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Sapere Aude!

Horatio, Epistularum liber primus

The Beautiful in nature is connected with the form of the objevhich
consists in having boundaries. The Sublime, on the othed,hamo be
found in a formless object, so far as in it or by occasion of it
boundlessness is represented, and yet its totality is ats@pt to
thought. [...] Natural beauty (which is self-subsistinghgs with it a
purposiveness in its form by which the object seems to be vesre,
pre-adapted to our Judgement, and thus constitutes ihatselbject of
satisfaction. On the other hand, that which excites in ugaut any
reasoning about it, but in the mere apprehension of it, thknig of the
sublime, may appear as regards its form to violate purposssipect of
the Judgement, to be unsuited to our presentative facultly,as it were,
to do violence to the Imagination; and yet it is judged to bky ¢éime more
sublime.

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



Abstract

In this thesis | use X-ray observations to study the coresextended
structures of radio-loud AGN, to determine their structaeretion prop-
erties and the impact they have on their surroundings.

| use newChandradata and archiv&{MM-Newtorobservations of Markar-
ian 6 to look for evidence of emission from shocked gas ardhadxter-

nal radio bubbles, using spatially resolved regionSlandraand 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, witach num-

ber of ~3.9. | also find that the spectrum of the AGN has a variable ab-
sorbing column, which changes from8 x 10?* atoms cm? to ~ 3x 107
atoms cm? on short timescales (2-6 years). This is probably caused by a
clump of gas close to the central AGN, passing in front of ds@moment

of the observation.

Using new and archivaChandraobservations of the Circinus galaxy, |
match them to pre-existing radio, infrared and optical datatudy the
kpc-scale emission. As for Mrk 6, | find that the radio bubble€irci-
nus are driving a shock into the interstellar medium of thetlgalaxy,
with Mach numbersM ~ 2.7-36 andM ~ 2.8-53 for the W and E
shells respectively. Comparing the results with those vewipusly ob-
tained for Centaurus A, NGC 3801 and Mrk 6, | show that thel tea
ergy in the lobes (thermakinetic) scales approximately with the radio
power of the parent AGN. The spatial coincidence betweeiXthey and
edge-brightened radio emission in Circinus resembles thrphology of
some SNR shocks, a parallel that has been expected for AGNyasu
never been observed before. | investigate what underlyiaghanisms
both types of systems may have in common, arguing that, ioirCis,



the edge-brightening in the shells may be accounted for Byfiald en-
hancement caused by shock compression, but do not predutlscal
particle acceleration.

| also carry out a systematic study of the X-ray emission ftbencores in
the Q02 < z < 0.7 2Jy sample, usinGhandraand XMM-Newtonobser-
vations. | combine the results with the mid-IR, optical esios line and
radio luminosities, and compare them with those of the 3C&Rces, to
show that the low-excitation objects in our sample showhallgigns of ra-
diatively indficient accretion. | study theffect of the jet-related emission
on the various luminosities, confirming that it is the mainiree of soft
X-ray emission for our sources. | also find strong corretagibetween the
accretion-related luminosities, and identify severalrses whose optical
classification is incompatible with their accretion prdpes. | derive the
bolometric and jet kinetic luminosities for the sample and fa diference
in the total Eddington rate between the low and high-exoitapopula-
tions, with the former peaking at 1 per cent and the latter at 20 per
cent Eddington. There is, however, an overlap between tbeitwlicat-
ing that a simple Eddington switch may not be possible. Thmasmt
independence of jet kinetic power and radiative luminosityhe high-
excitation population in our plots allows us to test the Hipesis in which
jet production and radiativelyféecient 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 NuclaGdN(| refers to energetic
phenomena, in the central part of a galaxy, that are notecblat stellar activity. The
optical light emitted in this manner is comparable to thaltstellar light of the galaxy
(~ 10* L,,) for the average Seyfert galaxi€terson 1997 much brighter in the case
of quasars, but rather faint for some objects, in which tret w@ajority of the energy
is output in the form of jets.

Although the first spectrum of an active galaxy (NGC 1068) wlatsiined in 1908
(Fath 1909, it was only in the 1940s that Carl Seyfert noticed thateéhsra category
of galaxies with very bright nuclei and high-excitation ssion lines Seyfert 1943.

In 1959 Woltjer tried to infer some of the physics of thesesalg, and deduced that, in
order for the material in the nucleus to be gravitationatiyibd, its mass must be very
high, thus tying AGN activity and black holes for the first &rfWWoltjer 1959.

In parallel, radio-loud quasars were discovered and cgii@d during the 1950s
and 1960s, as part of the first radio surveys of the sky. TheEGd et al. 1959
and 3CR Bennett 196) catalogues contained a number of radio sources that were
associated with resolved galaxies, but also compact abjdudse nature seemed more
akin to that of a star, which is why they were denominated igst@$iar objects. In 1969
Schmidt summarised some of the properties of quasars, lsut@table to relate them
to Seyfert galaxies, since their spectral properties ang diéferent Gchmidt 196%.

X-ray observations of the sky started in the 1960s, usingungents carried in
hot air balloons. The first active galaxy to be observed ira)srwas M 87, in 1967
(Friedman & Byram 196)¢ 3C 273 and Centaurus A were identified shortly afterwards
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(Bowyer et al. 1970 It was not until 1978, however, that a correlation betwXemay
and optical emission in Seyfert galaxies was establishelddnyin Elvis (Elvis et al.
1978. By the end of that decade the relation between AGN actanty X-ray emission
was established, and Marshall et. al. established the tapoe of X-ray variability
shortly afterwardsNlarshall et al. 198)L

Our knowledge of AGN, their observational properties andartying mechanisms
has vastly increased over the last few decades. We now kraiwtese objects are
powered through gas accretion onto some of the supermdsaisie holes that sit in
the centres of most galaxies (e.gMagorrian et al. 1998 Radio-loud objects are
particularly important to our understanding of AGN, sindespite the fact that they
constitute only a small fraction of the overall populatidns during this phase that
AGN have the most direct impact on their surrounding envitent through the pro-
duction of jets and large-scale outflows and shocks (€gaft et al. 2003 Croston
et al. 2011 Cattaneo et al. 20Q¥McNamara & Nulsen 2007

In this thesis | use X-ray observations, as well as auxiliagio, infrared and
optical data, to investigate the role of low-power and lanminosity, radio-loud AGN,
in our current understanding of AGN activity and it$eets on galaxy evolution. In
this Chapter | describe the general properties of AGN, waltipular focus on the
structures that conform them, and how they reflect on whathgernve.

Throughout this thesis | use a concordance cosmology,kgev0 km s Mpc,
0Q,=0.3 andQ,=0.7.

1.1 Active Galaxy structures and their properties

Given that the observational properties of AGN depend batlntrinsic (gas avail-

ability, accretion mode and rate) and external (orientatmbservation wavelength)
factors, their characterisation and classification has Ise®ject of long debate. It is
difficult to conceive, a priori, how objects that produce sudfedknt observational
signatures can be unified under a single scheme (see e.d..Big.

The most successful model so far is based on that originedlygsed byAntonucci
(see Antonucci 1993and references therein), and is presented in Eig).According
to this model AGN consist of a central black hole, an accressucture which can
itself be broken into individual features (broad line clewhd a thin disk in the inner-
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Figure 1.1: Example of IR-optical spectral energy distiitos (SEDs) for a variety
of radio-quiet objects, fronfajer et al.(2007). This Figure illustrates the fierence
between obscurgdnobscured Seyfert galaxies and quasars.

most regions, and a torus of cold gas further out, which efisirrounded by clouds

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

via inverse-Compton scattering. This model also consitherpresence of jets, which
originate at or near the accretion disk and carry relatvedectrons and positrons (and
possibly protons), and can thus be observed in radio frem@egnia their synchrotron

emission. The inclination angle of the object determine&lwbf these structures we
can observe, directly or indirectly, and the amount of obston we can expect.

In the following Sections | will describe the role of each bétstructures listed
in this model, and their observational properties. The wadsented in this thesis
focuses only on radio-loud AGN. An AGN is traditionally cadered radio-loud if

_ SseHz

R= > 10 11
Stz CED

whereSsgh, is the flux at 5 GHz, an&g is the flux in the optical B band (4400 A)
(Kellermann et al. 1989 The objects described in Chapt&and4 have lowR ratios,
so that their core spectra show mostly characteristicc&ypf radio-quiet objects,
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RL

Blazar/RLQ/OVV
BLRG jet

torus
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broad line clouds

corona

disk

Q2/Sy?2
RQQ/Syl black hole

RQ

Figure 1.2: Diagram displaying the structures of high-=atmn (‘traditional’) AGN
according to unification models. The nomenclatures giveom@ing to the diferent
viewing angles are given on the left side of the image (top fual the radio-loud
objects, bottom half for radio-quiet ones), while th&elient structures are labelled on
the right side of the image. The structures are not to scale.

yet they possess the extended structures characterisadiofloud AGN, albeit on a
smaller scale than other, more powerful objects. The obgadied in Chaptefsand
6 are all, by definition, radio galaxies, and hence have |&ggtios.

An important caveat, and one of the main focuses of this sheésithat there is
a category of radio-loud AGN, originally identified byine & Longair (1979, that
cannot be explained under the scheme presented in1E2g.The properties of these
‘low-excitation” AGN will be described in Sectioh.1.3

Although only a small fraction of AGN are radio-loud (10 — 20 per cent, see
e.g. Sramek & Weedman 1988ellermann et al. 198Qit is possible that all massive
galaxies have undergone a radio-loud phase, since evideeoes to indicate that this
activity is likely to be cyclical (e.g5aikia & Jamrozy 2009Best et al. 200p It is
during this phase, when the jet interacts with the intdiestelas of the host galaxy
(ISM), reaching into the intracluster medium (ICM) in the shpowerful systems, that
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the AGN really dfects its environment on large scales (see Sedi@n While the
relationship between mergers, starbursts, AGN activity f@edback is still a subject
of intense debate, it is quite clear that the significant ameaf energy transferred to
the ISM by this nuclear activity in the radio-loud phase maffct the environment
dramatically (e.g.Kraft et al. 2003 Croston et al. 201;1Cattaneo et al. 2009

1.1.1 The central black hole

It is now commonly accepted that most, if not all galaxiestl@black hole. These
objects are believed to reach masses 6£400'° M. The initial black hole is thought
to form in the bulge before star formation occusl & Rees 1998 and its growth
is regulated through galaxy mergers, although the exacegssois still quite uncertain,
due to the elusive nature of intermediate-mass black holesh are expected to have
masses of 10- 10° M, (Gebhardt et al. 2005

The relation between the growth of the black hole and the erdngstory of its
host galaxy is supported by the correlations that exist betvthe mass of the galaxy’s
bulge and the black hole masddgorrian et al. 1998 as well as apparent correlations
of the latter with the number of globular clusters in someeoty Harris & Harris
201]). There are also a few examples of post-merger galaxieseatherindividual
black holes have not yet merged (e.g. NGC 62&@mossa et al. 2003 However,
parameters such as the total mass of the galaxy and the d&s« helo do not correlate
well with black hole mass{ormendy & Bender 201)] suggesting that the relationship
between the host galaxy and its supermassive black holefiofa simple.

Although the black hole has a dynamicéieet on stars of the galaxy’s bulge even
when it is quiescent (its mass can be derived even in thess ¢asough the Mr
relation ofFerrarese & Merritt 2000 it is only when the black hole is accreting matter
that its d@fect can be directly observed, and the galaxy is denominatecka

For AGN the mass of the central black hole can be determinsehieral ways. The
most well known correlations are those relating the lumiryasf the AGN in different
bands to the mass of the black hole (see e@raham 200). These correlations,
however, do not work very well for sources with low lumin@sst or low accretion
rates (e.g.Capetti et al. 2009see also Chapté).

For objects with a low orientation angle, where broad opgaaission lines can be
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detected (see Sectidnl.5, these lines can be used as a probe for the black hole mass.
For objects with bright spectra and long-term monitoririgsipossible to measure
the time delay between luminosity variations in the contimuand in the I8 (4861

A) emission line. This yields an estimate of the extensionhef broad-line region
(ReLr = cr, Wherer is the time elapsed between the continuum and line varigtion
Examples of this technique can be foundWandel et al.(1999 and Kaspi et al.
(2000. Assuming that the gas in the emission-line region is ¢gaéieinally bound and
virialized, the width of the line can be used to estimate tlagkohole mass according

to the following equation:

MBH = G_lRBLRVé_R (12)

WhereRg,r is the radius of the broad-line regiovg r is the Keplerian velocity of the
gas (derived from the line width), ariélis a constantIcLure & Jarvis 200%.

1.1.2 Accretion in high-excitation objects

The definition of high-excitation AGN stems from the facttth# these objects pos-
sess strong optical lines (see Sectloh.5. All radio-quiet, and most radio-loud AGN
belong to this category, whose underlying structure is sansad by unification mod-
els such as the scheme presented in Hig. These ‘traditional’ AGN are believed
to be powered through cold gas accretion (see élgrdcastle et al. 200 awhich is
distributed around the central black hole in the followitgistures:

The disk

The structure closest to the black hole is a geometricailhy tiptically thick accretion
disk, originally described b$hakura & Sunyae(1973. This disk forms because the
angular momentum of the gas is too high for it to directly fiatb the black hole. The
loss of angular momentum is presumed to happen throughsiigcperhaps driven
by magnetorotational instabilitie®8élbus & Hawley 199}, although some models
predict mass loss through winds (e.@striker et al. 201)) The mechanism is still
poorly understoodHrank et al. 200R
Following the derivations oKing (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 gnlergugh radiation
before falling into the black hole, and thus cool down. Thigheof the disk is given

by

H ~ %R << R (1.3)
Vk

whereC;g is the local sound speeR,is the radius of the disk, ang is the Keplerian
velocity.

The total accretion luminosity is given by integrating thestpation per unit area
over both sides of the disk, applying relativistic correns for the inner regions:

Lace = eMC? (1.4)

Wheree is the dficiency of rest-mass conversion. The value garies from model to
model, and depends on the boundary conditions and the btdelspin. It is generally
assumed to range between 0.05 and 0.42 (seekagacs et al. 2011

The timescales in which changes happen in the disk are of tigpes: viscous
(given by the kinematic viscosity), dynamical (which githe characteristic time for
changes in the dynamical equilibrium) and thermal, withdizramical timescale be-
ing the smallest and the viscous timescale being the laaj¢lse three. For a typical
AGN (M ~ 1BMy, M ~ 1M, yr1), the radius of the disk is 10 cm, and the
dynamical and thermal timescales are sherl(® and~ 10* s respectively). The vis-
cous timescale, however, is very long, and gives a powednsitaint on the angular
momentum of the infalling gas: it must be very low even beforening the disk.

The expected average temperature for the bulk of the diski§P K. The ther-
mal emission from the disk, therefore, follows a blackbo@stribution that peaks in
the UV to X-ray energies. This emission constitutes parhef\V continuum in un-
obscured objects (Seyfert 1 and narrow-line galaxies exsgely for radio-quiet and
radio loud objects).

The intensity of blackbody radiation is given by Planckis igybicki & Lightman

1986: ,

2hy 1

—_— 1.5
c? e% -1 ( )

Wherek is the Boltzmann constartt,is the Planck constant, is the temperature and

1,(T) = B/(T) =
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v is the frequency.
The peak frequency of the emission, which also depends otethperature, is
given by the Wien displacement law:

hmax = 2.82KT (1.6)

The equationd..3to 1.4 assume that the accretion rate of the black hole is rela-
tively small, which is the case for all the objects coverethis thesis, and therefore
the accretion luminosity is smaller than the Eddington huwsity (defined as the max-
imum luminosity the object can reach when radiation presgiin balance with the

gravitational force):
4rMc

Lacc < LEdd = (1.7)

wherex is the electron scattering opacity. For super-Eddingtgaatb the luminosity
is so high that it has arfiect on the accretion rateffectively driving outflows through
radiation pressure.

