0.022 9.500 -0.055 -25.36 0.60 0.78 2.22× 10−6* 5.14× 10−4 6.37× 10−4 1.78× 10−3

3C76.1 0 2M 0.032 10.870 -0.083 -24.95 0.44 0.57 2.76× 10−5* 4.30× 10−4 8.04× 10−4 2.83× 10−3

3C79 1 S 0.256 14.420 -0.534 -26.67 1.62 2.11 2.71+13.20
−2.15 × 10−2 1.22× 10−1 9.85× 10−2 7.58× 10−2

3C83.1B 0 2M 0.026 10.850 -0.065 -24.41 0.29 0.38 2.95× 10−5* - 1.88× 10−3 5.38× 10−3

3C84 1 2M 0.018 8.126 -0.045 -26.26 1.19 1.55 1.90× 10−4* 9.41× 10−3 1.79× 10−2 1.46× 10−3

3C98 1 2M 0.031 10.930 -0.078 -24.74 0.38 0.49 1.56+0.15
−0.15 × 10−3 7.52× 10−3 - 9.57× 10−3

3C123 0 L 0.218 13.960 -0.479 -26.67 1.63 2.12 4.54+1.58
−2.20 × 10−3 1.65× 10−2 6.21× 10−3 2.55× 10−1

3C153 1 S 0.277 14.220 -0.560 -27.09 2.24 2.91 4.39× 10−4* 5.25× 10−3 3.04× 10−3 3.43× 10−2

3C171 1 S 0.238 14.720 -0.510 -26.17 1.11 1.45 2.96+1.05
−0.89 × 10−2 1.87× 10−1 - 6.53× 10−2

DA240 0 2M 0.036 10.724 -0.091 -25.30 0.58 0.75 1.17× 10−5* 2.66× 10−4 - 4.81× 10−1

3C172 1 L 0.519 15.670 -0.675 -27.36 2.75 3.58 - - 9.14× 10−3 8.61× 10−4

3C192 1 S 0.060 12.120 -0.151 -25.14 0.51 0.66 5.78+10.30
−3.16 × 10−4 1.21× 10−2 2.69× 10−3 1.16× 10−2

3C200 0 V 0.458 15.590 -0.665 -27.11 2.27 2.95 5.85× 10−3* - 7.58× 10−3 7.32× 10−2

Continued on next page
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Table 6.6 –Continued from previous page

PKS Type Ref z mag Ks K-corr Mag Ks MBH LEdd LX,rad/LX,Edd L[OIII ],rad/L[OIII ],Edd LIR,rad/LIR,Edd Q/LEdd