The X-ray corona

The majority of the continuum X-ray emission in unobscureatio-quiet AGN is
thermal and produced in the hot corona that surrounds the lees radio-loud objects
the jet must also be taken into account (see Sectidrn§. The corona is created
when the UV photons from the disk are upscattered to highengées through inverse-
Compton collisions with the electrons in the hot gas; thaxpss is often called thermal
Comptonization (see e.gdaardt & Maraschi 1991

The energy change of a moving photon when it is Compton-eareattby an elec-
tron, is given by Rybicki & Lightman 1986:

E

E
E E[{l1- — (1-cosp 1.8
oo (1 cosf) (18)

1+ £ (1- cost)

whereg is the scattering angley the electron rest mass, anthe speed of light. The
change in wavelength is given by:

h
f 4 ——(1- 1.
X =1+ C( cosb) (1.9)
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whereh is the Planck constant, aqﬁz is the Compton wavelength of the electron
(2.43x 10712 m).

If the moving electron has flicient kinetic energy compared to the photon, the
energy transfer is from the electron to the photon, and tbegss is called inverse-
Compton scattering. When the electron is relativis#ft ¥> hy/mc, wherey is the
Lorentz factor) the energy transfer is veffi@ent, and the final energy of the photon
is increased by a factor of.

For an isotropic distribution of photons scattering &n isotropic distribution of
electrons, average formulas must be derived. Folloggicki & Lightman (1986,
and for the electron rest frame, the net power lost by therele@and converted into
radiation is given by:

4
Pc = éo'TC'yZ,BZUph (1.10)

whereor is the Thompson cross-sectighs= v/c, andUy, is the initial energy density
of the photon. However, electron radiative losses from Bywicon radiation must be
taken into account.

For repeated scatterings by non-relativistic electroagiact equation was derived
by A. Kompaneets in 1957, and is known as the Kompaneetsiequaklthough the
detailed derivation is beyond the scope of this thesis, th&aton is given here for

reference: 5 14 5
n n
—===|x ? + — 1.11
ay XZBX[ (n+n " ox (1.11)
where n is the photon occupation number:
hc)?
n= I(E)éﬂé3 (1.12)
x is the photon energy:
E
e
and y is the Kompaneets parameter:
4KT,
y= meczeaTct (1.14)

which is sometimes expressed as a functioiy,ofhe mean time between scatterings
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(tc = neo7/0C).

The three parametersimin eq. 1.11account for, respectively, the recoftect, the
inducedstimulated emission, and the Doppler motion.

The photon spectra can be obtained by analytically solvinglell; some exam-
ples are given bysunyaev & TitarchuK1980. For the most common case found in
AGN, unsaturated Comptonization, the spectrum is given by:

¥t x<<1

{x3ex, X>> 1.
1(X) o (1.15)

where

F:—gi -+ — (1.16)

where the negative root is taken for> 1, the positive one foy << 1, and the average
fory ~ 1, which is the typical case for most AGN, giving a spectralex~ 1.5 (and
an exponential cutbat higher energies). This value is consistent with the olagiems
of the 2-10 keV emission in both radio-loud and radio-queetrses. Throughout this
thesis this component is labelled as the ‘hard’ or ‘accret@ated’ component (given
that the emission from the corona is a direct consequendeeaddcretion process in
the disk).

In radio-quiet sources this accretion-related comporgergflected onto the accre-
tion disk, which results in the soft excess observed in mogices (see e.gHaardt
& Maraschi 199). For radio-loud sources, however, the soft emission isatly re-
lated to the jet (seklardcastle & Worrall 1999and Sectiorl.1.6. Some radio-loud
sources, where the radiative energy output is much larger ttie jet-related one, are
best modelled with reflection models, as is the case for Mamk&® (ChapteB).

The luminosity of the corona is proportional to that of thekd{Sazonov et al.
2012, which is further evidence for the fact that these two gtrtes are closely tied:
the corona almost immediately reflects any changes in thetame rate and the prop-
erties of the disk, which is one of the reasons behind therebdeapid X-ray variabil-
ity McHardy et al.(see e.g. 2004, though the correlations between optical, UV and
X-ray variability can be rather comple®éwangan et al. 2007
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The Torus

Observations of Seyfert galaxies in the 1970s (é4gurper & Low 1973 showed that

these objects are very bright in the IR. This emission is@ased with the dusty torus
of cold gas that is found at distances of a few pc from the eébtack hole. Unlike

what happens for the inner regions of the AGN, where the &tres are too small to
be spatially resolved, there is observational evidencéoioin a few systems through
interferometric work (e.g. NGC 1068, sédfe et al. 2004

These structures would be expected to collapse on timessiabeter than the active
phase of an AGN, and can only survive if there is a continuopsti of energy. This
energy is provided by the high-energy photons from the drgk @rona, which are
absorbed by the cold gas in the torus, and re-radiated at lemeggies. The properties
of tori have been constrained through the need to accountriidication among the
Seyfert galaxies (see e.gramos Almeida et al. 2011kand references therein). They
are optically and geometrically thick, and dense enougltbgtore the broad-line re-
gion, but not the narrow-line region, which is seen in allf8eg (and their radio-loud
equivalents, the NLRGs or narrow-line radio-galaxies).e Temperature of the gas
in the torus is expected to be below 300 K, so that its (moditackbody emission
peaks in the IR range (see eds5to 1.6).

Although models initially predicted tori to be uniform anaigoth, it is clear that a
temperature gradient must be expected. The hypothesithéhédrus may be clumpy
was originally suggested over two decades ago (se&mligk & Begelman 198§,
and has gained strength in recent years, through long-tbsareations of obscured
sources (typically intermediate Seyferts) where the giigonr column changes with
time (e.g. Maiolino et al. 1998 Risaliti et al. 2002 and ChapteB). The diferent
variability timescales suggest, in some cases, the presd#ratouds between the torus
and the disk. These clouds would be of the same nature as dlssseiated with the
broad-line region (Sectioh.1.5.

A detailed analysis of the structure of clumpy tori is givenddg. Nenkova et al.
(20081, and the details for radiative transfer processes byegkova et al(20083.

Hardcastle et al(2009 have shown that the IR and accretion-related X-ray emis-
sion are correlated in radio-loud AGN. This correlation bEs® been found in Seyfert
galaxies Gandhi et al. 2000 This is to be expected, since the mechanism that pro-
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duces the thermal radiation in the torus is directly linkedhe production of high-
energy photons in the disk and corona, which are detectedrayX This can also be
used as a probe to determine the luminosity of heavily olestAGN. Chapteb uses
this correlation to investigate the accretion propertighe 2Jy sample.

1.1.3 Accretion in low-excitation objects

There is a category of radio-loud AGN, first identified byne & Longair (1979,
which lack the high-excitation optical lines charactecisif ‘traditional’ AGN, which
were thus denominated low-excitation (radio)galaxiesGLdt LERG). These objects
emit most of their light in the radio band, they lack the IRes€ and ‘big blue bump’
characteristic of most AGN, and are generally very faint tneXs, with their emission
being dominated by the soft, jet-related component (see klgson et al. 201;2van
der Wolk et al. 2010Fernandez-Ontiveros et al. 201k seems clear that the accretion
model applied to ‘traditional’ AGN does not apply to LERGsuéto their faintness
LERGSs tend to escape detection in any surveys that are netlmasradio selection,
overlapping with the population of star-forming galaxiasd thus have beenfticult
to characterise until recently.

Until a model was developed to explain their intrinsi¢feliences, these objects
puzzled the astronomical community (e.lgabian & Canizares 19880bscuration as
a cause behind the low luminosity at all bands can be disdarteugh the absence of
IR emission, since any obscuring structure would re-radia emission from the cen-
tral core in the same manner the torus does. Itis also noiipess ‘starve’ the central
black hole to make it almost quiescent, since LERGs are géndound in systems
that have enough gas to fuel an AGN (see e.g. the revield§009, and something
must be creating the powerful jets seen in these system&u&h&unyaev disks are
remarkably €icient at turning gravitational energy into radiation; thiuis clear that
the structure fuelling the AGN must beflidirent for LERGs. Spherically symmetric
accretion, as proposed Bondi (1952 had been proved to work for LERG\(len
et al. 2006 Balmaverde et al. 20Q8but it has some issues with reducing the angular
momentum of the gas before it falls into the central blackehBroga & Begelman
2003 and the &ective accretion rate.

The Bondi accretion rate is used as a basis for accretios irmteost models. It is
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given by:
Mg = 4n1pG*M2,c8 (1.17)

where1=0.25,p is the density of the gas at the Bondi radius, agds the speed of
sound in the mediunté = /TkT/um,, with " being the polytropic index for the gas).

The most successful models so far predict radiativelyficient accretion, which
occurs when the gas is so tenuous that its cooling timessidager than the accretion
timescale. The most popular model to describe accretiorEiREs is that of advec-
tion dominated accretion flows (ADAF, see e.iyarayan & Yi 1995 Yuan 2007 for
reviews), which has been successfully applied to some es{d¢ Matteo et al. 2003
Pellegrini et al. 2003Fabbiano et al. 2003 Variants of this model contemplate con-
vection (CDAF) (e.g. Abramowicz et al. 200Por inflow-outflow solutions (ADIOS,
see Blandford & Begelman 1999 Radiatively indficient accretion flows (RIAF),
based on ADAF, are also successful in describing the priegenf accretion in our
own galaxy (Sagittarius A*Yuan et al. 200}, but this may also be described with jet
models (e.g.Maitra et al. 2009,

ADAF models predict an accretion structure that is optictidin but geometrically
thick, with the hot ionsKT ~ 102 K) and slightly cooler electron plasm&T ~
10° — 10* K) forming a nearly spherical shell in the regions near tleecbklhole. The
accretion rate also plays an important role; it is expeabeloet much lower for these
systems than it is for high-excitation sources (HEi&rayan & Yi(1995 predict that
the thin disk transforms into an ADAF structure when the etion rate falls below
ten per cent of the Bondi ratd( < 0.1Mg). The low accretion rate is also achieved
through the rotation of the disk, in the regions farther afvagn the black hole. Recent
surveys seem to back up this assumption, showing that thietemcrate in LERGs is
indeed very low (see e.gBest & Heckman 201;2Russell et al. 2014 in et al. 2010
Ho 2008 Mason et al. 201, 2Evans et al. 201;1Plotkin et al. 2012and Chapte6).

The dficiency predicted byarayan & Yi (1995 for ADAF is a function of the
accretion rate: v

TIADAF ~ 0-1(-—) (1.18)
Mg

and so is the luminosity:
M 2
L —_— 1.19
ADAF & ( MB) ( )
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jet
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Figure 1.3: Example of model proposed for low-excitationM®ased on the illustra-
tion byHo (2008. The region represented corresponds roughly to the inskstiown
in Fig. 1.2, with accretion occurring through radiatively ffieient flows (RIAF).

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

lation. It is not yet clear that this may be possible, howgagthere is a possibility that
the switch in accretion rate may not be continuous (see elgrdcastle et al. 2007a
Russell et al. 20L,2Viason et al. 201,2and Chapte6).

RIAF models (e.g. Figl.3) predict an even lower accretion rate. The outflows in
ADIOS are introduced to couple with the jet, predicted ingimtions e.gMcKinney
& Gammie(2004); it is, however, unknown exactly how jets are generatectofaing
to Narayan & Yi(1995 jets and outflows are needed to reduce the accretion rate.

The emission predicted for ADARIAF models is thermal synchrotron (i.e. syn-
chrotron emission from a hot electron plasma, as proposé#tkeilcase of Sagittarius
A*) and/or comptonization.
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1.1.4 Other sources of continuum emission

Aside from blackbody radiation and inverse-Compton sdatgethere is an additional
contribution to what we observe as the continuum in AGN speatitdiferent frequen-
cies.

Thermal bremsstrahlung, or ‘braking radiation’, is progdithrough the accelera-
tion of a charged particle. It is also known as free-free siarg and although it has a
contribution at all frequencies, it is potentially most ionfant in the X-ray ang-ray
regimes. In AGN the main process through which thermal bs&rallung occurs is
the interaction of an electron with an ion. The derivatiothaf full expression is quite
lengthy, as it consists of summing the radiation emittedefach electron-ion inter-
action for a Maxwell-Boltzmann distribution of electron§he result for the energy
emitted per unit volume of the gas, per unit time, is given Bylicki & Lightman
1986:

dW  32tf [ 27 \P_ . "

ff ) _hv__

= = T 2Z°ngnie & 1.20
& T 4dvdtdv 3mc? (3kme) V€ X0t (1.20)

wherene andn; are, respectively, the electron and ion dengitig the electronic charge
andgs; Is the velocity averaged Gaunt factor, whiclgis ~ 1 whenhy/kT ~ 1 and
1 < Trr < 5when 10* < hv/kT < 1.

The ‘big blue bump’ observed in the optical and UV frequead@ unobscured
sources is a combination of optically thin and opticallyckhihermal bremsstrahlung,
and inverse-Compton scattered photons. There is also somebzition to the spec-
trum from the creation and annihilation of particle pairg(eZhou et al. 199y, and,
most important in radio-loud sources, non-thermal synicbroradiation from the jet,
which is described in detail in Sectidnl.a

In addition to the continuum, emission lines are producedugh bound-bound
and bound-free transitions in the emission-line regionsRE contributing mainly to
the optical and near-IR spectrum. The ELR are describedtaildie Sectionl.1.5

1.1.5 Emission lines

Optical and near-infrared emission lines from AGN have b&eadied since the times
of Seyfert's classification, and have been one of the mosuumIs to characterise
the properties of AGN (extensive reviews and books have eiten on the topic, see
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e.g. Osterbrock 198p Based on line strength ratiog/oltjer (1959 constrained some
of the properties of the gas, like its temperature, density ghysical extent. Broad
lines were identified for the first time in NGC 106Burbidge et al. 1950

In the X-rays, emission lines are produced via two mechastigshotoionization
(which dominates for the soft, thermal emission up to 2 ketw) #uorescence in the
inner part of the accretion disk (which is behind the Fe Kre observed at 6.4 keV).

Broad line clouds (BLR) are closest to the central enginee @imission in these
regions is caused by photoionization and collisional detation processes, which
suppress the forbidden transitiorigees et al. 1999 These lines are present only in
high-excitation objects (although there is an ongoing teloa whether ADAF can
also produce broad lines, see e.gracleous & Halpern 19945ulentic et al. 2000
Plotkin et al. 201®, and can only be seen in objects with a low inclination angle
(Seyfert 1, BLRG and some QSOs), since at larger angles tieeglascured by the
torus. The geometry of the broad-line region is not well usti®d, since some of
the line emission may be produced within the disk itselfnetfugh we know there
is clumpy material very close to the central core (eRjisaliti et al. 20022007, and
Chapter3). The shape of the lines is produced by the high kinetic teatpee of the
gas ¢ 10* K), which causes Doppler broadening. For gas very closedaémtral
black hole relativistic broadening is also observed (sge &renneman & Reynolds
2009, which is why the Fe Ka line is so often used for disk diagnostics.

Narrow line regions (NLR) can be resolved for nearby objesitee they extend up
to a few tens of pc around the central engine (seeBajerson 199 7%or an overview).
NLR represent the extent to which the AGN cdteetively photoionize the material
around it, and are colder and less dense than BLRs, allowinigfbidden transitions
to occur. Ratios between certain pairs of forbidden linésnathe estimation of the
temperature and electron densities in the gas. Ratios diff fOI1[Ol1] lines are also
the main technique used to classify AGN as high or low exoitegsee e.g.Heckman
1980 for radio-quiet sources; the same technique applies to+add objects), but
this diagnostic is not always reliable, since in some casesdithes might be present
but not detected, or might be caused by stellar procesdes tatan the AGN (see Fig.
1.4, the case of 3C 338 and M 87, as discussedHaydcastle et al. 200@nd Chapter
6).