×109 M⊙ ×1040 W

3C223 1 S 0.137 13.770 -0.328 -25.59 0.72 0.93 1.35+6.90
−0.70 × 10−2 5.64× 10−2 - 2.71× 10−2

3C228 1 L 0.552 16.250 -0.682 -26.95 2.02 2.62 4.51+6.33
−4.13 × 10−3 - 2.02× 10−2 2.18× 10−1

3C236 0 L 0.099 12.220 -0.244 -26.29 1.22 1.59 7.36× 10−4* 1.75× 10−3 - 8.32× 10−3

3C263.1 1 L 0.824 16.610 -0.818 -27.79 3.81 4.95 - - 2.24× 10−2 2.24× 10−1

3C264 0 2M 0.021 9.489 -0.053 -25.26 0.56 0.73 4.01× 10−6* 6.97× 10−5 1.20× 10−3 1.96× 10−3

3C272.1 0 2M 0.003 6.222 -0.007 -23.46 0.14 0.18 4.09× 10−7* 1.80× 10−5 4.04× 10−4 1.96× 10−4

3C274 1 2M 0.004 5.812 -0.011 -25.38 0.61 0.79 1.64× 10−7* 3.95× 10−5 2.52× 10−4 2.61× 10−3

3C274.1 1 L 0.422 15.360 -0.657 -27.12 2.29 2.97 3.02× 10−3* 2.67× 10−3 5.32× 10−3 8.56× 10−2

3C280 1 B 0.996 16.800 -0.902 -28.19 5.17 6.72 1.09+0.55
−0.48 × 10−1 - 7.33× 10−2 3.06× 10−1

3C284 1 L 0.239 13.990 -0.512 -26.91 1.96 2.54 1.26+7.94
−1.22 × 10−2 5.45× 10−3 - 2.37× 10−2

3C285 1 L 0.079 12.440 -0.198 -25.53 0.68 0.89 5.94+1.63
−1.23 × 10−3 1.44× 10−3 - 8.61× 10−3

3C288 0 L 0.246 13.420 -0.521 -27.56 3.21 4.17 9.65× 10−5* - 1.14× 10−3 2.34× 10−2

3C289 1 B 0.967 16.720 -0.891 -28.18 5.13 6.67 - - 3.57× 10−2 1.62× 10−1

3C293 0 2M 0.045 10.841 -0.115 -25.77 0.82 1.07 1.16+0.12
−0.11 × 10−3 2.14× 10−4 4.87× 10−3 2.69× 10−3

3C295 1 L 0.461 14.330 -0.665 -28.39 5.99 7.79 1.85+6.61
−0.26 × 10−2 4.36× 10−3 1.49× 10−2 1.52× 10−1

3C296 0 2M 0.024 8.764 -0.061 -26.30 1.23 1.60 1.44× 10−5* 1.19× 10−4 3.55× 10−5 6.12× 10−4

3C300 1 L 0.272 15.110 -0.554 -26.16 1.10 1.43 2.88× 10−4* 2.54× 10−2 4.37× 10−3 7.83× 10−2

3C305 1 2M 0.042 10.643 -0.106 -25.75 0.81 1.05 6.56× 10−6* 3.67× 10−3 - 3.01× 10−3

3C310 0 L 0.054 11.660 -0.137 -25.39 0.61 0.80 - 2.29× 10−4 7.24× 10−4 1.87× 10−2

3C315 1 L 0.108 12.920 -0.266 -25.84 0.87 1.12 2.53× 10−4* 2.37× 10−3 2.73× 10−3 1.71× 10−2

3C319 0 L 0.192 14.910 -0.436 -25.15 0.51 0.66 1.49× 10−3* 7.99× 10−4 2.54× 10−3 7.65× 10−2

3C321 1 L 0.096 12.220 -0.237 -26.24 1.17 1.52 6.48+172.00
−4.38 × 10−4 1.86× 10−3 6.48× 10−2 7.88× 10−3

3C326 1 L 0.090 13.070 -0.222 -25.20 0.53 0.69 - 2.14× 10−5 9.48× 10−4 2.26× 10−2

NGC6109 0 2M 0.030 10.325 -0.076 -25.27 0.56 0.73 3.51× 10−6* - - 1.70× 10−3

3C337 1 B 0.635 16.550 -0.709 -27.05 2.17 2.82 - - 1.14× 10−2 1.52× 10−1

3C338 1 2M 0.030 9.170 -0.077 -26.50 1.43 1.86 2.32× 10−6* 6.47× 10−5 2.72× 10−4 2.61× 10−3

3C340 1 B 0.775 16.920 -0.788 -27.29 2.60 3.38 - - 2.84× 10−2 1.71× 10−1

3C341 1 L 0.448 15.330 -0.663 -27.31 2.64 3.43 1.05+2.32
−0.61 × 10−3 6.38× 10−2 9.22× 10−2 5.81× 10−2

NGC6251 0 2M 0.024 9.026 -0.062 -26.14 1.08 1.41 6.72× 10−6* - 1.70× 10−3 6.01× 10−4

3C346 1 L 0.162 13.100 -0.379 -26.73 1.70 2.21 1.60× 10−4* 3.36× 10−3 7.84× 10−3 1.18× 10−2

3C349 1 L 0.205 14.470 -0.458 -26.00 0.98 1.27 1.76+0.26
−0.24 × 10−2 1.00× 10−2 - 3.91× 10−2

Continued on next page
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Table 6.6 –Continued from previous page

PKS Type Ref z mag Ks K-corr Mag Ks MBH LEdd LX,rad/LX,Edd L[OIII ],rad/L[OIII ],Edd LIR,rad/LIR,Edd Q/LEdd

×109 M⊙ ×1040 W

3C352 1 B 0.806 16.720 -0.807 -27.61 3.32 4.32 - - 1.85× 10−2 1.63× 10−1

3C386 0 2M 0.018 9.673 -0.045 -24.71 0.37 0.48 2.19× 10−6* 1.31× 10−3 4.53× 10−4 2.05× 10−3

3C388 0 L 0.091 11.960 -0.225 -26.34 1.26 1.64 6.68× 10−5* 1.10× 10−3 9.90× 10−4 1.12× 10−2

3C433 1 L 0.102 11.900 -0.250 -26.69 1.65 2.15 1.24+0.42
−0.38 × 10−2 7.86× 10−3 2.94× 10−2 2.15× 10−2

3C436 1 L 0.215 13.840 -0.474 -26.76 1.73 2.26 3.67+2.75
−1.52 × 10−3 5.62× 10−3 3.45× 10−3 3.15× 10−2

3C438 0 L 0.290 13.900 -0.574 -27.54 3.16 4.11 6.48× 10−4* 2.51× 10−3 1.20× 10−3 6.87× 10−2

3C441 1 B 0.708 16.200 -0.747 -27.72 3.62 4.71 - - 1.70× 10−2 1.24× 10−1

3C442A 0 2M 0.027 9.860 -0.069 -25.57 0.70 0.92 7.58× 10−6* - - 1.67× 10−3

3C449 0 2M 0.017 9.070 -0.044 -25.31 0.58 0.75 2.73× 10−6* 7.45× 10−5 3.27× 10−5 6.51× 10−4

3C452 1 L 0.081 12.030 -0.202 -26.00 0.98 1.27 4.50+16.20
−3.70 × 10−2 6.09× 10−3 1.85× 10−2 2.35× 10−2

NGC7385 0 2M 0.024 9.540 -0.062 -25.62 0.73 0.95 1.05× 10−5* - - 9.18× 10−4

3C457 1 L 0.428 15.720 -0.658 -26.80 1.79 2.33 7.93+13.70
−0.89 × 10−2 4.61× 10−2 - 9.42× 10−2

3C465 0 2M 0.029 10.070 -0.075 -25.52 0.68 0.88 9.31× 10−6* 2.42× 10−4 6.75× 10−4 4.04× 10−3
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Table 6.7: Luminosities for the sources in the 3CRR sample, following the format ofHard-

castle et al.(2006, 2009). The values are given as the logarithm of the luminosity in erg

s−1, upper limits are indicated with a negative sign before the value. We have converted

the radio and IR luminosity densities intoνLν to allow for direct comparison between the

magnitudes in different bands. Where measurements could not be obtained theirabsence is

indicated with a dash. E stands for LERG, N for NLRG, B for BLRG, Q for Quasar.

PKS Type z L178 L5 LXu LXa L IR L[OIII ] L[OII ]

4C12.03 E 0.1560 42.1013 40.0017 -41.9060 - 0.0000 -43.0170 - 0.0000 - 0.0000 40.9665 0.0000

3C6.1 N 0.8404 43.8704 41.6091 44.9162 44.8949 44.9360 -44.1719 - 0.0000 45.1002 0.0100 - 42.1543

3C16 E 0.4050 43.0924 39.7307 -42.7423 - 0.0000 -43.6879 - 0.0000 - 0.0000 - 41.8057

3C19 N 0.4820 43.2520 40.1444 44.0894 44.0579 44.1188 -43.5489 - 0.0000 - 0.0000 - 0.0000

3C20 N 0.1740 42.8230 39.9703 42.5581 42.4484 42.6413 44.0492 43.9381 44.4412 44.2932 0.0035 41.2089 40.7289

3C22 B 0.9380 43.9571 41.9547 - 0.0000 - 0.0000 - 0.0000 45.9002 0.0100 - 43.1572

3C28 E 0.1952 42.5424 -38.9594 -41.3604 - 0.0000 -42.2744 - 0.0000 -42.7400 - 40.9640 41.8114

3C31 E 0.0167 40.3077 39.4535 40.6532 40.5441 40.7404 -40.6319 - 0.0000 42.3414 0.0015 39.4714 0.0000

3C33 N 0.0595 41.9462 39.9828 41.9243 41.8751 41.9685 43.8976 43.6021 44.1139 44.0800 0.0117 42.1890 41.4406

3C33.1 B 0.1810 42.3392 40.6806 42.4288 42.1425 42.5929 44.3821 44.2571 44.6617 44.8776 0.0020 42.3011 0.0000

3C34 N 0.6890 43.6979 40.8040 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 43.6127