Where large gas outflows are involved, these may clear a patthé radiation
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Figure 1.4: X-ray spectrum of the atypical LERG PKS 0043-#ile presence of the
Fe K-o emission line suggests that there is indeed a ‘traditionetretion structure
in this object, although no strong optical emission lines dgtected (see al$tamos
Almeida et al. 2011@

from the AGN to reach much larger distances than it would irueggcent medium.
This is observed in the inner regions of Circinus, for exani@hapte). Shocks
can also compress and heat the gas to temperatures whasenall ionization can
be observed (e.gHardcastle et al. 2010aThe models used in this thesis to research
the properties of the hot gas in Markarian 6 and Circinus f@#1a3 and4) predict a
number of emission lines caused in this manner. There is wdence suggesting
that radio jets can cause an enhancement in [Olll] emissibhough it is not clear
whether this is caused by shocks or direct photoionizatiabigno 200&

1.1.6 Large-scale emission

Although jets and lobes are characteristic of powerfuloagilaxies, these structures,
on a smaller scale, can also be found in objects that are mcttystonsidered radio-
loud (according to the definition in ed.1). Examples of these structures in elliptical
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West shell

East shell

Figure 1.5: Example of radio emission in a low power soureeade fromCroston
et al. (2007, illustrating the match between X-ray and radio emissiohNGC 3801.
The lobes in this source are believed to be driving a shockthre ISM.

galaxies can be found in e.g. NGC 38@Irgston et al. 2007and Fig.1.5), NGC 1062
(Kadler et al. 200%and Markarian 6 (Chapte). The dfect of jets and lobes on the
host galaxy is even more interesting in the case of Seyfghich are typically hosted
by spirals (see e.gCroston et al. 2008kHota & Saikia 2006 Gallimore et al. 2006
and Chapted), where the ffects on dynamics and star formation are potentially much
larger (see Sectioh.2).

The classification oFanardt & Riley (1974 divides radio galaxies into two sub-
groups. FR | objects are core-brightened, and exhibit lotvdde FR 1l objects are
edge-brightened. Although this is a purely morphologidassification,Fanardt &
Riley showed that the luminosity of the source is related to itsghology, so that FR
| galaxies (typically) haveLi7gunz < 2 x 10?° W Hz 1 srt. Ledlow & Owen (1996
showed that the division between both classes depends aptical luminosity den-
sity of the host galaxy, so that the break rises with lumityos$ L; ;. The boundary
can also be defined in terms of the long-term average jet p@ver5 x 103 erg s*
(Rawlings & Saunders 1991

Both classes of radio galaxy have common structures: jéigfwnay or may not
be visible, the latter case being more common for FR Il s@)reed lobes. Some
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examples of the dierent morphologies can be seen in Fi3.6. It is important to
note that the FR | FR 1l division does not correspond to the hjlgliv-excitation one
(Hardcastle et al. 2009While most low-excitation objects seem to be FRI, thera is
population of bona-fide FRII LERGs, as well as numerous exesnpf FRI HERGs
(e.gLaing et al. 1993 This is most likely caused by the complex underlying tielat
between fuelling, jet generation and environmental irtioa.

Figure 1.6: Mosaic displaying radio maggdrganti et al. 19931999 for a variety

of sources in the 2Jy sampl@op left: PKS 0034-01 (3C 15), an FR | LERG with a
classic radio morphology and a j@op right: PKS 0349-27, an FR || NLR@ottom
left: PKS 164805 (Hercules A) an FR | LERG in a very dense cluster envirortinen
that is collimating the jet near the central AGBbttom right : PKS 2211-17 (3C 444),
a somewhat atypical FR Il LERG in a dense cluster environpietat which the lobes
are driving a shockroston et al. 201)1
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Jets and hotspots

Jets are defined as collimated, relativistic outflows thatpgoduced near the central
black hole and extend to scales ranging from kpc to Mpc. Tlse béathe jet is thought
to be very similar for FR | and FR 1l galaxies, and highly relstic, which sometimes
produces an apparent superluminal motion (seeegrson 199&ensus 199) The
jets of FR | are generally shorter, and decelerate to swtivistic speeds, presumably
due to entrainment of the environment (see é3gcknell 1984 Laing & Bridle 2002).
The large opening angle, and the presence of knots (édgrdcastle et al. 2007b
Jorstad et al. 20Q5suggest that the energy transport to large scales is npéeffcient

in these objects. By contrast, the jets of FR Il remain callied and relativistic for
much larger distances (typically of the order of kPc, see e.gHardcastle 2009 and
are more #icient at transporting the energy. FR 1l jets typically temate in hotspots,
bright compact regions where particle acceleration ogeulngch results in a flat radio
spectral index (® < a < 0.7).

The composition of the jets is not well understood. We knoat they contain
electrons, possibly positrons (e.dreynolds et al. 199@unn et al. 200§ and that
magnetic fields are involved (see e.Budritz et al. 2012for a review). Observations
seem to indicate thd fields are initially parallel to the jet axis, and that intetran
with the environment and shocks alters this, introducinggendicular component
(Attridge et al. 1999 This may be the reason why perpendicular fields are moea oft
detected in FR | galaxies in polarization measuremear¢sohstein & Gabuzda 20).2

The emission mechanism that allows us to see these jetséh®tron radiation,
which is emitted when a charged particle travelling at reilstic speeds interacts with
a magnetic field (in the non-relativistic regime the emissmcalled cyclotron). The
particle moves in a helicoidal trajectory, with a charaster orbital frequency given

by (Rybicki & Lightman 1986:
_ 9B

= 1.21
me (1.21)

wp

whereq is the charge ang is the Lorentz factor (related to the total energy of the
particle byE = ymc?). For an isotropic distribution of velocities, the paréidbses
energy at a rate given by edl..23 The spectrum of synchrotron radiation spans a
broad range of frequencies for a given particle energy tlsiniarrowly peaked around
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a critical frequency, given by (in the case of an electror,esg. Longair 1993:

, €B

—— 1.22
Y ome (1.22)

Ve =
Since the energy loss time scale is proportionajtd and E-%, an X-ray emitting
electron loses energy 10° times faster than a radio-emitting electron, and protons of
a given energy lose their energyl(® times more slowly than electrons.

The synchrotron power emitted by each electron is given by:

Ps = gO'TCyZ,BZUB (1.23)
whereUg is the magnetic energy densityg = B?/2uq (uo is the vacuum perme-
ability). This has the consequence that the ratio betwefthe inverse-Comptom
power) andPs is the same as the ratio between that of the magnetic andipbo&ygy
densities. Another consequence of this is that the coolirilgeoelectrons via inverse-
Compton processes is verftieient, which limits the brightness temperature of radio
sources to- 10*? K (this efect is often called the Compton catastrophe).

In radio galaxies the electron population emitting syntiomoradiation has a broad
range of Lorentz factors. To obtain the power law spectruat We see at radio fre-
guencies, the electrons must also have a power law disbibut energy, given by
N(E) = NoE~P over a given energy range. The total emissivity for the et@cpopu-
lation is then given by:

Emax Emax
Jiv) = f J(V)N(E)JE = f j(v)NgE"PdE (1.24)
Emin Emin

where j(v) is the emissivity of a single electron, which is a functidntlee critical
frequency.

If we assume thaf(v) is a narrow function, and derivirig from eq.1.22 the total
emissivity is:

J() < No~ 7B (1.25)
The shape of the synchrotron spectrum is often describedfuaton of the radio

spectral indexy, given in terms of the flux density &(v) = Sgv™®. From above,
a= ‘%1 for a power law electron energy spectrum.



22 CHAPTER 1. INTRODUCTION

The relativistic nature of the jet emission causes a boosteaduminosity of the
core in radio-loud sources with low orientation angles (Bics, BLRGs and QSOs),
due to relativistic Doppler beaming. This is studied in Gleap for a range of sources.

Given the rapid energy losses at higher frequencies, sgtronremission from jets
and hotspots can only be observed in X-rays if there is a safrparticle acceleration
(Hardcastle et al. 200YcSee e.gWorrall (2009 for a review of X-ray jets.

Lobes

Although some of the dynamics and energetics of FR | and FRdibrlobes are very
different, many assumptions can be applied to both categories.

Lobes are created when the jet interacts with the surrogneliwironment (ISM,
IGM at larger scales), creating bubbles that expand threlighmedium and are filled
with the particles that travel up the jet. The early modelSdfieue(1974) proposed a
variety of scenarios for the propagation of the lobes thnaihg interstellar medium of
the host galaxy. If the lobes are always overpressured wg&petct to their surround-
ings, they expand supersonically, driving a bow shock, aechat influenced by the
external medium (other than for their expansion speed).tgiahe analytical models
describing the dynamics of radio lobes are based on thisrgsgan (e.g. Begelman
& Cioffi 1989 Kaiser & Alexander 199) and this is the case for the sources studied
in Chapters3 and4. However, this is not always so, in many cases, and partiglda
the lobes evolve, the pressure inside and outside the |@pesties roughly equal, and
the situation becomes more complicated (efAdexander 2002Hardcastle & Krause
2013.

The particle content of FR | and FR Il lobes is thought to beeydifferent: the
former are dominated by non-radiating particleésqston et al. 2009awhile the oppo-
site applies for FR lICroston et al. 2005 This has implications for the overall energy
budget of the lobes, and means that, a priori, the same atae$ between jet kinetic
energy and radio luminosity cannot be applied across bgplulptions (although the
dependence of radio luminosity with environment compesssédr this fact to some
extent, se¢lardcastle & Krause 2018&odfrey & Shabala 201&nd Chapte6).

As such, the emission inside the lobes of FR | sources is sgtram in the radio
regime, but thermal emission from the shocked shells domesnat X-ray frequencies,
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while in FR Il the higher electron content (and larger scat@kes inverse-Compton
the dominant mechanism for X-ray emission.

The minimum energy stored in the lobes can be calculateceiintagnetic field
strength and particle distribution are knownpasbidge(1956 showed that the mini-
mum energy condition is very close to equipartition. If wewase equal filling factors
in the radiating particles and magnetic fields, equipartits given by:

Emax
Ug = (1+«) EN(E)dE (1.26)
Emin
wherex is the proton to electron energy ratio, aldg is the magnetic energy density,
Ug = B?/2uo.

The main issue with this assumption, however, is that theneigag field cannot
be directly determined from synchrotron emission alone@eige-Compton emission
in X-rays can be used to constrain the electron density, aed in conjunction with
the radio observations to determine the magnetic field gthefsee e.g.Croston et al.
2009. X-ray emission can also be used to test how far from eqtiijpar the lobes are.
We now know that in FR | sources the thermal contribution &ehergy budget cannot
be neglected, since the equipartition pressure is muclrlihaa the pressure of the gas
outside the lobesorganti et al. 1988 In FR Il systems deviations from equipartition
are not so drasticqroston et al. 2005 though they are dicult to measure in some
cases, due to the limitations of geometrical assumptiarsofiorces with low projection
angles.

The main sources of photons for inverse-Compton scattanirgdio lobes are the
cosmic microwave background, the AGN and stellar light. l&fse, AGN photons
are slightly more problematic, since their distributionnist isotropic, but they are
relevant mostly at small scales, close to the central endihere is also synchrotron-
self-Compton emission from the radio-synchrotron photiesnselves. For the first
(CMB) and last (SSC) cases we can assume an isotropic ditrtof photonslifdard-
castle et al. 1998b The emissivity equations are not derived in detail hemd,@n be
found inRybicki & Lightman(1986.

While in FR 1l lobes inverse-Compton is the main contribatto the total energy
budget, thermal processes contribute to the total energyeisShocks around FR |l
lobes have proved quite elusive, but there are some exaifggle®.g. 3C 44&roston
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et al. 201). The thermal energy contribution for low power sources igimlarger,
and is studied in detail for two objects in this thesis (Ckepd and4). This energy
can be derived from assumptions on the thermal spectrumrenghtock conditions.
Details on the interactions of the lobes with the environthand shock physics, are
given in Sectiorl.2

1.2 Environments of radio-loud AGN

Powerful radio galaxies inhabit, almost universally, @lial galaxies (though there
are exceptions, sde=dlow et al. 1998Keel et al. 200k Seyferts are often found in
spiral galaxies, some of which have small jets and lobeg (@kcinus, see Chapter
4, and NGC 6764, sekota & Saikia 2006 Croston et al. 2009b but they are not
generally classified as radio-loud due to their siRdlictors (see edl.l). The reasons
behind the correlation between the presence of radio jetéodres and the host galaxy
morphology are not entirely clear. It has been suggestddhbaicher environments
in which ellipticals are generally found are needed to cenfire jet and lobes, but
some radio galaxie$gst 2004, even some LERGS, are found in sparse environments
(e.g. 3C 15, see Chaptessand®6). It has also been suggested that the correlation has
its origin in the larger black hole masses found in elligtgalaxies (e.g.Sabater et al.
2013 Alexander & Hickox 201%, or in the higher cold gas content in spirals, which
may interfere with the formation or propagation of the jeg(e=dlow et al. 200)L
Evidence supporting the hypothesis that mergers triggeX AaGtivity (Heckman
et al. 1986 can be found in the presence of disks, dust lanes (e.g. Geraf et al.
2003 Croston et al. 2009and bluer colours than expected for quiescent ellipticals
(Govoni et al. 2000 However, it is possible that heavy merger activity, sushret
found in superclusters, can suppress radio source form@tenturi et al. 200} per-
haps due to ram pressure stripping. This is perhaps therre@isp powerful radio
galaxies are generally found in groups and sparse clustdr(Lilly 1991 ; Belsole
et al. 2007. There is also an environmental dependence of morpholeily, FR |
sources (especially those with bent or distorted featuresig found in clusters more
often than FR Il (e.g.Wing & Blanton 201), but this may be caused by the fact that
most LERG are FR |, and they are found in richer environmertsdcastle 2004
and it may not be universal (see eligeson et al. 2012
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Environments are also potentially important in the fugjlprocess for the AGN.
In the models oHardcastle et a(20073, low-excitation sources, in particular, need
a reservoir of hot gas, which could originate in a rich ICM prwinds caused by
star formation. The former seems to be supported by the fatttERG are more
predominantly found in red galaxies compared to HER&ésen et al. 20).2

Dense environments are characterised by very hot ICM gdB,temperatures of
~ 10" - 1% K, and are very bright in X-rays (thermal bremsstrahlungssion being
the primary contribution to their luminosity, as well asdiemission from collisional
excitation and de-excitation of the hot gas). Where no ICetected in X-rays, it is
still possible to have a sparser group where some of the igalaxe interacting (see
e.g. the 2Jy hosts iRamos Almeida et al. 201@nd Chapter® and 6). Optical
observations are helpful in these cases to determine tisemee of bridges and tidal
features.

The most éicient way in which radio-loud AGN release energy into their-s
rounding environment is through shocks driven by the lol#eshock happens when
a medium, gas in this case, moves at a bulk velocity that iatgrehan the local
sound speed. This creates a sharp discontinuity in the medidnich reflects in an
abrupt change in temperature, density and pressure (andati@feld density, if one
is present and favourably aligned with the shock front). thercases studied in this
thesis shocks can be approximated with the simplest comnditisince there are no
relativistic dfects involved (and we assume no magnetic fields either). Tthido
the Rankine-Hugoniot jump conditions are appliedr{dau & Lifshitz 1987, impos-
ing mass, momentum and energy conservation at the frontaasgiming a perfect
monatomic gas (with polytropic indeX = 5/3). This yields an expression for the
temperature ratio between the gas in the shocked shellharekternal medium:

Tshen _ [2TM + (1 -D)][T' -1+ (2/M)]
Tout - (F + 1)2

(1.27)

where M is the Mach number. This equation can be rewritten for der(sit the
pressure), using the ideal gas law:

pout pshell
= 1.28
PoutTout  PshellT shell ( )
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so that the density ratio is
Pshell _ I'+1

Pout B F_1+(2/M)

(1.29)

We can immediately see that for strong shocks, where the Mantber is large,
the last term in the denominator of elj29becomes negligible. For a perfect monatomic
gas this implies that the density ratio for a strong shocknoate greater than 4.
This condition is used in ChapteBsand4 to constrain the temperature of the external
medium, given that the statistics are too low to obtain a it tieermal model. Once the
parameters of the gas and the shock velocity are known, ldg/eecontributions from
thermal energygN kT), mechanical workRV) and kinetic energy%(nbas(%vshe")z, as-
suming the velocity ratios for a strong shock) can be deteedhias well as which is
the dominant emission process (thermal or non-thermal).

While radio-quiet AGN, even the most luminous ones, ressthieir gfect to their
immediate surroundings, radio-loud objects transporetiergy from the central source
to much larger scalesftacting the host galaxy in the less powerful cases, and the en-
tire cluster in the most powerful ones. The amount of enegtgased into the external
gas in this manner is not negligible: even for small sourtés comparable to that
of 10* — 1(° supernova explosion€(oston et al. 20072008 Kraft et al. 2003 and
Chapters3 and4), enough to have anffect on the host galaxy’s star formation pro-
cesses, and even on its dynamical properties.

The relationship between AGN activity and star formationas entirely clear, in
part because most of the studies focus on radio-quiet AGNit lgi clear that there
must be a co-dependence (see eBpst & Heckman 20L,2Hardcastle et al. 2010b
The key may lie in the timescales involved in both processeas (Wild et al. 2010
and how they relate to merger events. It is also possiblefthaadio-loud sources
the dfect may be delayed even longer, since the gas from the loleels tiene to mix
with the ISM, making it impossible to estimate it§ext directly (by then the radio
structures would no longer be detectable).

For very powerful sources the energetic impact is even mamaditic (e.g. 3C 444
Croston et al. 2001 The inner regions of dense clusters are expected to cogl ve
rapidly through X-ray emission, but the observations shioat this is not happening
as fast as expected (elgeterson & Fabian 2006 The energy input from radio-loud
AGN is very likely to be one of the main causes behind this fepleed cooling’, by
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driving shocks into the ICM. Giant lobes must also physicdisrupt the ICM, causing
compression, and heat dissipation even if no strong shaekseolved (see also the
review by McNamara & Nulsen 2007

1.3 Summary: observational properties of AGN

This Section provides a concise scheme of the main obsematproperties of the

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

natures discussed throughout this Chapter.

1.3.1 Core

e Radio: synchrotron emission (jet) in RL AGN, perhaps free-freession in RQ
HEGs. Main emission in LEGs.

FIR-MIR : (modified) blackbody (torus) in both RQ and RL AGN, synchoot
(jet) in RL AGN. No accretion-related emission expected BEQs, only syn-
chrotron contamination.

NIR: continuum (some blackbody from the torus?, tail of blackp&rom the
disk, some IC-scattered photons from the corona?) for bathrirl RQ HEGs.
Emission lines (broad ayatr narrow, depending on orientation) for both RL and
RQ HEGs. Some synchrotron contamination in RL HEGs. No &icereelated
emission or lines expected in LEGs, only synchrotron comtation.

Optical: continuum (blackbody from the disk, some IC-scattered@n®from
the corona) for both RL and RQ HEGs. Absorption expected fuscared
sources. Emission lines (broad amdnarrow, depending on orientation) for
both RL and RQ HEGs. Some synchrotron contamination in RL BIEMO
accretion-related emission or lines expected in LEGs, syhchrotron contam-
ination.

UV: ‘big blue bump’ continuum (blackbody from the disk, IC-#esed photons
from the corona) for both RL and RQ HEGs. Absorption expettedbscured
sources. Emission lines (broad @mdharrow, depending on orientation) for both
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RL and RQ HEGs? No accretion-related emission or lines égdea LEGs,
only synchrotron contamination.

e X-rays: continuum mostly from the corona, both in RL and RQ HEGs.t Sof
X-rays produced by reflection in RQ LEGs, by the jet in RL HEGd &EGs.
Absorption expected for obscured sources. Emission limesa( angbr narrow,
depending on orientation, Fe &{ine) for both RL and RQ HEGs. Synchrotron
emission from the jet in RL sources with low orientation ang|l

e y-rays. continuum mostly from the corona, both in RL and RQ HEGs. -Syn
chrotron emission from the jet in RL sources with low origisiaangle. Inverse-
Compton.

1.3.2 Intermediate scale

e Radio: jets, lobes, hotspots in RL HEGs and LEGs. No AGN-relatedssion
in RQ objects.

e IRto UV: jets in RL HEGs and LEGs. Line bremsstrahlung emission from
photoionizeg¢ghot outflows in powerful RQ HEGS.

e X-rays: jets, shocked gas around the lobes of some HEGs and LEGs-IC i
side the lobes of radio-powerful objects. Some emissioreebga from strongly
photoionized regions near RQ cores.

1.3.3 Large scale

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

¢ IR to UV: some blackbody and line emission from hot gas in dense @mvir
ments.

e X-rays: bremsstrahlung emission from very hot gas in cluster ermirents.
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1.3.4 Caveats

Contamination from the old stellar population is relevamtthe mid-IR band in fainter
sources. This is particularly important for low-excitatiobjects, where there is no
torus and therefore no accretion-related emission in thelfRough IR emission is
detected in most sources.

1.4 The role of AGN in galaxy evolution

The previous Sections have introduced some of tfects AGN activity has on the
host galaxies and their environments.

It is clear that galaxy evolution cannot be understood witfcmnsidering the role
of AGN in the energetic and dynamical properties of theirtbdsee e.g. the review
by Benson 201)) Models such as that @roton et al (2006 andBower et al.(2006
simulate the growth and evolution of galaxies and their ra¢rtiack holes (see also
Merloni & Heinz 200§, and prove the importance of the AGN, ‘radio mode’ (i.e.
jet- and lobe-driven) feedback in the star-formation ticadss and the creation of hot
haloes. They also show the impact of AGN activity on the ICNI] &s dfect on the
cooling timescales for the hot ICM (see alstcNamara & Nulsen 2007 The energy
input from AGN to the ICM is not just limited to the emissioroperties of the gas: it
also has consequences on merger activity and the growtle ghtist massive cluster
galaxies De Lucia & Blaizot 2007.

It is thus clear that achieving a better understanding of remhio-loud AGN work
and their &ects on their surroundings is essential at all scales, ifimet@acquire a
better knowledge of how the Universe works, from star forarato the dynamics of
dark matter haloes.

1.5 Aims of this thesis

In this Chapter | have introduced the general propertiesdiorloud AGN and their
classifications. | have introduced some of the open questiat 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 lpawer systems; to
characterise the dynamics and energetics of these stescnd how they influ-
ence their hosts (Chapte3sand4).

To analyse the correlation between jet-related X-ray adobr@mission, and test
the threshold where ‘radio-quiet’, reflection models starapply (ChapterS
ando).

To investigate the mechanisms ruling accretion in radi@lobjects, and the sig-
natures they produce, and use them as probes for sourciéictdss) (Chapters
3,4, 5, andb6).

To understand the relationship between jet activity (temeraged) and radiative,
‘quasar mode’ activity (immediately measured) (Chap)er

To test the reliability of bolometric corrections, sourdassification diagnostics
and black hole mass calculations (Chap®4 and6).



Chapter 2
Data Analysis

In this thesis | use X-ray data to study the properties ofadolud AGN cores and the
extended structures that form as a consequence of theanterdetween the jet and
the interstellar medium in the host galaxy. Chap&rs and6 are based on new and
archival data from th€handraandXMM-Newtortelescopes, while Chaptéis based
on Chandradata alone.

X-ray data from these instruments are stored in events fileshacontain informa-
tion on the energy, detection time and position of each ph@swell as the orientation
of the telescope as a function of time. The number of photansbe combined with
each of these parameters to produce, respectively, spkghtzurves and images for
the X-ray emission of any given source. The data reductiaitlaa extraction of these
final products is specific to each instrument, and requiresiasof techniques which
are described in this Chapter.

Although no data reduction has been performed for otherunsgnts, images and
maps from radio, optical and infrared telescopes are ugdtifthesis. Details on the
origin of the data and the authorship of the images and mapgieen in each Chapter.

2.1 Chandra

The ChandraX-ray satellite was launched on July 1999. It consists of reeseof
imaging and spectroscopic instruments, set behind 4 phasnzentric Wolter Type-|
mirrors called the High Resolution Mirror Assembly (HRMAJ)o the imaging cate-

31
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gory belong the Advanced CCD Imaging Spectrometer (ACI$)tAe High Resolu-
tion Camera (HRC), and the spectroscopic category coverkligjh and Low Energy
Transmission Gratings (HETG and LETG). For this thesis lehanly used data from
the ACIS instrument.

The telescope also has a particle detector, the ElectrotgilrHelium Instrument
(EPHIN), which monitors the presence of charged particlexlvcould damage the
other instruments.

2.1.1 Data reduction

The ACIS instrument consists of two subsets of CCD camehas ACIS-I and the
ACIS-S. The first instrument is formed by a square array of idiP4 by 1024 pixel,
front-illuminated CCDs. The ACIS-S is a longitudinal set®f.024 by 1024 pixel
chips, of which two are back-illuminated (S1 and S3). Theeobsr can specify a
subset of chips from both instruments; the most popular @oations use the central
chips of the ACIS-S (S1 to S4), with two of the ACIS-I chips @&d 13), or the entire
ACIS-I array with two ACIS-S chips (S2 and S3). For targetd tire not very spatially
extended the main chip is usually the S3, since back-illaeid chips are less sensitive
to background contamination, and yield a better signal teen@tio in the final images
and spectra.

For very bright sources telemetry saturation can be an jsswkthus smaller sub-
arrays of chips are selected, and the Graded telemetry fasraalected, which stores
less information than the Faint and Very Faint modes, whietbast suited for fainter
targets where background contamination is a more presssug i

The pixel size of the ACIS CCDs is4B2 arcsec.

The initial processing of the data is carried out by@andraX-ray Center (CXC)
through a pipeline that performsftrent conversions and corrections. The first level,
LO, converts the rauChandratelemetry into FITS files. The L1 stage applies a series
of instrumental corrections to the data, and produces thats\yiles that can be used
for analysis.

Although it is possible to obtain files with a higher level ¢é&sdard processing,
most users choose to use the level 1 files and apply their owaatmns in the sub-
sequent reduction phases. This reprocessing is carriedsing the CXC software
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CIAO. For the work presented in this thesis | usefiedent versions of CIAO: 4.2 was
used for Chapter8 and4, and 4.4 for Chapters and6.

During the L2 phase several filters are applied. The gradeeval each event is
assessed, and used to discard events produced by cosmigvagh form specific
patterns in the CCDs). Good Time Interval (GTI) files are teesated, to discard
the time intervals during the observation in which the mstents may not have been
performing correctly. The calibration files can then be sgupto detect and exclude
the observation-specific bad pixels.

To achieve the maximum possible spatial precision in my esagnd the best
possible signal to noise ratio, | also specified conditidraa temoved the pixel ran-
domization (automatically applied in older versions of figeline to reduce aliasing
effects), minimised the streaking (described in detail in i8a.1.4), and removed
the afterglow &ect from cosmic ray events. These corrections are autoatigtep-
plied in the latest version of the basic pipeline and the Cta@rocessing tool, but had
to be specified manually at the time my data reduction wasechout.

2.1.2 Imaging

Once a ‘clean’ events file is obtained, it can be used to p@duages and spectra.
Images are created by extracting the spatial informatianobuhe events file, and
generally applying an energy filter to minimise issues witstiument calibration and
contamination from background events. The typical eneagge is 04 < E < 7 keV.

For the work presented in Chapti carried out additional filtering. | used the
CIAO tool wavdetecto identify any point sources, which were then removed using
the taskdmfilth This filtering was done to guarantee that the extended enigsthe
X-ray image corresponded only to the radio lobes of the sourc

For the work described in Chaptéit was also necessary to combine images from
three diferent exposures. This was done with the CIAO towrgeall, after care-
ful weighting of the individual images. This tool automatig aligns the individual
images and co-adds them according to the weights specifidgdebyser. It does not,
however, re-normalise the areas covered by only one or twbeoindividual images
(due to the dterences in orientation and pointing), so the user must becasvavhere
the chip edges and gaps are for each observation. Zigshows the individual and
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Figure 2.1: Individual 0.3-7 keV and merged 0.4-5 keV imdgeshe Circinus galaxy.
The first three panels illustrate thefeérent orientations of the individual observations,
detailed in Tabl@.1l The last panel shows the final reduction stage, after theichal
observations were combined, and the point sources anduestiieak excluded. The
last image has also been cut to exclude the regions that areleegant to the analysis
of the source. The images are smoothed with-a 3 pixel Gaussian profile for clarity.

co-added observations for the Circinus galaxy, the objecliesd in Chapted.

The qualitative analysis of the X-ray images was carriedusutg the program ds9
and some tools from the FUNTOOLS C libraries, in particuteorse used to generate
histograms and radial profiles. Some of the images in Cheftand 4 have been
smoothed with a Gaussian kernel to better show the detailseecxtended structures.
The smoothing process transforms each individual photentde an extended Gaus-
sian distribution, so that the overalffect fills in the gaps between pixels and better
represents what the image would look like for a longer exmasThis technique is
well suited to analyse faint, extended structures, but istnine used carefully with
brighter regions, since it dilutes thé&ects of smaller-scale structure.

2.1.3 Spectroscopy

Spectra are extracted from the L2 events files using the Co&Dspecextragtusing a
series of constraints. Spatial constraints are usuallyetfrom a qualitative analysis
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of the X-ray image, in which regions are determined for therse and background
spectra to be extracted from. Time constraints can also eeifsggal as a GTI file,
for example when there are periods of higher backgroundaoaimiation during an
observation that need to be excluded from the final spectra.

In order to usey? statistics | rebinned my spectra using the tool FUNGROUP,
written by M. Hardcastle using the FUNTOOLS C libraries. nfed my spectra to 20
counts per bin (after background subtraction) in most ¢asétsallowed for a lower
grouping (15 coungbin) for spectra with very few counts, for example in somehaf t
sources analysed in Chapger

Spectra alone are not suitable for model fitting. The spalcextraclso creates an
auxiliary response file (ARF) and a redistribution matrig {fiRMF). The ARF contains
combined information on theffective area of the detector and its quantuticincy,
so that when it is multiplied by the spectrum the result is¢bant distribution that
would be seen with an instrument with perfect energy reswiutThe RMF describes
the instrumental response as a function of energy and detelbtinnel, gectively
mapping what energy range corresponds to each channele 8iaaetector is not
perfect, the counts need to be spread over the energy nesohftthe instrument,
which is why this file takes a matrix form.

Older versions of CIAO, which | used for data processing ira@brs3 and 4,
required separate tasks to generate spectra, ARFs and RMHRsey have been unified
underspecextracin the latest versions.

For the work described in Chaptéi had to co-add spectra taken from three indi-
vidual observations. This was done with the CIAO toombinespectra which also
combines the individual ARF and RMF files. This tool autormaity weights the indi-
vidual spectra, ARFs and RMFs according to their exposuidsle this tool is very
powerful for the analysis of faint structures, it must bedusarefully. Some sources,
like active galactic nuclei, have spectra that vary not amiptensity, but also in shape,
and should not, therefore, be blindly added together. Wherbackground rates are
very different between the observations being added it is also naadile to use this
tool.



36 CHAPTER 2. DATA ANALYSIS

2.1.4 Instrumental issues

The two main issues | encountered during the data analydiseghuction process were
the degradation of the energy resolution of the CCDs, araipil

The first issue is caused by the eventual degradation of thgsCdue to a loss of
charged transferficiency caused by low energy protons. This isdftiecis mainly the
sensitivity at soft energies, and the CCDs that are frdatrinated, rather than back-
illuminated chips, which are better protected by the tedps@ates. The data reduction
pipeline and calibration files take into account this loss@fsitivity for individual
observations; however, it becomes relevant when tryingtoline observations from
very different epochs, and can only be tackled by carefully addindgpepniages and
spectra.