3C35 E 0.0677 41.3467 39.7695 -40.8451 - 0.0000 -43.0729 - 0.0000 - 0.0000 40.0283 0.0000

3C41 N 0.7950 43.6626 40.7233 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 42.6972

3C42 N 0.3950 43.0675 40.6734 42.6079 42.4437 42.7325 44.3302 43.2845 44.6355 - 0.0000 42.0354 41.8854

3C46 N 0.4373 43.1596 40.7466 - 0.0000 - 0.0000 - 0.0000 - 0.0000 42.7965 42.2165

3C47 Q 0.4250 43.5207 42.2260 45.0103 44.9687 45.0425 45.0459 44.7669 45.2142 45.8053 0.0044 43.2762 42.6262

3C48 Q 0.3670 43.6366 43.1792 45.0042 44.9950 45.0133 45.0042 44.9950 45.0133 46.1455 0.0018 43.1244 42.2544

3C49 N 0.6207 43.4355 41.5437 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 0.0000

3C55 N 0.7350 44.0178 41.5741 - 0.0000 - 0.0000 - 0.0000 45.8200 0.0132 - 42.3405

3C61.1 N 0.1860 42.7551 39.9953 41.9213 41.5769 42.1044 43.9280 43.7402 44.0973 43.7000 0.0300 42.4902 41.4403

3C66B E 0.0215 40.6944 39.9703 41.0414 41.0000 41.0792 -40.3922 - 0.0000 42.0084 0.0037 40.0600 39.8727

3C67 B 0.3102 42.7322 40.8156 44.2593 44.2336 44.2853 44.2593 43.5494 44.2853 - 0.0000 42.8315 42.2615

3C76.1 E 0.0324 40.7548 39.0689 40.9638 40.7924 41.1206 -41.2751 - 0.0000 41.9658 0.0168 -39.8475 0.0000

3C79 N 0.2559 43.0655 40.9018 42.4234 42.3410 42.4898 44.1755 43.6517 44.7510 45.3259 0.0035 42.8646 42.2075

3C83.1B E 0.0255 40.8799 39.4614 40.9138 40.1461 41.5416 -41.1397 - 0.0000 42.2051 0.0041 - 0.0000

3C84 N 0.0177 40.9226 42.3157 42.5441 42.5185 42.5682 -42.3676 - 0.0000 44.2169 0.0002 41.6192 41.0919

Continued on next page
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PKS Type z L178 L5 LXu LXa L IR L[OIII ] L[OII ]

3C98 N 0.0306 41.2914 38.9731 40.6532 40.5051 40.7559 42.7076 42.6721 42.7404 - 0.0000 41.0215 40.2447

3C109 B 0.3056 43.0828 42.4818 45.2322 45.1760 45.2907 45.2322 44.6019 45.2907 45.9747 0.0013 43.3212 42.0912

4C14.11 E 0.2060 42.4093 41.1794 43.0107 42.9433 43.0684 -42.7817 - 0.0000 - 0.0000 41.2426 0.0000

3C123 E 0.2177 43.6816 41.7564 42.0013 41.0468 42.2651 43.5834 43.3586 43.6839 43.8100 0.0669 42.0004 0.0000

3C132 N 0.2140 42.5229 40.1008 -41.9919 - 0.0000 43.2455 43.0436 43.3983 - 0.0000 - 0.0000

3C138 Q 0.7590 43.9246 42.8496 - 0.0000 - 0.0000 - 0.0000 45.8002 0.0100 43.4593 42.5693

3C147 Q 0.5450 44.0397 43.9804 - 0.0000 - 0.0000 - 0.0000 45.5002 0.0100 43.7867 43.4467

3C153 N 0.2769 42.8171 -40.2033 -41.9946 - 0.0000 -42.8895 - 0.0000 43.5900 0.0969 41.6395 42.4892

3C171 N 0.2384 42.7987 40.1805 41.8567 41.6881 41.9789 44.0807 43.9622 44.1807 - 0.0000 42.8881 42.4459

3C172 N 0.5191 43.4640 40.1724 - 0.0000 - 0.0000 - 0.0000 44.3100 0.0621 - 42.7670

3C173.1 E 0.2920 42.8954 40.8900 41.5453 41.3385 41.6853 -43.1274 - 0.0000 43.4000 0.0792 40.8524 0.0000

3C175 Q 0.7680 43.9641 42.2579 - 0.0000 - 0.0000 - 0.0000 45.7002 0.0100 43.0988 42.7688

3C175.1 N 0.9200 43.9469 42.0856 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 42.6686

3C184 N 0.9940 44.0784 -40.4118 43.4771 42.4771 43.9542 44.7559 44.5682 44.8976 45.3002 0.0100 - 42.8927

3C184.1 N 0.1187 41.9508 39.9921 41.7250 41.4456 41.8908 43.9106 43.7026 44.2154 - 0.0000 42.2266 41.4811

DA240 E 0.0356 41.0800 40.1726 40.9031 40.7782 41.0128 -40.8029 - 0.0000 - 0.0000 39.7558 40.0358

3C192 N 0.0598 41.5401 39.5101 40.6532 40.3802 40.7243 42.4624 42.1761 42.8261 42.7100 0.0280 41.3577 41.3107

3C196 Q 0.8710 44.6342 41.8419 - 0.0000 - 0.0000 - 0.0000 46.0002 0.0100 - 0.0000

3C200 E 0.4580 43.2054 41.9718 43.5812 43.5185 43.6359 -43.7785 - 0.0000 44.1002 0.0100 - 0.0000

4C14.27 N 0.3920 43.0522 -39.6843 42.3387 42.1701 42.4769 -43.0542 - 0.0000 - 0.0000 - 0.0000

3C207 Q 0.6840 43.7102 43.4923 45.1367 45.0645 45.1875 45.1367 45.0645 45.1875 45.5002 0.0100 43.0529 -42.1529

3C215 Q 0.4110 43.1324 41.5438 44.8401 44.8062 44.8714 44.8401 44.4616 44.8714 - 0.0000 42.5859 42.2159

3C217 N 0.8975 43.8783 -40.8009 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 43.2903

3C216 Q 0.6680 43.8443 43.7850 - 0.0000 - 0.0000 - 0.0000 45.7002 0.0100 -42.4635 42.4335

3C219 B 0.1744 42.8176 41.2650 43.9934 43.9373 44.0425 43.9934 43.9373 44.0425 44.2100 0.0158 41.7710 41.2689

3C220.1 N 0.6100 43.6624 42.0810 44.5009 44.4758 44.5245 -44.0358 - 0.0000 44.7002 0.0100 42.7854 42.4554

3C220.3 N 0.6850 43.7404 -40.0165 - 0.0000 - 0.0000 - 0.0000 45.1002 0.0100 - 0.0000

3C223 N 0.1368 42.1371 40.2946 43.1605 43.1163 43.1943 43.6727 43.4259 44.2725 - 0.0000 42.1770 41.7138

3C225B N 0.5800 43.7418 40.6795 - 0.0000 - 0.0000 - 0.0000 44.4826 0.1291 - 42.6162

3C226 N 0.8200 43.9394 41.8193 - 0.0000 - 0.0000 - 0.0000 46.2609 0.0061 - 42.7356

4C73.08 N 0.0581 41.3471 39.6230 41.4771 41.3617 41.5682 43.5911 43.4472 43.9031 - 0.0000 40.9404 40.5704

3C228 N 0.5524 43.7136 41.7184 43.8588 42.8141 43.9115 43.6521 42.8062 43.9446 44.5743 0.0872 - 42.1466

Continued on next page
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Table 6.7 –Continued from previous page

PKS Type z L178 L5 LXu LXa L IR L[OIII ] L[OII ]

3C234 N 0.1848 42.7581 41.5635 42.8891 42.8673 42.9124 44.3601 44.2601 44.5967 45.5900 0.0055 43.1253 42.1202

3C236 E 0.0989 41.8200 40.9760 42.8388 41.7975 43.1790 -42.8591 - 0.0000 - 0.0000 40.8996 41.1678

4C74.16 ? 0.8100 43.8163 41.1096 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 0.0000

3C244.1 N 0.4280 43.3882 40.6622 43.2465 43.0988 43.3550 -42.9230 - 0.0000 45.1300 0.0091 43.0263 0.0000

3C247 N 0.7489 43.6287 41.4088 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 43.0098