Pileup occurs when two or more photons of similar energieshiei same CCD
pixel between two readouts, so that the instrument detbets tas a single photon
with a total energy that is the sum of the individual ones. sTikivery problematic
for bright sources, in which the regions with higher emiggican even appear as
completely dark, the pileup being so severe that the endrgfyeocombined photons
falls outside the detection range of the CCD.

Pileup can be minimised by choosing a smaller area of the fohipnaging, so
that the time between readouts is shortened. Some modeglspieeup for XSPEC)
try to take into account theffect pileup has on the resulting spectra, but they are not
effective in all cases.

Several of the sources described in this thesis are pildgd-different degrees, the
worst case being the spectrum of the AGN in Circinus (chaftevhich | did not have
to analyse in detail, since it was beyond the scope of thaicpéar project.

To correct the ffect of pileup on my data | carried out simulations of thieeted
sources with the tools ChaRT and MARX. ChaRT generates a@8Fd given model,
which is then fed to MARX, which produces an image of the sated PSF. A ratio is
made between this image and the original one, in which thealgrxels are excluded.
A code fits a 5th-degree polynomial to this ratio as a funotibenergy, to create a new
ARF that compensates for the missing pixels using the rdtibeosimulated and real
images. The process is described in more detail in Seclidh$and6.2.1
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2.2 XMM-Newton

XMM-Newtonwas launched in December 1999. It consists of an optitakele-
scope with an instrument called the Optical Monitor (OM)ddhree Wolter type-1
X-ray telescopes with two tferent types of instruments: the European Photon Imag-
ing Camera (EPIC) and the Reflection Grating Spectromet@S)RI used data taken
with the EPIC cameras for Chaptedss and6 of this thesis.

2.2.1 Data reduction

The EPIC camera consists of three instruments, situateatimef the three telescopes.
The MOS1 and MOS2 (Metal Oxide Semiconductor) instrumergsrede of two sets
of 7 front-illuminated, CCDs, which are rotated°dfetween MOS1 and MOS2. The
PN is an array of 12 rectangular CCDs, and it is slightfiset with respect to the
optical axis of the telescope, so the pointing does not mia&esource fall onto the
CCD gaps. The pixel size is 1.1 arcsec for the MOS CCDs, 4<kearfor the PN.

The spatial resolution of the EPIC cameras is worse tharoff@handrds ACIS:
the PSF FWHM is 6 arcsec, compared to 0.4 arcseChandra The EPIC, how-
ever, is more sensitive, and thus better for fainter or mestadt sources. The EPIC
cameras can work in timing mode and with a reduced area tamsgipileup in very
bright sources. Since the large PSF means that pileup igit#glin all the sources
considered in this thesis, no observations required timinge.

As in the case o€handrg theXMM-NewtonScience Archive (XSA) provides the
users with end-level data that can be used directly for amglplthough it is usually
best to manually perform the data reduction to optimiserittfi@ specific scientific
objectives of each project.

The XSA provides the users with a series of Observation Dié¢a FODF), which
include the instrument science, housekeeping, spaceletails, radiation monitor and
summary files. These files are used in conjunction with therfse Analysis System
software to create the final images and spectra.

The standard reduction process consists of the teskaild, which applies the
calibration conditions to each observatiodfingestwhich loads the observation files,
andemchain(MOS) orepchain(PN), which generate the events files that will be used



38 CHAPTER 2. DATA ANALYSIS

to produce images, spectra and lightcurves.

2.2.2 Imaging

Once the ‘clean’ events file is obtained, the procedure tateran image is very sim-
ilar to the one described fa@handrain Section2.1.2 The conditions for the image
are selected by filtering out the events with a pattern thelesponds to cosmic-ray
processes, rather than photons from the source, and clgoasiaenergy filter (which
usually covers the.@ — 12 keV range, since further filtering can be applied when gen-
erating spectra to exclude the ranges in which the instrtgraee not well calibrated).

It is also at this stage that user-specified GTI files can batedeand applied, to
exclude parts of the observation (e.g. to avoid periodsgtt particle background, see
Section2.2.9).

2.2.3 Spectroscopy

The spectra for the source and background are generatedtti@mages using the
same taskevselectby specifying the spatial coordinates. The taaigenandrmfgen
generate the ARF and RMF files, respectively.

2.2.4 Instrumental issues

Despite the high sensitivity of the EPIC cameras, since 8fe éf the sources is spread
over a larger area, they are leskeated by pileup than théhandracameras. Pileup is
still an issue for very bright sources such as Cygnus X-1 badrab, but none of the
XMM data presented in this thesis afgeated by it.

The CCDs ofXMM are also &ected by degradation due to damage from low-
energy protons. As for the case of the ACISOhandra it is necessary to bear this in
mind when coadding EPIC images or spectra taken at véligrdnt epochs.

The main issue with the EPIC cameras is the high X-ray backgt@resent in
some observations. Due to its orKivIM is very sensitive to solar flares, which release
charged particles that interfere with the instruments. [&/ihigher background noise
may not be an issue for bright sources, it is problematicdortér targets or extended
structures.
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The only way to address this issue is careful filtering of theewvations to ex-
clude periods of flaring particle background. This is donet®ating a lightcurve for
energies greater than 10 keV for the MOS and between 10 and\1 20k the PN. It
is at these energies that the background noise is most édeiltified. The user then
specifies a threshold count rate and feeds it to the SAStédgkigen which creates
a GTI file that excludes the time intervals in which the cowateris higher than the
specified limit.

2.3 Spectral fitting

Spectral fitting was carried out using XSPEC, apiece of smitvdeveloped by NASA's
HEASARC (High Energy Astrophysics Science Archive Rese&enter).

The detectors irChandraand XMM do not measure the actual spectra of the
sources, but rather the photon counts in instrument channghe observed counts
are related to the original spectrui(E) (in units of photons cmt? s1) by:

c(l) = fow f(E)R(I, E)dE (2.1)

whereR(l, E) is the instrumental response (it is proportional to thebpimlity that a
photon with energ¥e will be detected by the instrument chanhgllt is not possible,
in general, to obtain the original spectrum from the measmree. What is usually
done is to fit a model to the observed spectrum, and estabhkstidodness of fit based
on a series of parameters.

XSPEC allows the user to choose fronffeient statistical methods for fitting. For
the work presented in this thesis the method of choige istatistics. The manner in
which fitting is done is as follows: XSPEC loads the obsenmdse and background
spectra, normalises them by the exposure time andiibetwe areas, and subtracts the
background. It then loads the response files, to apply theumental response to the
observed, background-subtracted spectrum. This resppassmetrized in terms of a
single respons&(l, E) in equation2.], is split into two components within XSPEC:
the response matrix (RMF) and the auxiliary response fileRARescribed in Section
2.1.3 XSPEC uses the ARF to assign a response to each instrurokatalel, 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 diohsthat assign
detector channels to energies. For each m&dE) a count rate is predicted (through
eg.2.1) and is then compared to the observed count rate, using distbdevenberg-
Marquardt fitting algorithm. The final output is a series dixes and confidence ranges
(by default 90 per cent confidence) for each model paramatet,ay? value and
number of degrees of freedom, to establish the goodness of fit

The XSPEC model components fall into several categorieditiad, multiplica-
tive, convolution, pileup and mixing. For my analysis | haveed additive models,
which includeapec(emission from collisionally-ionised ffuse gas)powerlaw (to
model the AGN continuum) andaussian(for emission and absorption lines), and
multiplicative models, such agabs(which models the féects of foreground and in-
trinsic absorption). The components can be combined toym@dn overall model that
accurately represents the spectra.

The user can specify several options, such as the cosmalpgiameters, statistics
and confidence ranges to be used.

XSPEC can also be used to do simulations of spectra with fomgeosures from
existing data, which is essential when planning future olagmns.



Chapter 3
Markarian 6

Markarian 6 is a nearby (D78 Mpc) Seyfert 1.5, early-type galaxy, with a double set
of radio bubbles. The outer set spar’s5 kpc and is expanding into the halo regions of
the host galaxy. We present an analysis of our @&andraobservation, together with
archivalXMM-Newtordata, to look for evidence of emission from shocked gas afoun
the external radio bubbles, both from spatially resolvegioms inChandraand from
spectral analysis of thEMM data. We also look for evidence of a variable absorbing
column along our line of sight to Mrk 6, to explain the evideifferences seen in
the AGN spectra from the various, non-contemporaneougreatgons. We find that
the variable absorption hypothesis explains théedences between tighandraand
XMM spectra, with th&Chandraspectrum being heavily absorbed. The intrinsj¢
varies from~ 8 x 10?* atoms cm? to ~ 3 x 10?2 atoms cm? on short timescales (2-6
years). The past evolution of the source suggests this mpihp caused by a clump of
gas close to the central AGN, passing in front of us at the rmbimiethe observation.
Shells of thermal X-ray emission are detected around thie tadbbles, with a tem-
perature 0~0.9 keV. We estimate a temperature~d@f.2 keV for the external medium
using luminosity constraints from o@handraimage. We analyse these results us-
ing the Rankine-Hugoniot shock jump conditions, and obéatach number 0£3.9,
compatible with a scenario in which the gas in the shellsdsiaing a strong shock in
the surrounding ISM. This could be the third clear detectibstrong shocks produced
by a radio-powerful Seyfert galaxy. These results are cdipavith previous find-
ings on Centaurus A and NGC 3801, supporting a picture inkvtliese AGN-driven
outflows play an important role in the environment and evotubf the host galaxy.

41
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3.1 Introduction

RecentChandraobservations of the environments of several powerful rgdiaxies
(e.g. Hydra A McNamara et al. 20QaM87, Young et al. 2002Hercules A,Nulsen
et al. 2005asee also the review dyicNamara & Nulsen 20Q/ave led to significant
progress in understanding the AGN-driven gas outflows isdtsystems and the role
they play in galaxy formation and evolutio@ioton et al. 2006Bower et al. 2005

We now know that, although the most powerful radio outfloyegrsiing hundreds
of kpc, are associated with massive elliptical systems|lsnsiructures also connected
to an active nucleus can be found in a variety of systems avicoements, including
spiral and disk galaxies (see e.Gallimore et al. 2006Kharb et al. 2006Hota &
Saikia 2006 Saikia & Jamrozy 2000 The mechanism by which these structures are
produced is likely to be related to the one we see in the masegal sources, but
on a smaller scale. Most of the observed AGN-driven bubbé® been found to
be overpressured with respect to their surroundings, arydomahus inducing shocks
into their surrounding medium. The wide range of morphadegif the galaxies where
radio bubbles have been found, and the fact that this AGiediphenomenon is most
likely episodic Gaikia & Jamrozy 200@make understanding the energetics involved in
this process fundamental to estimate its impact on AGN faekland galaxy evolution,
and extrapolate how common this mechanism can be in low-psystems.

In our search for evidence of galaxy feedback associatddlpit-scale radio bub-
bles, we have carried out observations of a variety of systédm most notable perhaps
being the nearby FandfeRiley type | (FR |,Fanardt & 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 380fotton et al. 2007and a rather more com-
plex scenario in the spiral galaxy NGC 676@r¢ston et al. 2008b We recently
carried out aChandraobservation of Markarian 6 (Mrk 6, IC 45@, = 0.018676),
an early-type SO Seyfert 1.5 galaxygterbrock & Koski 1976whose characteristics
have been studied in the radib (g, = 1.7 x 1073 W Hz ! srl), infrared, optical
and X-ray wavelengths over the last 30 years. Recent radabiest have unveiled a
complex structure surrounding the AGN, with a double setulfidles and a radio jet
(Kukula et al. 1995 suggesting a jet precession scenakibdrb et al. 200% In this
paper we describe the results of our analysis ofGhandraobservation.
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We have also analysed three previous datasets XMM-Newtonto study the
evolution of the AGN and its immediate environment over tiniEhese data were
analysed in detail previouslythurch et al. 2008mmler et al. 200% using diferent
models to address the complex scenario surrounding the AN\have approached
this analysis by searching for consistency betweenGhandraand XMM-Newton
datasets in the context of variable absorption, followimghbthe methods used by
Hardcastle et a(2009 when modelling a sample of 3CRR radio sources, and a double
partial covering model that has previously been successtigscribing the properties
of the nuclear spectrum of Mrk 6.

3.2 Observations and data reduction
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Figure 3.1:Left: ChandraACIS-S 0.4-3 keV image of Mrk 6, with-=3 pixels Gaus-
sian smoothing and overlaid VLA radio contouksh@rb et al. 2003 showing the
match between the radio and X-ray emission. In this frameatse displayed the
source (blue, continuous) and background (magenta, dasté@ction regions for
the bubble spectra. The label A shows a possible backgrousshg, while B indicates
the emission coincident with the extended [Olll] emissiiore-regions, see Figui@2
The energy range has been selected to highlight the skeltiucture surrounding the
bubbles and the overlap between the X-ray emission and the s&ructure.Right:
(non-smoothedXMM-Newtors MOS 1 image (obsid 0305600501) of Mrk 6, with the
source (blue, continuous) and background (magenta, daskedction regions for all
the AGN spectraChandraandXMM).

We observed Mrk 6 wittChandras ACIS-S CCD on July 12 2009, with a total
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exposure of 75 ksec. The observation was carried out intiadrtte, to minimise issues
with the background and at the same time avoid telemetryra@in. There were
no intervals of high background during this observatiomdeewe analyse the full
exposure. We reprocessed the data from level 1 events irtighdasd manner, using
CIAO 4.2 and CALDB 4.2.0. To improve the quality of the datatiee purposes of a
study of the extended radio bubbles, we removed the pixéeloraization and ran the
destreaking routines on the data. We produced two filteredj@s (0.3-7 keV and 0.5-
5 keV) to assess the extent and structure of the radio bukdohelschose our regions
accordingly, but extracted all the spectra from the origevents file. We performed
our spectral fits with XSPEC, constraining the energy randeetcoincident with that
covered by the instrument calibration (0.3-7 keV). We eated the pileup fraction for
these data from th€handradocumentation and calculated a numerical value using
the PIMMS tools. The pileup fraction is about 12% throughtbetobservation (there
are no substantial flerences in the count rate during the observation).

The XMM-Newtonobservations were taken in March 2001 (obsids 0061540101
and 0061540201), April 2003 (obsid 0144230101) and Oct2d@5 (obsid 0305600501).
We reduced the data using the standard routines from SA®WREID 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 O3@& was taken with
the thin filter. We decided not to use the observation 006264Mecause it was
taken in calibration closed mode. We discarded the first Hge ksom the observa-
tion 0144230101 due to high background. Despite the backgraontribution being
uneven during this observation, after examining the negatount rates of the source
and the background, we decided not to discard any other titeevals, since the back-
ground in these periods was always below 10% of the intemsitiie source across
the whole energy range, which is accurate enough for ourgseg We extracted
spectra for the PN, MOS1 and MOS2 cameras, except in the ¢dse observation
0144230101, where a PN spectrum could not be obtained. Viietiraur spectral fits
to the 0.3-8.0 keV energy range, to analyse an energy ramgparable to that covered
by Chandra

For the study of the properties of the AGN we used the samaetidn region for
the Chandraand XMM data, a~60 arcsec radius circle centred in the source, which
contains most of the MOS and PN PSF. Although we know fromCQhandraimage
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that there are a few point sources other than the AGN withegktraction region (see
Figure3.1), they are not resolved by tb&MIM instruments, and their intensities are so
low compared to the AGN that we can consider théiees negligible. We also use
the same background region for all the data;5® arcsec radius circle, North of the
source region to avoid contamination from the host galaxgen on Figurad.1

To simulate the AGN on th€handradetector we used the ChaRT 1.0 web interface
and MARX version 4.5.