3C249.1 Q 0.3110 42.7925 41.9289 44.7247 44.5712 44.7725 44.7406 44.4349 45.0448 45.4930 0.0014 43.3816 0.0000

3C254 Q 0.7340 43.9644 42.1258 45.3181 45.2480 45.4014 45.3181 45.2480 45.4014 45.6002 0.0100 43.7106 43.1306

3C263 Q 0.6520 43.6926 42.9382 45.1761 45.1173 45.2430 45.1761 45.1173 45.2430 45.8002 0.0100 43.7141 42.9041

3C263.1 N 0.8240 44.0237 41.4536 - 0.0000 - 0.0000 - 0.0000 44.9800 0.0164 - 42.9654

3C264 E 0.0208 40.6912 39.9823 41.9031 41.8921 41.9085 -40.6035 - 0.0000 42.3149 0.0030 39.1598 40.1025

3C265 N 0.8108 44.0618 41.3953 43.4472 43.3307 43.5389 44.4914 44.2788 44.6335 45.8600 0.0104 43.7962 43.8462

3C268.1 N 0.9731 44.1855 41.3936 - 0.0000 - 0.0000 - 0.0000 45.3002 0.0100 - 42.2744

3C268.3 B 0.3710 42.9248 40.2367 - 0.0000 - 0.0000 - 0.0000 - 0.0000 42.4946 0.0000

3C272.1 E 0.0029 38.8423 38.2211 39.6902 39.6335 39.7482 -39.0370 - 0.0000 40.9638 0.0009 37.9769 0.0000

A1552 E 0.0837 41.5851 40.3353 -40.9243 - 0.0000 -42.2132 - 0.0000 - 0.0000 - 0.0000

3C274 N 0.0041 40.8783 39.8689 40.5315 40.5051 40.5563 -39.2809 - 0.0000 41.5055 0.0025 38.9510 0.0000

3C274.1 N 0.4220 43.2925 40.8299 43.2730 43.2068 43.3296 -43.5595 - 0.0000 -43.9100 - 41.3562 0.0000

3C275.1 Q 0.5570 43.6369 42.7159 44.5185 44.5051 44.5441 44.5185 44.5051 44.5441 45.1002 0.0100 - 42.6666

3C277.2 N 0.7660 43.8052 40.5658 43.6715 43.6138 43.7217 -43.8054 - 0.0000 - 0.0000 - 43.2089

3C280 N 0.9960 44.3187 41.1125 42.8513 42.5502 43.0274 45.0000 44.8129 45.1303 45.8002 0.0100 - 43.6825

3C284 N 0.2394 42.5717 40.3470 42.2238 42.1881 42.2566 43.9832 42.8034 44.6340 - 0.0000 41.5979 0.0000

3C285 N 0.0794 41.5301 39.6354 40.5441 40.2553 40.7559 43.3802 43.3010 43.4624 - 0.0000 40.5636 40.4644

3C286 Q 0.8490 44.0262 41.8467 - 0.0000 - 0.0000 - 0.0000 45.6002 0.0100 - 42.6937

3C288 E 0.2460 42.8128 41.3434 -41.4093 - 0.0000 -42.4809 - 0.0000 -43.2500 - 0.0000 0.0000

3C289 N 0.9674 43.9943 42.1128 - 0.0000 - 0.0000 - 0.0000 45.4002 0.0100 - 42.5749

3C292 N 0.7100 43.5970 40.8177 43.6232 43.3222 43.7993 44.3979 44.2553 44.5051 44.8002 0.0100 - 0.0000

3C293 E 0.0452 41.0608 40.3608 40.9685 40.7924 41.1492 42.8808 42.8451 42.9138 43.2995 0.0011 39.8143 41.5578

3C295 N 0.4614 44.0474 40.9102 42.4982 42.1803 42.6820 44.4768 44.4281 44.9668 45.0042 0.0050 41.9868 42.3268

3C296 E 0.0237 40.5059 39.6818 41.3802 41.1461 41.6232 -41.4205 - 0.0000 40.8157 0.0969 39.7350 0.0000

3C299 N 0.3670 42.9772 40.2269 - 0.0000 - 0.0000 - 0.0000 - 0.0000 - 42.6644

3C300 N 0.2720 42.8798 40.9110 43.3998 43.3834 43.4156 -42.4893 - 0.0000 43.4000 0.1461 42.0153 42.4788

3C303 B 0.1410 42.0487 41.5434 43.9125 43.8470 43.9686 43.9125 43.8470 43.9686 - 0.0000 41.7422 41.9044

Continued on next page
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PKS Type z L178 L5 LXu LXa L IR L[OIII ] L[OII ]