58.0 74:26]

ado " 430 500

39.0

L.1§go « 160, 140 130 652,100 080 0§]

Figure 3.2: [Olll] image of Mrk 6 fromKukula et al.(1996, with overlaid radio
contours, showing the structure of the extended emissnanrégion (ENLR).Scale:
1”=366 pc.

For the study of the extended bubble area, we used as a refetiem radio data
from Kharb et al.(2006, defined contours around the largest-scale bubbles amd dre
source regions outside these contours, keeping well avaay the central AGN to
avoid contamination from its PSF, as well as from the innéiadubbles and jet.
Figure 3.1 shows details on the extraction regions and the structutheoéxtended
emission from the bubbles. In this case, we took care to dedlne only likely back-
ground source (South of the source, see discussion in 8&8d) in order to avoid
contamination in our spectra.
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All the spectra were grouped to 20 counts per bin after baekgt subtraction,
before spectral fitting, to be consistent wijth statistics. We used a fixed Galactic
absorption ofNy = 6.39 x 10?%atoms cm? (Dickey & Lockman 1990pfor all our
spectral fits, and a redshit= 0.018676 SIMBAD.

Table 3.1: Summary of Mrk 6 X-ray observations.

Telescope Instruments Date Obsid ksec
XMM-Newton PN, MOS1,2 2000426 0061540101 31
XMM-Newton MOS1,2 200/04/26 0144230101 41
XMM-Newton PN, MOS1,2 2008027 0305600501 20

Chandra ACIS 200906/12 10324 75

All the parameters estimated with XSPEC are quoted with 9686idence uncer-
tainties. The errors on the upper limit of counts for the gt regions aredl.

3.3 Results

3.3.1 The Seyfert core
Instrumental corrections

When we first approached the analysis of our data, we exttacgpectrum using the
regions illustrated in the right panel of Figusel and fitted a model consisting of a
double power law with Galactic and heavy intrinsic absanpti We were surprised
to find that theChandraand XMM-Newtonspectra looked radically flerent. After
checking the observation details of t@dandradata, using the on-line to®IMMS,
we found that the AGN spectrum had a noticeable pileup wadt 12 per cent), com-
patible with the frame time of the observation (3.1 s) andithekground-subtracted
count rate of the AGN~ 0.11 countgs). This resulted in a “ghost” peak around 2 keV
in our spectra, caused by piled up 1 keV photons. We could iaimo satisfactory re-
sults from the XSPE®ileupmodel, perhaps due to the complexity of our underlying
model, so we decided to attempt @drent approach, previously applied with success
by Getman et al(2005, Evans et al(2009, andHardcastle et a(2008.

In most sources only the central pixels of the PSF diiected by pileup. These
innermost pixels also contain a large fraction of the tokadtpn counts; so eliminating
them dfectively removes any issues with pileup, but it also resalslower signal to
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Figure 3.3:Left: realChandraACIS-S (75 ks) 0.3-7 keV image of Mrk 6, witr=2
pixels Gaussian smoothinRight: ChaRTMARX simulated data (150 ks) 0.3-7 keV,
with =2 pixels Gaussian smoothing. The scales and colour bargingictures are
the same. The simulated image contains only AGN photonh,watbackground, and
helps us correct the pileugfects in our AGN spectra (we did not simulate pileup) and
establish a statistical contribution of photons from theMN\@ the bubbles and external
regions of the galaxy. Since the exposure time of the sinaunas twice as long as the
one of the original data, we have corrected for any expodapendent ffects when
using it for our analysis. The equivalent of the faint streakhe simulated image is
below the background level in the real da$aale: 1”=366 pc.

noise ratio. If pileup is significant enough to cause a bigb@nspectral fits, however,
removing its &ects often results in improved fits. In our case, excludirggdéntral
four pixels of the PSFféectively eradicates any pileup issues in our spectra; we ex-
tracted a spectrum from such a region, centered on the codegenerated an RMF
and ARF in the standard way. However, since the PSF is erggggndent, excluding
these pixels and extracting a spectrum from the resultimgilan region alone does
not solve the problem; it is necessary to correct the ARF tmawet for this energy
dependence.

To correct the ARF we followed the procedure describedHaydcastle et al.
(2009. We generated an energy (keV) versus flux (phgmnds) table from our
model fit and fed it to ChaRT, the Chandra Ray Trac&r(er et al. 20083 a code that
simulates a PSF from a specified model. We selected an exgpiosgrof 150 ks, twice
as long as our real exposure, to get the best possible phiatiistiss in the simulated
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data while trying not to exceed the limit on the ray densitye Wb not simulate the
pileup with ChaRT. The output from ChaRT is a set of rays tlzainot be directly
used for analysis: they need to be projected on the deteletoe @nd converted into
an events file using MARX

We then generated a new events file from our original datamad@aular extraction
region, identical to the one we used to generate our spdxitaxcluding the central
four pixels. We used a code to fit a 5-th degree polynomial ¢éoréitio of this events
file and the whole simulated events file as a function of enefgys code reads in
the ARF generated by CIAO and scales tlikeetive area at each energy, using the
polynomial fit, to éfectively correct for the missindgfective area due to the exclusion
of the central pixels. The code then writes a new ARF whichlmnsed to correct for
the dfects of excluding the central pixels.

We were then able to carry out fits to our extracted spectrum.e¥pected, the
loss of counts from the central pixels slightly decreasedsignal to noise ratio, but
eliminating the bias caused by pileup resulted in a notigaaiproved fit (see Section
3.3.1for details) and we obtained a better statistical resulte $imulated image is
displayed on the right panel of FiguB3, next to the original data. Although the
simulation predicts some streaking in the image, in our eggbsure it is so weak it
is not detectable over the background noise, so that we taiseat to constrain the
AGN spectrum.

Models

Early ASCAdata on Mrk 6 have already made clear th@dlilties underlying the study
of intermediate type Seyfert&¢ldmeier et al. 1999 particularly when disentangling
the absorption component from the intrinsic continuum shamd several attempts
have been made since then to successfully model both thelyinde complex phys-
ical scenario, and the properties of the X-ray emission vee Jde partial covering
model used for thASCAdata was also employed in the analysis of an edMM-
Newtondataset bymmler et al.(2003, while analysis of a later observatiofdhurch
et al. 2009 favoured the inclusion of a reflection component.

After correcting for pileup in ouChandraspectrum, it still looked very dierent

1See http/space.mit.edCXC/MARX /docs.html



3.3. RESULTS 49

to the XMM-Newtonspectra. Moreover, we encountered some problems whermfittin
the Chandraspectrum alone, using a double power law model with localiatrghsic
absorption (see below for a detailed description of the ModSPEC is unable to
disentangle the contribution to the model from the powerftasw that of the absorbing
column, which results in extremely low or even negative galaf the photon index for
the second power law. Seeing that tBeandraspectrum has fewer relative counts
and a diferent shape in the 2-5 keV range, we decided to test the hgpistbf a
variable absorption column along our line of sight to Mrk &igh may be caused
by the movement of clumpy gas from the regions within a few pthe black hole,
happening on timescales of months to years. This hypothesideen successfully
used over a variety of Seyfert 1 and 2 X-ray spectra (seeReggliti et al. 2003 and
has already been suggested before for Mrk 6fayler et al (2003 after they observed
a substantial change in the absorption column between XMW and BeppoSAX
observations. However, the absorption variations betileeEXMM spectra from 2001,
2003 and 2005 are much small&cfpurch et al. 2006 Disentangling intrinsic AGN
variability from the variable obscuration is affitult task, both in the X-rays and at
other wavelengths. We know from the optical wavelengths¢hanges in intensity of
the Hy and KB optical emission lines are a good probe of the variabilityhef central
AGN itself, but there is also evidence that suggests thagj#isewhere these lines are
produced can undergo substantial variations over tRusénblatt et al. 1992

We decided to approach the modeling of the AGN both from thiepgeetive used
in Hardcastle et al(2009 and Croston et al(2007), which has proved successful
in describing the properties of many powerful radio sour@etw to intermediate
redshifts, and under the partial covering models that haea successful at describing
not only the properties of the spectrum of Mrkfee(dmeier et al. 1999mmler et al.
2003 Schurch et al. 2006 but also several other classical Seyferts. The radiagala
model assumes that the soft X-ray emission arises from thevjale the hard X-
ray powerlaw is associated to accretion, through emisgimm the disk. The partial
covering models assume that the soft component originatieireflecion of the hard
component on the disk (see Sectibi.?, and the partial covering is caused by either
structures within the clumpy torus (cold absorbers) or elthoad-line region, closer
to the AGN (hot absorbers).

The first model provides an accurate description of the mucdpectrum of Cen A
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Figure 3.4. Energy-unfoldedXMM-Newton PN (black: 0061540101; red:
0305600501) an@€handraACIS-S (green) spectra of Mrk 6 to illustrate the changing
spectral shape caused by the variation jp N'he model (lines) is a power law with
local absorption, with the photon index and normalizatiaadito the values obtained
in the fit of the second model (see TaBl&).

(Evans et al. 200dand is often used to fit spectra of narrow-lined radio gasxWWe
fitted a single power law with a fixed Galactic absorption te tfata wabsXSPEC
model). We added to this model a second absorption columal{sXSPEC model)
at the source’s redshift, which was allowed to vary, and asgépower law. We added
a redshifted Gaussian to account for the ke édnission line. See Figurg5 for an
overview of theChandraspectrum.
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fitting parameters for the&Chandra and XMM-Newton AGN fit. Model 1:

wabs(apeepo+zwabs(pe-zgauss)); Model 2: wabs(apeezpcfabs*zpcfabs(po+zgauss)). Both models include the
contribution from the thermal emission from the radio bshlsee SectioB.3.2for details).
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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 accounttibetal emission
from the radio bubbles; the model in blue does, and fits tha blatter around 1 keV.
The addition of the thermal component increases the moeeligied flux by 12% in
the 0.7-1.1 keV range.

Although theChandradata have the spatial resolution required tdetientiate the
AGN contribution from the extended thermal emission of théio bubbles, we used
the same extraction regions on all our spectra (see FRdyeso as to be able to make
a direct comparison between them. We decided to take intouatthe contribution
of the thermal emission from the bubbles in our spectra byrnadthe apecXSPEC
component to our model. We will discuss the details and icapions of this extended
emission in SectioB.3.2 an overview of its &ect on our AGN spectrum can be seen
in Figure3.5.

We individually fitted all the spectra, for each instrumeithe XMM andChandra
and then tied together the parameters forXivM spectra belonging to the same ob-
servation, to assess the number of variable parametersssuengd that the normaliza-
tions do not vary within the same observation between the M@EPN instruments,
and tied together the values for the three instruments,watsignificant impact on the
final statistical result. We finally attempted a full jointviitth four groups of data, one
for Chandraand one for eaciKMM observation. When setting the variable parame-
ters for the joint fit, we also decided that the photon indifoeshe second power law
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should be tied across the datasets, to break possible dagesawith the local absorp-
tion columns, and froze the first photon index to a reasonadiles (1.5) to minimise
the overlap degeneracy between both power laws. This alawseo make the joint
(Chandra+ XMM) fitting considerably faster. See Figui@®&and3.6for an overview
of the Chandraand XMM spectra and Tabl8.2 for details on the fit parameters for
this model (Model 1).

The initial fit to the data resulted y?=3331 for 3149 degrees of freedom (reduced
y>=1.058). After correcting for the pileupfects, with the methods described in Sec-
tion 3.3.1, we obtained/?=3125 for 2980 degrees of freedom (redugéd1.049). Af-
ter adding the contribution from the radio bubbles, with paeameters frozen to their
best fit values, we obtaingd=3116 for 2980 degrees of freedom (redugéd1.046).
Since the corrections mainlhffact the Chandraspectrum their contribution to the
global result is quite small, but not negligible.

As shown in Table8.2, we obtained a combined value for the index of the second
power law of 1.18393, which is quite flat. This is partly caused by thefidulty of
disentangling the index of the power law from the heavy gttsam in the Chandra
spectrum, as mentioned above. We found and fitted thed~erission line, setting
o=0 to simplify the fit. The best fitting energies and equivaieitths for the emission
line are shown in Tabl8.2 The line energy is consistent for all the datasets, althoug
the intensity of the line does change with the AGN state arddbal absorption col-
umn, as expected. The errors on the equivalent widths ate Ijigj, which may be a
sign of the line having some breadth, as suggestdadhymeier et al(1999, or be a
side dfect of the complicated model.

To compare our results with the previoASCAand XMM results, and verify our
hypothesis of variable absorption, we tested a few otheratsodWe found that a
single power law, with local absorption, or locaintrinsic absorption, results in values
similar to those obtained bynmler et al.(2003, although it gives a very poor fit to
the 2003XMM spectra and does not fit at all tdandradata (reduceg? ~6). This
is most likely caused by the varying absorption column, Whiannot be properly
accounted for with such a simple model.

We found that the only model that could allow a direct comgaariwith all of the
previous results was one consisting of local absorptiommudbld partial coveringzpc-
fabg, a power law and a Gaussian to account for the Fe emissienile tied together
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the covering fractions across thetdrent spectra, allowing only thgy to vary. We
did not add any reflection components to this model, sincg d@ine not considered in
the ASCAanalysis byFeldmeier et al(1999, but we did add the contribution due to
the thermal emission from the radio bubbles. The resultRisffit are shown in Table
3.2under the label “Model 2”. We find that this model giye’s=-3046 for 2978 degrees
of freedom, reduceg?=1.023. We found that the photon index of the power law in
our fit is lower than the one obtained in previous analysis ok B, only similar to
the value obtained b$church et al(2006 with their third model. This is partly due
to the addition of the thermal emission component, which eend necessary since it
has been spatially resolved and fitted to @leandradata and results in a statistical
improvement in our other model. It is also partly caused leydfect of the variable
absorption. We find the values of the Fe Kmission line energy and equivalent width
to be consistent with the ones we obtained for the previousemdNe found that it
is necessary for the two partial covering components tolapeif, + 2, > 1) for
the fit to be statistically acceptable. We tried to fix the ealto the ones employed by
Schurch et al(2009 in their analysis, but this results in a redugéd~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 lessfected by variable absorption, they
mention in their analysis that the source was in a highee stéien those data were
obtained. AnotheBeppo-SAXobservation analysed bylalizia 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 phatwtex to 1.6 results in a
reducedy?® ~1.13 in our joint fit, and the fit requires a heavier absorbialyimn for

the second partial coverindlfy = 66.61*3:92 x 10?2 cm? for the Chandraspectrum).

As shown in Table&.2, the absorption column is over an order of magnitude larger
in theChandradata than in th&XMM, for both models. This high value is more similar
to the ones obtained iyeldmeier et al(1999 in their analysis of thdSCAdata. The
hypothesis of “obscuring” clouds near the AGN was proposedimler et al.(2003,
and Schurch et al(2006 supported it after obtaining a relatively smaller absoipt
column in their analysis of thEMM data from 2003. This detection I§handrarules
out instrumental bias. Although more data are needed to makatistical test, current
evidence seems to point towards denser material havingdiessmved in 1997ASCA
and 2009 Chandrg, with the passing clouds being least dense in 2003 andweter
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diate obscuration values in 2001 and 2008M-Newton This allows us to establish
a variability timescale of 2-6 years, which translates tastaghce to the central black
hole of just a few pc. Since grating data would be very usefujdét an additional
insight on the structure and composition of this variableaaption, we briefly inves-
tigated theXMM-NewtonRGS spectra from the three observations. Unfortunatety, th
signal to noise is rather bad, and no evident emission orpbsno lines can be inferred
from them, as already noted I3church et al(2006 andimmler et al.(2003.