3C305 N 0.0417 41.0896 39.7525 40.5563 40.3010 40.7160 -40.9515 - 0.0000 - 0.0000 41.0428 40.1270

3C309.1 Q 0.9040 44.1214 44.4001 45.7782 45.7634 45.7924 45.7782 45.7634 45.7924 46.0002 0.0100 43.6998 42.9398

3C310 E 0.0540 41.8686 40.4203 40.2553 39.0000 40.5798 -42.1942 - 0.0000 42.0892 0.0322 40.0735 0.0000

3C314.1 E 0.1197 41.8839 -39.2214 41.3817 41.1221 41.5430 -42.3038 - 0.0000 42.0977 0.0969 39.7017 0.0000

3C315 N 0.1083 42.0038 -41.3085 -41.2041 - 0.0000 -42.3562 - 0.0000 43.0100 0.0483 40.8823 0.0000

3C319 E 0.1920 42.4864 -39.6436 42.4679 42.2884 42.6389 -42.8004 - 0.0000 -42.6800 - -40.1809 39.9811

3C321 N 0.0960 41.7680 40.5025 41.5441 41.4472 41.6232 42.7993 42.3979 43.9415 44.9163 0.0007 40.9078 41.3173

3C326 N 0.0895 41.8938 40.0772 42.2041 42.1461 42.2304 -41.2498 - 0.0000 -42.1600 - 40.3988 41.2462

3C325 Q 0.8600 43.9563 41.3659 -43.1556 - 0.0000 44.5590 44.4250 44.7022 45.6002 0.0100 - 42.7930

3C330 N 0.5490 43.7569 40.4583 43.0792 42.9890 43.1538 43.9031 43.6021 44.0000 45.0002 0.0100 - 43.1867

NGC6109 E 0.0296 40.6190 39.4369 40.0414 39.6021 40.2553 -40.5515 - 0.0000 - 0.0000 - 0.0000

3C334 Q 0.5550 43.3906 42.6441 45.0792 44.9912 45.1523 45.0792 44.9912 45.1523 45.7002 0.0100 43.3666 42.5366

3C336 Q 0.9270 43.9071 42.3604 - 0.0000 - 0.0000 - 0.0000 45.4002 0.0100 43.4581 0.0000

3C341 N 0.4480 43.1666 40.4066 42.7720 42.5725 42.9224 43.2492 42.9487 43.6449 45.5576 0.0018 42.7967 41.7667

3C338 N 0.0303 41.2855 40.0314 40.5051 40.3802 40.5911 -40.7631 - 0.0000 42.0184 0.0073 39.5364 40.7946

3C340 N 0.7754 43.6701 40.9367 - 0.0000 - 0.0000 - 0.0000 44.9002 0.0100 - 42.6683

3C337 N 0.6350 43.5154 40.1812 - 0.0000 - 0.0000 - 0.0000 44.3002 0.0100 - 41.6347

3C343 Q 0.9880 43.8978 -43.5827 - 0.0000 - 0.0000 - 0.0000 45.9002 0.0100 42.6832 41.9932

3C343.1 N 0.7500 43.5921 -43.1670 - 0.0000 - 0.0000 - 0.0000 44.7002 0.0100 42.7097 42.4397

NGC6251 E 0.0240 40.4296 40.3504 42.7404 42.7243 42.7559 -41.0752 - 0.0000 42.8730 0.0005 - 0.0000

3C346 N 0.1620 42.1523 41.8338 43.3957 43.3805 43.4102 -42.4354 - 0.0000 43.9602 0.0040 41.3273 0.0000

3C345 Q 0.5940 43.3374 44.5944 45.6365 45.5832 45.7076 45.6365 45.5832 45.7076 - 0.0000 - 0.0000

3C349 N 0.2050 42.4751 41.1003 41.8217 41.5166 41.9175 43.8669 43.8188 43.9127 - 0.0000 41.5625 0.0000

3C351 Q 0.3710 43.0614 41.0496 41.9204 41.7417 42.0828 44.8010 44.7691 44.8191 46.0053 0.0011 42.8446 0.0000

3C352 N 0.8060 43.7964 41.4316 - 0.0000 - 0.0000 - 0.0000 44.8002 0.0100 - 43.0465

3C380 Q 0.6910 44.3181 44.6657 45.8129 45.7202 45.8893 45.8129 45.7202 45.8893 45.9002 0.0100 43.7626 42.9926

3C381 B 0.1605 42.3445 40.1820 42.1106 41.9987 42.1969 44.3086 44.1773 44.4385 44.6500 0.0097 42.3819 40.9171

3C382 B 0.0578 41.4794 40.8512 44.5798 44.5682 44.5911 44.5798 44.5682 44.5911 44.2400 0.0077 41.7817 40.7303

3C386 E 0.0177 40.5130 39.6196 39.4914 38.4500 39.8325 -40.1818 - 0.0000 41.5504 0.0071 -40.2525 0.0000

3C388 E 0.0908 41.9820 40.7684 41.7411 41.6530 41.8131 -42.0086 - 0.0000 42.6600 0.0492 40.7140 40.5164

3C390.3 B 0.0569 41.8471 41.0818 44.1761 44.1461 44.2304 44.1761 44.1461 44.2304 44.3700 0.0107 42.1089 40.9501

3C401 E 0.2010 42.6506 41.1898 42.7447 42.6916 42.7911 -43.0535 - 0.0000 43.1700 0.1249 41.0567 0.0000

Continued on next page
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PKS Type z L178 L5 LXu LXa L IR L[OIII ] L[OII ]

3C427.1 E 0.5720 43.8301 40.5288 -42.4501 - 0.0000 -43.2388 - 0.0000 -43.8002 - 0.0000 0.0000

3C433 N 0.1016 42.4461 39.7746 41.0558 40.7736 41.2240 43.9222 43.8001 44.0180 44.6700 0.0045 41.6829 0.0000

3C436 N 0.2145 42.6549 41.0218 42.5873 42.5488 42.6213 43.5316 43.3502 43.7197 43.5200 0.0621 41.5585 0.0000

3C438 E 0.2900 43.3509 40.8658 42.6669 42.3912 42.8390 -43.1449 - 0.0000 -43.2700 - -41.4700 0.0000

3C441 N 0.7080 43.6964 41.3593 - 0.0000 - 0.0000 - 0.0000 44.8002 0.0100 - 42.4218

3C442A E 0.0270 40.7149 38.2103 40.0000 39.6021 40.4150 -40.9529 - 0.0000 - 0.0000 - 40.5639

3C449 E 0.0171 40.1630 39.0785 40.4914 40.4314 40.5441 -40.4628 - 0.0000 40.3576 0.0843 39.2058 0.0000

3C452 N 0.0811 42.2269 40.9899 41.7709 41.5185 41.9395 44.1761 43.6021 44.6721 44.1300 0.0098 41.3456 41.4447

NGC7385 E 0.0243 40.4446 39.9000 41.1139 41.0000 41.2553 -41.0982 - 0.0000 - 0.0000 - 0.0000

3C454.3 Q 0.8590 43.6992 45.0711 46.3711 46.2430 46.4698 46.3711 46.2430 46.4698 - 0.0000 - 0.0000

3C455 Q 0.5427 43.4100 40.7248 - 0.0000 - 0.0000 - 0.0000 - 0.0000 43.0668 42.8068

3C457 N 0.4280 43.2285 40.6877 43.3481 43.2998 43.3965 44.5574 44.5188 44.8801 - 0.0000 42.4863 0.0000

3C465 E 0.0293 41.1566 40.4122 40.9138 40.5682 41.4200 -41.0205 - 0.0000 42.1090 0.0069 39.7872 0.0000
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Chapter 7

Conclusions and Future Work

In this thesis I study the properties of radio-loud AGN, aiming to better characterise

the population and its impact on the host galaxies. In Section 1.5 I gave a list of aims

that are addressed throughout this thesis. They can be divided into three categories.

7.1 Characterisation of the radio-loud AGN population

In Chapters5 and6 I presented results on the 2Jy sample of radio-loud AGN. This

sample is statistically complete and contains examples of every radio-powerful AGN

class, which makes it perfectly suited to study the overall properties of the population.

I analysed the X-ray properties of the sample, and correlated the soft and hard X-

ray luminosities with the radio, mid-IR and optical luminosities, to study the relations

between jet- and accretion-related quantities in the different bands.

I found the same strong correlations between hard (2-10 keV)X-ray, mid-IR and

[OIII] emission asHardcastle et al.(2006, 2009), confirming that these quantities are

all related to radiatively efficient accretion. I confirmed the jet-related nature of the

soft X-ray emission, as suggested byHardcastle & Worrall(1999).

I found unequivocal proof for the radiatively inefficient nature of the LERGs, as

well as confirmation for the fact that these objects accrete at very low Eddington rates

(≤ 10 per cent in all cases, with the distribution peaking at∼ 1 per cent). I found that

the HERGs in our sample are narrowly distributed around 10-30 per cent Eddington

rates. However, there is an overlap between both populations, which is not consis-
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tent with a simple switch. Even after discarding the ‘dubious’ objects, I found that

LERGs embedded in very rich clusters have higher Eddington rates. For these sources

the central back hole masses must be underestimated and the jet luminosity is higher

(Hardcastle & Krause 2013). These two factors can account for the order of magnitude

in Eddington rate that makes these objects overlap with the HERGs, in which case a

simple switch between both populations would be feasible.

There are no signs in our plots for radiatively efficient accretion completely taking

over from jet production. In fact, I found several NLRGs in which the dominant en-

ergetic contribution from the AGN comes from the jet, withinthe uncertainties, rather

than radiative luminosity. Jet kinetic power and radiativeluminosity seem to be in-

dependent in high-excitation objects, confirming the conclusions ofPunsly & Zhang

(2011). While a better understanding of the timescales and the addition of radio-quiet

objects to the plots are necessary to fully understand whether these quantities are truly

independent, our plots seem to indicate that they are.

In Chapter3 I also studied the obscuration variability of Mrk 6, finding that the

hypothesis of a variable absorption gas column, with timescales of 2-6 years, caused

by clumpiness of the accreting gas close to the black hole, isa likely explanation for

the variations we see between theChandraandXMM spectra. If this is indeed the case,

and as already pointed out byRisaliti et al.(2002), this scenario could be more common

than previously thought, and applicable also to intermediate Seyfert systems, such as

Mrk 6. This could have interesting consequences on the structure of the ‘traditional’

accretion structures attributed to radiatively-efficient AGN.

The results on the energetics of the source showed that Bondiaccretion might not

be enough to power it, so that it is possible that cold gas accretion is the dominant

mechanism in this system, unlike what is seen in many more powerful radio sources

(see e.g.Hardcastle et al. 2007a; Balmaverde et al. 2008, and Chapter6). Cold gas has

also been suggested as the primary source of fuel for Cen A andNGC 3801 (Croston

et al. 2007). It is also possible that the active nucleus of Mrk 6 is accreting both the

hot phase of the ISM and cold gas from a past merger. This is consistent with recent

results on early-type galaxies byPellegrini(2010).
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7.1.1 Future work

While the cores of the 2Jy sample have been studied in detail,the extended emission

has not been characterised. This is particularly interesting for the low-zobjects imaged

by Chandra(see Chapter5), where the extended structures are resolved. My next

research project involves studying the non-thermal emission in these sources.

Several of the 2Jy sources show X-ray jets. While those of 3C 15 and Hercules A

have been studied in detail, some have not been observed in X-rays before, as is the

case for PKS 1733-56. Jets are also possibly observed in PKS 1814-63, PKS 1949+02

(3C 403), and PKS 2221-02 (3C 445). I will extract spectra forthese jets whenever

possible, or constrain their luminosity in the fainter cases, to study their radio/X-ray

luminosity ratio, assess the degree of particle acceleration involved and study the extent

of beaming expected.

X-ray hotspots are present in 12 sources. For the most part they are coincident

with the radio hotspots, with small offsets in a couple of objects. For most cases we

expect the X-ray emission to be too faint to extract a proper spectrum, but luminosity

constraints and comparison with the radio emission will allow us to determine the de-

gree of particle acceleration involved. I will also study the reasons behind mismatches

between radio and X-ray hotspots.

In at least three sources with FR II (Fanaroff & Riley 1974) radio morphology, we

observe enhancements in X-ray emission inside the radio lobes, probably associated

with inverse-Compton processes, which I aim to characterise. This will also allow me

to study the magnetic field strength and particle populationinside the lobes, and how

close they are to equipartition, in a similar manner as the work by Croston et al.(2005).

My future work at the University of Leicester will involve a characterisation of

the AGN in the 3XMM catalogue, which will be released shortly. This work will be

an extension and a progression from that done on the 2Jy and 3CRR sources, and will

involve radio-quiet AGN as well. I will use multiwavelengthdata to test the luminosity

correlations found for the 2Jy sample, and investigate how accretion works in AGN

overall. I will also study the low-luminosity end of the radio-quiet population, and try

to determine diagnostics to disentangle the AGN and star formation contributions.

I will also submit aSuzakuproposal to monitor the absorption variability of Mrk

6 on shorter timescales than those observed, aiming to characterise the structure and



222 CHAPTER 7. CONCLUSIONS AND FUTURE WORK

location of the obscuring material, and determine whether radio activity may have any

influence on the different timescales observed in this source and those found in radio-

quiet systems (e.g.Risaliti et al. 2002).

7.2 The impact of low-power sources

In Chapters3 and4 I presented results on the shocks being driven by the radio bubbles

of Markarian 6 and the Circinus galaxy, respectively.

For Markarian 6 I found shells of strongly shocked gas aroundboth radio bub-

bles, with Mach numbers 3.2-5.5 consistent with the Rankine-Hugoniot conditions for

a strong shock. This is the third clear detection of such a process in a low-power radio

source, and therefore reinforces the hypothesis that this mechanism may be very com-

mon and may play an important role in the process by which these young radio sources

form their stellar populations.

It is very likely that much of the gas in the shells will escapethe gravitational po-

tential of the host galaxy. Our results show that shock heating is the dominant process,

the thermal energy in the shock being an order of magnitude larger than the work re-

quired to inflate the radio cavities, which implies that the impact of the outburst on

the host galaxy’s ISM is likely to be dramatic. Moreover, theinner set of bubbles is

expanding perpendicularly to the external ones, and into denser regions of the host

galaxy. Although the shock will probably be weaker, due to the increased density, the

expansion of the inner bubbles is likely to cause a more direct disruption on the ISM

and so is likely to have a bigger impact on star formation. Unfortunately the resolution

of the current generation of X-ray telescopes does not allowus to determine the details

of this ejection of gas.

For the Circinus galaxy I also found shells of shocked gas around the radio lobes,

expanding into the halo regions of the galaxy with Mach numbers M ∼ 2.7–3.6 for

the W shell andM ∼ 2.8–5.3 for the E shell, consistent with the Rankine-Hugoniot

conditions for a strong shock.

I ruled out the possibility that this emission is caused by AGN photoionization, and

discarded the scenario in which the radio structures are theresult of star formation or

a supernova-driven wind; instead we argue that they are caused by the interaction of a

radio jet with the surrounding gas. The total energy (thermal and kinetic) involved in
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the creation of these shells is∼ 2× 1055 erg. Their age is estimated to be∼ 106 years.

From these parameters I inferred the kinetic luminosity of the jet, which is∼ 1041 erg

s−1. This has potential consequences for other Seyfert systems, as well as our own

galaxy: there is a possibility that the Fermi bubbles observed in the Milky way have

been caused by a similar process to that observed in Circinus.