Although the statistical result is better for the second ehode must consider the
physical implications of both models. This AGN seems to ligtween the behaviour
expected from a classical Seyfert and that of a radio galaig/therefore interesting
to explore the consequences of these results in the lighhat we know about these
classifications. As explained byardcastle et al2009, the soft excess characteristic
of most Narrow-Line Radio Galaxies (NLRGs) can be explaibgdhree classes of
model:

e Itis thermal or line emission, from the photoionized matkciose to the AGN
or from the IGM of the host galaxy.

e Itis non-thermal, power law emission from the central AGIjble through the
partial covering material.

e Itis non-thermal, power law emission related to the jet.

The first model can most likely be discarded in this case gsmaither theChandra
nor theXMM spectra show evidence for strong emission lines. The RG&rsp&o
show some residuals over a pure continuum model in the 0&vlr&gion that could
be a hint of oxygen emission lineS¢hurch et al. 2006 but they are quite faint, and
since the area is not spatially resolved, they could be dtleetthermal emission from
the radio lobes.

To test which of the two other models is most likely to applytlms case we
calculated the X-ray luminosity of the unabsorbed power femn our first model,
Lxu = 9.6 x 10" erg s?, and thevF, 5GHz luminosity at the base of the jet from
our radio mapslsgh, = 1.41x 10°® erg st. On the plots byHardcastle et a2009
this falls quite far from the behaviour expected for radidagees. We must there-
fore conclude that the jet-related soft emission must bé&edaw, and the dominant
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contribution to the soft excess is most likely the emissiomfthe central AGN.

Following the results oEvans 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 simtent with the val-
ues expected from other intermediate Seyferts. This med& & dierent absorption
component for the soft and hard power lawstbs(apeézwabs*pazwabs*zpcfabs(zgausgo)).
We obtained a fit to the data similar to that of our previougighcovering model,
¥?=3037.22 for 2971 DOF, reducgd=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 foundatisatgle warm
absorber does not provide a good fit to the data, and henddrsplintrinsic partial
covering absorptions of our second model into a calocfab¥ and a warm Zxipc)
component. This model seems to provide a better fit for theesaf of the spectra,
and yields g?=3000.98 for 2977 DOF, reducgd=1.007. The absorbing columns
are similar to those we found for the double cold partial cmgg and the photon
index of the power law is 1.4353, higher than with any other model we have tested.
However, the ionization parameter (defined@gz=), whereZ = L/nr?) is not very
well constrained|oge = —0.09*035, since the model is limited by the resolution of
our spectra. Warm absorbers have been observed in othezrSewdlbeit at higher
ionization values (see e.gonginotti et al. 2009 but in our case the situation is less
clear. The soft excess this model successfully accountsafiothave several origins:
the jet, warm-hot gas from other regions of the galaxy, ogh&i normalization of the
thermal emission from the lobes, since we decided to fredezéatter to the maximum
value provided by the spatially resolved fit. Unfortunatdg grating spectra are not
sensitive enough to test either hypothesis, but futuregdoexposures 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 @dy theChandradata,
since in theXMM images this area is completely dominated by the PSF of thieaden
AGN. We used the contours from the radio images obtaine#iyb et al.(2006
to define our extraction regions around the 7-kpc radio eglhich can be seen in
Figure3.1 The photon statistics for the bubbles are not very good; weat have
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enough counts to fit to both bubbles separately and detertménetemperatures inde-
pendently, and even for the joint extraction the photon t@uquite low (200 counts
after background subtraction, see Fig@r@). Even though we were careful to keep
these regions well away from the central AGN, there is stithe contamination from
its PSF in our spectra. The data we simulated with ChaRT an&Xi£o correct the
effects of pileup in the AGN spectrum (see Secit®8.1) show the number and energy
distribution of photons from the AGN PSF across all the CC&e Bigure3.3, and
can thus be used to estimate the AGN photon contribution tspectra from these
external regions. Our calculations show that this contation amounts to up to 60%
of the counts in the spectra prior to background subtractimwever, the background
regions that we have chosen contain a similar number andgedestribution of pho-
tons from the AGN, its PSF being quite homogeneous on thedess@nd theirféect

is hence mostly eliminated. We carried out a study of the AGNt@mination in our
regions by studying the energy distribution of the AGN cauntour simulated data,
within the same extraction regions. We found most of the totmbe contributing at
energies above 4 keV. There is a minor contribution at easrglightly above 1 keV.
The residuals we get from our fit at these energy ranges ay ki have an origin in
this contamination (see Figug?7).

We have found a source of contamination from high energygisin the form
of a small bright regionl(x ~ 1.5 x 10* erg s') that can be seen on the left panels
of both Figure3.1 and Figure3.3just 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 b
their distribution, and the fact that it has no radio or ogticounterpart, we infer this
is clearly a point source, most likely a background, moréagiisquasar. It is quite un-
likely that this object may be an X-ray binary (XRB), but itidd be an ultra-luminous
X/ray source (ULX), since its magnitude should be above owradability threshold
for this distancel(y, x ~ 10*° — 10* erg s?) although the morphology of the host
galaxy indicates that this is not very likel$\Wartz et al. 2004

The other bright structure North of Mrk 6, labeled as “B” iretleft panel of Figure
3.1, does seem to have a thermal origin, and a similar energydneasin to the photons
we find in the bubbles; part of it is clearly surrounding thdioastructure, and we
therefore assume that it is part of the hot shell outside dderbubbles and include
it in our extraction regions. It must be noted, however, Mak 6 has an inner set
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of ~1.5 kpc radio bubbles, almost perpendicular to the osieb kpc structure (see
Kharb et al. 200§ and this is likely to cause some turmoil in the gas surringnthe
AGN. These inner bubbles are not resolveddiyandra The jet of Mrk 6 was detected
by MERLIN (Kukula et al. 199%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 NarrovelRegion (ENLR) of
Mrk 6, see Figure3.2 and Capetti et al.(1999; Kukula et al.(1996; Kharb et al.
(2009 for details. An overlap between [Olll] and X-ray emissicastbeen observed
in many Seyfert 2 AGNs before, and it is believed to happennithe X-ray photons
heat up and ionize the cold gas around the AGN. The [Olll] siarsin this system
seems to correspond tofiirent structures: the emission closer to the active nucleus
is clearly caused by direct photoionization from the AGNjlelthe two bulges that
extend in the N-S direction, showing both enhanced [Ollijl akray emission, are
most likely caused by the interaction of the current jet vifit surrounding material,
which heats it up both through shocks and photoionizatieaCspetti et al. 199and
Kukula et al. 1996or details on these inner structures). Since the overlapden
the [OIll] and X-ray emission can also be observed at kpadists, extending to the
North of the AGN, we calculated whether the nucleus could lhetgionizing these
regions to X-ray and [Olll] emitting temperatures, followithe steps ofVang et al.
(2009 and the models frorKallman & McCray(1982. For the X-ray emission that
can be seer3 kpc North of the AGN, around the edge of the radio structweeysed
the parameters derived from our fits of the nuclear spectmnuhti@e radio lobes. We
found that such X-ray emission cannot be caused by phottan from the AGN,
since the unabsorbed luminosity of Mrk 6 (.3 x 10* erg s') can only account for
photoionized X-ray emission at distances within 300 pc &f ¢kentral source. The
[Olll], however, could be photoionized by the AGN at muchgkar distances, as long
as the electron density stays low (0! cm™ for distances over 3 kpc). It is likely
that some of the [OIIl] emission to the North of the source rhaye been caused by
the shock itself, both via direct heating and photoion@atiThe fact that the [OllI]
emission follows the outline of the radio structure, but sty detached from it, also
supports this scenario.

With our photon statistics we cannot rule out a model in whilds emission is
produced in some way by a precessing jet, which would alséagxgome of the
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emission in the ENLR. Both assumptions could explain thecsires that surround
the real, but not the simulated AGN, on Fig®.&. For details on the radio structure of
Mrk 6 and the discussion of a possible jet precession saesaeKharb et al.(2006.

We fitted to our data an emission spectrum from collisionalhjized difuse gas
(apecmodel in XSPEC) with the abundance fixed at @3d Galactic absorption,
using again the averaged column density reBlyt= 6.39 x 10?°atoms cm? from
Dickey & Lockman(19903. We estimated a temperature for the bubbles.84 12
keV. This model yields a? value of 9.39 for 8 PHA bins and 6 degrees of freedom.
Different extraction regions yield slightly lower valueskdf, but still well within the
errors, and dferent values of?, due to the reduced number of bins. We also tested
a larger abundance of @& onsistent with our estimations on the thermal emission of
Cen A Kraft et al. 2003, but this requires a lower normalization and yields a poore
fit to the data ¢? of 11.42 for 8 PHA bins and 6 DOF).

The normalization of this component i85 x 10-°cm>, just high enough to be
noticeable on the spectra we extracted for the AGRR% of the flux between 0.8-1.1
keV). We added aapeccomponent to our AGN model and performed a statistical test
on the temperature, finding it to agree with the results frbengpatially constrained
spectrum KT = 0.87333 keV). This addition also improves the statistics of the foin
fit, if only slightly (reducedy? reduced from 1.051 to 1.049). Théects of adding
this component to th€handraspectrum can be seen on Figdé.

To discard the possibility of the emission being non-thdigsgachrotron or inverse
Compton, we attempted to fit a model consisting of a power lagivlacal absorption
to the data, and obtained very poor results (redyéexf 3.79). Therefore we can quite
safely assume the emission to be thermal.

Although the abundance that best describes the thermasiemisom the bubbles
is 0.35%, more consistent with NGC 3801 (0.3-@Ythan with Cen A (0.6), the sta-
tistical difference alone is not enough to rule out a higher value for thedgdnce, due
to the low number of photon counts. We could argue that wetadysg a quite small
early-type SO galaxy which probably has, as our results shoxery low gas density
outside the central regions. The dust lane that is hinteal thiei optical images may be
a result of a past merger; there is an equivalent structu&a@ 3801. Furthermore,
we must consider the influence of the active nucleus on thid@taation history of
Mrk 6. While it has been argued for more powerful systems thatAGN activity
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may indeed be suppressing star formation in the host gakee/ €.g.McNamara &
Nulsen 2007Schawinski et al. 20Q9Nesvadba et al. 20)@he situation may be more
complex for lower power systems, and early type galaxiesamiqular, as suggested
by Schawinski(2010. While these arguments might be enough to support the low
abundance we are observing, our tightest constraint corogsimposing the shock
conditions for the bubbles. The details of these conssaind their consequences will
be discussed in Sectid3.4

Even though the data show a significant correspondence eetthe radio con-
tours and the X-ray emission inside the North bubble (searEig 1), which could be
associated with J@iSM interactions leading to the heating of gas in these regias
in NGC 6764 Croston et al. 2008&Kharb et al. 201)) most of the X-ray photons
seem to correspond to the edges of the bubbles or even tlomsggst outside them,
which is more compatible with the presence of shells of gfipshocked gas outside
the bubbles, just as in NGC 380Crpston et al. 2007 While some structure can be
seen both in the radio maps and in the X-ray image, we willragsu a first approach
that the shells are spherical and uniformly filled with gasj avill later discuss the
implications of a non uniform density.

The fact that the radio emission is apparently fainter irSbeth bubble (see Figure
3.1), and the small dierence in the apparent sizes of the bubbles, the North ong bei
slightly bigger (see the discussion of the size of the shdckeslls in Sectior8.3.9),
is probably due to a étierent past history for both bubbles, due to the gas expanding
in each direction having encountered a surrounding medittimn avdifferent density,
or to an asymmetric energy output from the AGN. The radio iesaghow there is
also a similar asymmetry in the inner E-W bubbl&#rb et al. 200pand the N-S
current jet Kukula et al. 1995 The [Olll] emission is also asymmetric (see Figure
3.2). These asymmetries are not visible in the optiet$ ) images of the host galaxy,
the apparent dust lane being roughly perpendicular to ther adio bubbles, but if
the jet is indeed precessing, it could have created a sonehhtered environment
around the AGN. A precessing jet is not likely to explain apnasietry in the energy
fed by the AGN to each bubble, but we cannot rule this out. DeEdmosting has been
suggested for some Seyfert jets such as the one in MrkR8{nolds et al. 2009but
it is unlikely to be the cause of the asymmetry of the lobes nk B} since it would
require relativistic speeds for the gas in the shells, wisdmconsistent with our results



3.3. RESULTS 61

(see Sectior8.3.4. This asymmetry only underlines how challenging it is tokena
self-consistent model for this kind of object. We will assuthat these féects are
minor for our purposes.

3.3.3 Luminosity constraints on the external environment

To establish whether the gas from the bubbles is driving &lshao its surround-
ings we need to estimate the temperature of the externalumedierive the relative
pressures and impose the Rankine-Hugoniot conditionsréssprre balance-éndau

& Lifshitz 1987). However, we have found that due to the galaxy’s morphokyy
size, the halo regions where the gas is expanding are ndttl@gpugh in the X-rays
to allow us to obtain a spectrum. While tldhandraspectrum appears to admit an
additional thermal component wikkT ~0.35 keV, there is no statistical improvement
on theXMM spectra from adding it; we therefore cannot state that tihepoment is
real.

To obtain an upper limit on the luminosity and normalizatodthe gas component
in these halo regions, we calculated the background-sttbttacounts from a wide
annular shell centred in the AGNR(;=21 arcsecR.x=59 arcsec, excluding a few
point sources resolved yhandrg. We calculated the relative contribution of counts
from the AGN using the simulated dataset, applying a scdéiotpr obtained from the
ratio of counts within the innermost regions of the PSF (ediclg the pixels we used
for pileup correction) in the real and simulated data, whédtes into account possible
energy-dependent variations. We then subtracted the A@Nibation from the total
number of counts in the halo, and added thee3ror, obtaining an upper limit of 270
counts, equivalent to a rate of 36603 counts s.

Using these statistical constraints on the number of ptsoimm the halo, we can
derive upper limits on the luminosity of this region. Thegger limits also constrain
the possible temperature, electron density and pressutedaas, allowing us to test
the shock conditions. To achieve this, we chose a range ailgedemperatures for
the medium outside the radio bubbles (0.1-0.6 keV) and uséBEC with a toyapec
model to determine the limit on the normalization correspog to our count rate
for each of our chosen temperatures. We maintainedNthand redshift parameters
fixed to the appropriate values for the system (see previecoss), and the abun-
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dance fixed at 0.3% we will discuss the implications of larger abundances artbxt
Section. We then derived from the flux in these models thegaigossible X-ray
bolometric luminosities (see TabB3).

We then estimated the B band luminosity of Mrk 6 from the datthe catalogue
by de Vaucouleurs et a(1995, obtaining a value of 1.2810'°Lzo. Since Mrk 6
contains an AGN, it is likely that we are observing a blue ssc¢herefore this value
is to be considered an upper limit. We used as a reference dhle a¥ O’'Sullivan
et al. (200]) to estimate the feasibility of our results on the X-ray laosity. Their
work catalogues the X-ray extended emission detecteR®@$ATon several hundred
early-type galaxies, and attempts to establish a reldtiprizetween the X-ray and B
band bolometric luminosities for these systems. We ovéradoour results on their
diagrant (see Figure3.8) to see whether Mrk 6 falls near or above their correlation.
They excluded AGNs on their fit, and are thus only measuriegettiended emission
from the galaxy, which is what we are looking for in the outegions of Mrk 6. Our
results cover a wide range of possible X-ray luminosities dspecially for the lower
temperatures, and considering that our estimate for therihlosity is an upper limit,
the data do fall in the right region of the plot. We can therefassume that, although
we are not directly resolving it in ou€handraimage, our upper limit of counts is
consistent with the luminosity expected for the galaxy)eding the AGN. This means
these photons indeed come from the extended X-ray emissibie galaxy, not from
the background or the AGN.