The presence in Circinus of two symmetrical structures resembling jet termination

points or hotspots, together with the slightly different X-ray spectra and flattening of

radio spectral index in these regions, suggests that the radio jet may still be active, even

if it is not visible. This suggests that “invisible” jets maybe a more common occurrence

among Seyfert and late type galaxies than previously thought, given that it is difficult to

separate the different radio structures in galaxies with active star formation, when the

radio bubbles are faint or their orientation is similar to that of the disk. This opens new

questions about the role of low radio luminosity, star-forming, active galaxies, which

are often ignored in survey studies.

In Circinus the X-ray and radio emission from the shocked shells are spatially coin-

cident. This, added to the fact that the radio emission is edge-brightened, allowed us to

draw a parallel between these structures and what is observed in supernova remnants:

the radio emission from the shells comes from shock-compressed or (re)accelerated

cosmic ray electrons in the environment, but particle acceleration, if present at all, is

not efficient enough to produce TeV electrons, so that only thermal emission is ob-

served in X-rays. This correspondence has been long expected for AGN, given the

similarity between the physical processes involved in SN and jet-driven shocks, but

has not been unequivocally observed before. We believe thisscenario may be common

in other low-power radio galaxies, and potentially very relevant to those with late-type

hosts, but can only be observed where we are able to spatiallyresolve the different

structures, something that has been achieved for Circinus due to its proximity to us.

7.2.1 Future work

While finding sources where the type of work described in thisSection can be carried

out is rather difficult, there are some good candidates. One of them is 3C 15, part of

the 2Jy sample, for which I have submitted aChandraobservation proposal.

3C 15 is a powerful radio galaxy (L1.4GHz = 5.2 × 1025 W Hz−1), whose radio
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Source L1.4GHz L jet,kin Etot,lobes

W Hz−1 sr−1 erg s−1 erg
Circinus 2.2× 1020 1041 2× 1055

Mrk 6 1.7× 1023 1042 2.6− 4.6× 1056

NGC 3801 1.2× 1023 3× 1042 1.7× 1056

3C 444 3.3× 1026 2.9× 1045 8.2× 1060

Table 7.1: Radio core luminosity, jet kinetic luminosity, and total energy (ther-
mal+kinetic) inferred from the radio lobes for different galaxies, illustrating power
scaling.

lobe morphology is intermediate between that of an FRI and anFRII. It also has a

knotty 6 kpc one-sided jet, visible in radio through to X-rayenergies. This object is

representative of the intermediate-power population of radio galaxies, and as such it

bridges the gap between low-power sources, such as Circinus, and high-power ones,

such as 3C 444. (see Table7.1), making it an ideal candidate to study the universality

of this correlation.

This elliptical galaxy sits in a relatively sparse environment, which could account in

part for its atypical morphology: its shells are narrower, and more akin to those of Cen

A or NGC 3801, rather than the spherical bow-shock seen in 3C 444. A deepChandra

observation, added to the multiwavelength data from the 2Jysample, will allow us to

characterise the external medium into which the lobes of 3C 15 are expanding, and thus

help us determine the role of the environment in the behaviour of moderately powerful

radio galaxies.

Given that there are examples of shocks in low radio-power, radiatively efficient,

and high-radio power, radiatively inefficient sources, understanding the fuelling mech-

anisms of 3C 15 will allow us to determine how efficiently the energy derived from

accretion is transferred to the environment as a function ofthe accretion rate and mode

of the AGN. Since we also expect there to be a dependence with the medium through

which the shock propagates, the environment of 3C 15 might prove essential to break

the degeneracy between these parameters.
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7.3 Classifications and diagnostics

In Chapter6 I studied the reliability of some of the classifications and diagnostic tools

that are commonly used to study samples of AGN.

It is now clear that a classification that is based purely on morphological features,

as that ofFanaroff & Riley (1974), emission line properties, or orientation, as predicted

by models such as that ofAntonucci(1993), cannot account for the underlying variety

within the AGN population. As suggested by e.g.Lin et al. (2010), we need a classifi-

cation that encompasses both the physical properties and the observational properties

of AGNs. This is particularly important for the LERG/HERG case, since the difference

between both classes lies in their underlying physical scenarios.

Throughout this work I have shown that the best way to reliably classify AGN

populations is through a multiwavelength approach. I showed that several objects clas-

sified as LERGs based on their optical spectra (PKS 0034-01, PKS 0043-42, PKS

0625-35, 3C 123, 3C 200 and more recently PKS 0347+05) are most likely high-

excitation sources, and vice-versa, some objects classified as NLRGs (M 87 and 3C

338 being the clearest cases) are LERGs where the high-excitation lines are produced

through other processes. Multiwavelength data could also help in the case of nearby,

low-power sources, as was the case for Mrk 6, to establish whether they should be

treated as radio-loud or radio-quiet sources in term of their spectral characteristics.

I found that bolometric corrections,MBH/L correlations and jet power estimations

only give an overall indication of AGN behaviour, and may be inaccurate for individual

sources, given the vast range of environments and nuclear powers involved. Further

studies of individual SEDs and jet-environment interaction simulations are needed to

establish how reliable these correlations are, in particular for the case of LERGs and

low-power sources. For example, the X-ray bolometric corrections derived byElvis

et al.(1994) are applicable to most quasars, but are likely to be very inaccurate for less

powerful sources, and completely wrong in the case of LERGs.

Mid-IR measurements have proved, throughout this work, to be the best to con-

strain the accretion properties of high-excitation objects, while for the low-excitation

population X-rays are the best band to set an upper limit on radiatively efficient ac-

cretion, given that they are less subject to contamination from stellar processes and

the presence of a jet (this is taken into account by the soft X-ray component, whose
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jet-related nature I confirm). Radio measurements are essential to establish the extent

of radiatively inefficient accretion, and the amount of AGN power invested in the jet.

7.3.1 Future work

The future steps to take in this case are obvious: systematicstudies of AGN SED across

all classes are needed to properly establish the validity ofbolometric corrections, and

to derive class-specific corrections that can be used in samples. I will attempt to do

this for part of the 3XMM catalogue as part of my future work, for the low-luminosity

end of the population.

I will also try to develop a series of diagnostics that establish the accretion mode

and rate across the entire AGN population.
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