We also tested the K-band luminosity of Mrk 6 (1L4I0'L,) against its X-ray
luminosity using the relations proposed Bllchaey & Jeltemg2010), to avoid the
effects of blue excess from the AGN. We found the results to agitbeour estimations
from the B band. Our results also agree withichaey & Jeltem#2010 on the hot gas
content of a sample of early-type galaxies iffelient environments. Their work shows
that although some of these objects seem to retain theirdsohglos when living in
clusters, others lose it, while for isolated galaxies thiegas content is mostly related
to the mass of the galaxy. Mrk 6 is quite small and seems tovoglin a poor
environment; it is therefore likely to have lost most of itddngas.

Finally, it must be noted that in the ChafRTARX simulations the wings of the
PSF are known to be underestimated at large distances frempdint source, espe-

We obtained the data from httpwww.sr.bham.ac.ykejogcatalogue.html
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cially at low energies. We contacted tBeandraCalibration team via the HelpDesk
and consulted the available bibliograghgnd estimated that, for the regions we are
considering in the halo of Mrk 6, the simulated PSF wings ddi¢ underestimated
by up to a factor of 2. If this were the case, our upper limit @ficts would be more
conservative{30% lower) and we would be near the limit of non detection,lyimgy
an external gas temperature below 0.1 keV (see discussibe imext Section). If the
gas were much colder than 0.1 keV we would not be able to ainstny limits on the
density or assume a shock scenario. This would not be versistent with what we
know about the virial temperatures of the halo gas in eapg tyalaxies (see e.fjlaab
et al, 2007, but since we do not have the instruments to measure thenegtiJV
emission a gas of these characteristics would producenitatde ruled out. We must
also note that the X-ray emission cannot be accounted forbyoponization mech-
anisms (see discussion on the [Olll] emission in the previdection). We conclude
that the shock scenario provides the most plausible exptemi@r the emission we are
observing.

3.3.4 Physical properties of the gas shells and ISM

Table 3.3: Estimatedpecnormalization, upper luminosity limits, electron deresti
and gas pressure outside the bubbles for a sample of pogabtemperatures.

kT apecnorm Lx Neout Pout
keV x10%cm™® x10%rgs! x10“%cm®  x10'%pa
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

httpy/cxc.harvard.edtielpdesk
2See http/cxc.harvard.edieayHrmaghrmapsfindex.html
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Figure 3.6:XMM AGN spectra with the best fitting parameters for Model 1 (twaer
laws + intrinsic absorption+ thermal emission from the bubbles, see Tahk2 for
details). From top to bottom, obsids 0061540101, 01442B00805600501, with the
PN spectrum in black, MOS1 in red and MOS2 in green.
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Figure 3.7: Spectral fit to the spatially constrained radiblide regions, with the best
fitting apec(T=0.94"313 keV, abundance0.350, y?=9.39 for 8 PHA bins and 6 DOF).
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Figure 3.8:Lx vs. Lg plot from O’Sullivan et al.(2001) with superimposed Mrk 6 B
band bolometric luminosity (vertical blue line) and the exfed (upper limit) X-ray
luminosity range we calculated for the extended thermaksion outside the shells
(horizontal green strip). The diagonal dashed line is tret beto the data excluding
AGNs, BCGs and dwarf galaxies (i.e. quiescent early-tyseesys). The AGN is most
likely causing a blue excess in the optical, so the B-bandrosity is an upper limit.
Given that the temperature of the external medium is mostistent with 0.1-0.2 keV,
an X-ray excess caused by this emission is likely to be hapgen
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Table 3.4:Top: Model normalization, estimated upper and lower limits for the shells, derived limits fey,,; required to
comply with the Rankine-Hugoniot conditions for a strongdh and inferred limits on the mass, pressure, total therma
energy, work available from the gas filling the shells andltkinetic energy.Bottom: Same estimations for a set of Cen
A-like 200 pc-wide shells@roston et al. 2009 The errors on the pressures and energies are derived lfi@arrors in the
temperatures of the shells in the XSPECHKIT (= 0.94%12 keV)

S17INs3y €€

-0.19

Modelnorm nenshell  Messhel  N/S Limitto Ngout Mnshell Msshell  Pnshell  Psshell  Enshell  Esshell Wiishell  Wsshell  Knshell  Ksshel

x1078ecm™> x102cm3 x102cm3  x103cm™=  x10'Mo x10'Mo x1012Pa x10-12Pa x10°8erg x10°8erg x10°%erg x10P%erg x10°%erg x10°%erg
6.71 1.44 1.76 3.58.40 279 228 4.0038 4917059 16421 1.3451° 10.90139 8.92:19¢ 1.84:525 150222
10.33 1.78 2.18 4.46.46 346 282 4.99% 6101072 2.03227 1.66'020 13.50170 11.10330 2.28:932 1. 867228
6.71 2.80 3.43 6.98.56 143 117  7.8P% 957112 084010 0.693% 561087 458254 0.94%1¢ 0.7701L
10.33 3.47 4.25 8.670.63 1.78 145 9.6928 11.87242 1.0452% 0.85010 6.96198% 5.682%8 1.17°077 0.96'513

L9



68 CHAPTER 3. MARKARIAN 6

Using the results from the previous section we can now caleuhe upper limits
on the electron densitieg,, for each temperature, from the definition of the model’s

104
m fneNHdV (31)

whereD, is the angular diameter distance to the source. We assuraealiiime to

normalization:

be the one mentioned in the previous subsection, a wide isphshell centred on the
AGN and beginning just outside the edge-brightened emmsaiound the radio bub-
bles. The results are displayed in TaBI& Notice how the derived,,; increases
sharply below temperatures of 0.3 keV. This is caused bydse of sensitivity of the
instrument at low energies, and a change in the behavioutygedof emission lines
found at these temperatures. We can derive from these ilegsessure of the gas,
also displayed in Tabld.3. The pressures are consistent with the environment of Mrk
6 being quite cold and rarefied. Notice the increase of thespire for very low temper-
atures: this is a consequence of the steep increase in ttteoelelensity estimations.
Our choice of the-60 arcsec region is based on the most likely dimensions dfadle

in order to test these constraints we selected a largemégip=75 arcsec) and found
that the densities and pressures change by 15% at most.

We also estimated the limits on the electron densities ferstiells, to compare
them with these upper limits we obtained for the surroundjag. This is necessary
to verify that the proposed shock scenario holds, and se¢hehany limits on the
external temperature can be derived. To do this we assuna¢dhn dominant ther-
mal contribution to the spectral fit we obtained for the raolibles (Sectior3.3.2
originates in the edge-brightened, shell-like emissi@muad them. Our extraction re-
gion covers the whole surface of the bubbles to include amyqnts from the nearest
and farthest areas of the spherical shells, which have a lewéace brightness due to
projection éfects. The gas inside the bubbles is radio emitting plasnthitaerefore
does not contribute to our spectrum, and any emission frarrgmediately outside
the shells is accounted for by the background.

Using the constraints on the temperature and model norati@izfrom our bubble
fit, we then estimated the North and South shell thicknegs ftee apparent thickness
of the edge-brightened emission around the radio bubblaghwn Mrk 6 is quite
evident, see Figur8.1 Since the spectral resolution is not enough to allow us to
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discern the detailed structure of the shells, we assumeahpiesispherical geometry
for each structure. From the extent of the emission we estitnfar the North shell
a width of ~980 pc Rnn = 2.24 kpc, Rexn = 3.22 kpc), and for the South shell
~1100 pc Rnts = 1.55 kpc, Rexis = 2.65 kpc). Estimating the thickness of the
shells is dificult due to the poor photon statistics, hence these values taken as a
conservative upper limit. They are larger than what we etquka priori, but this may
partly be due to the apparent lower density of the externar@mment in Mrk 6, as
well as to the limited resolution we can achieve with our phattatistics. The results
we obtained are shown in TabB4. This table also shows what the limits on the
would be, both for the shells and the external environmessyiaing a thickness of
~200 pc, similar to the one estimated for Cen A.

From these values we can derive the total mass of the gasmedita each struc-
ture and the resulting pressure. These results are alsiaykspin Table3.4. When
comparing these results with NGC 38@r¢ston et al. 2007 we find that even though
the electron density is lower in Mrk 6, the apparent thicknekthe shells is much
bigger, hence the total mass of the gas is higher by sligatly than one order of mag-
nitude. The inferred pressures for the gas are roughly time s the ones found on
NGC 3801, due to the temperature of the gas being higher in@Mrkhe errors on
the pressure are calculated from the uncertainty in theegaperature, 0.9412 keV.
We can see that choosing thinner shells, like the ones foar@em A, would imply
a much smaller<0.5) fraction of gas, while the pressure would almost doibée
lower section of Tabl&.4). The pressure jumPgher/Pout for a 1 kpc shell is~7-63,
higher than in NGC 3801, but again this is to be expected, oltlest bigger tempera-
ture contrast and more rarefied external environment in Mrkh& contrast would be
much higher for thinner200 pc shells;-14-122.

We calculated the minimum internal pressure of the Nortbabble under equipar-
tition conditions from the radio data, fitting a broken powaer electron energy spec-
trum with p = 2 at low energies, steepeningpo= 3 at the electron energy that gives
the best fit to the data. We assume no protonsyafd10. We obtained a value of
P~4x107'2 Pa, consistent with the results obtaineddharb et al (2006, and roughly
an order of magnitude lower than the pressures we derive fnanX-ray data. This
departure from minimum energy is often found in FR | radicag&ds (e.g.Morganti
et al. 1988, and although there are very few examples where the minimtsmal
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pressure is higher than the external pressure in the ISM,Iseefaund this &ect in

NGC 3801 and Cen A. These results imply that there is someiaddi contribution
to the internal pressure, caused by a large deviation frampadition conditions, a
high fraction of non-radiating particles, such as thernraletativistic protons origi-
nated from the interaction of the galaxy’s gas with the jeta dow filling factor. Of

these, the second explanation is the most plausibleH{sedcastle et al. 2007€ros-

ton et al. 2008p even more so if the jet is indeed precessing, as suggegt&tidorb

et al.(2000), or if it is just episodic.

In the limit where there is no shock the pressures of the eatenedium P, and
the shells Pshei should be equall@ndau & Lifshitz 1987. The diference in the ap-
parent luminosities of both regions already rules out thisson if both temperatures
are equal. We can also rule it out by noticing that these gabfige o, and Py, would
imply external temperatures far below 0.1 keV (see the testdm Tables3.3 and
3.4) which is unlikely, as discussed in the previous Sectiore dénsity ratigou/oshel
tends to 4 in the case of a strong shock. For values,@foshen Smaller than 4 the
required values of the external temperature are below tajusve 0.1 keV; the most
plausible scenario is therefore that of a strong shock.

Assuming a density contrast of 4, and using again the limts,; from Table
3.3, we can constrain the possible temperature for the extgamato be around 0.2
keV. This result is consistent for both the North and Souttistalues and for both the
1 kpc and 200 pc shell thicknesses (the 200 pc hypothesisivimydly a higher gas
density within the shells, thus to maintain the density @sttof 4 the upper cap on
the external temperature would be lowered, but the restiltgsply kKT > 0.1 keV).
We were able to directly measure the temperature of theredtenedium in Cen A
(Kraft et al. 2003, and found the temperature of the ISM to b@.29 keV. For NGC
3801 Croston et al. 200Ave obtained a value of 0.2%} keV. These values directly
applied to Mrk 6 would cause an inconsistency, since theitjeratio cannot exceed
a value of 4, but given the uncertainties they are still in)\ggwod agreement with the
current results.

As an additional test we repeated our calculations fe0 %> and Z=1.00. The
model normalizations, and consequently the electron tessinversely depend on
the abundance, so we found lower values as we approacheolénealues. However,
the impact of this ffect is bigger on the results from the external gas than to that
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contained in the shells. This causes an inconsistency wpplyiag the conditions
for a strong shock, since the external gas would be requiréhte temperatures far
below 0.1 keV, which are implausible, as we discussed aligiggher abundances also
have an impact on the energy yield. The pressure and toted\efm Z=0.6o would
be ~ 20% lower than the ones we calculated witaZ35%, and~ 40% lower for
Z=1.00.

To further test these results, we used the B-band luminadityirk 6 to relate
it to other galaxies following the relations fro@'Sullivan et al.(2001, 2003. We
found that both the temperature of the external gas (0.2 ked)the abundance we
fit to the data (0.35) are consistent with their relations. Their sample inchitieo
galaxies with gas X-ray and B-band luminosities slightlsger (Lx ~ 10* erg s,
Lg ~ 10'L,) than what we found for Mrk 6 where these parameters can leettjir
related. For NGC 1549 they find an outer gas temperatQr25 keV and an abundance
~0.145. For NGC 4697 their results show~0.24 keV and Z2~0.4o. We therefore
consider our best estimates of the properties of the largke$1ot gas in Mrk 6 to be
plausible ones.

We can calculate the Mach number for the shock, as folldwesdau & Lifshitz
1987%:

M = \/4(F + 1)(TsheII/Tout) + (F - 1) (3_2)

r
whereTl is the polytropic index of the gas, assumed to lf& 5The results for our
chosen temperature range are displayed in Talle

Table 3.5: Possible values of the Mach number given by oupégature constraints.
The values ofT 4 are the best fit value and therlimits allowed by the errors. The
most likely value is shown in bold.

KTshell (keV)

KTouw(keV) | 0.75 094 1.06
0.10 4.92 550 5.84
0.20 3.49 390 4.14
0.30 286 3.20 3.39
0.40 249 278 295
0.50 224 249 264
0.60 205 228 242
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From the previous constraints we can assume the most lilediye\for the temper-
ature to be @7 keV. This yields a value for the Mach number 086127, of the
same order of magnitude as the one we obtained for NGC 38@ik{on et al. 2007
although smaller than the one found for Cenkxdft et al. 2003. This is to be ex-
pected, since the morphology of Mrk 6 is more similar to the ohNGC 3801 than
to that of Cen A, where only one shell is detected.

The speed of sound in the ISM ranges frerh90 km s? in the case where the
external temperature is 0.1 keV @60 km s* whenkT = 0.6 keV. Since the Mach
number also varies with the temperature (see Talidg we derived a consistent value
of 1030'73, km s°* for the speed of the gas. This allows us to derive the kineigrgy
of the gas, which is displayed in TabBe4. The total thermal energy and total work
available for each radio bubble are also displayed in Takle

The total energy (thermat kinetic) from both radio bubbles, under the 1 kpc
width assumption, is- 2.6 — 4.6 x 10°® erg. This corresponds te3.6x10° supernova
explosions with individual explosive energy of’t@rg. This result also agrees with
the value derived bitharb et al. (2006 from the radio data of Mrk 6; 1 x 10°° erg,
since it was a lower limit. They estimate a kinetic lumingsdr the jet of~ 10*? erg
s1, derived from an inferred radio luminosity ef 10°° erg s* and an éiciency of
1%. With our results, the jet would requirel.1 x 10’ years to deposit all its energy
into the nuclear ISM and produce this pair of radio bubbldss Tesult is almost two
orders of magnitude larger than the one they obtained, Huhoongruent, since their
estimation was a lower limit derived from the equipartitipressure. These results
also agree with the timescales they propose in the contexpoécessing jet. Another
timescale can be inferred from the supersonic expansioedspiethe bubbles, which
would require a time of 2.5-3.1x 10° years to inflate to their current size, assuming
M ~ 4 throughout their lifetime. If we adopt this timescale, tequired jet power is
~7x10%ergs?.

The thermal energy stored in the shells is an order of mad@itarger than the
kinetic energy required to inflate the cavities (see Taxg meaning shock heating
must be the dominant energy transfer mechanism duringtdge ©f the evolution of
the radio source. Although the emission from the surroundias is too weak for us
to fit a model to its brightness profile, which would be ideat&iermine the direct
impact of this thermal energy into the surrounding ISM, asuits, and comparison



3.3. RESULTS 73

with those obtained for Cen A and NGC 3801, show that thisgner enough to
significantly alter the surrounding ISM, sweeping out thea&ing halo gas.

With our current photon statistics we have no direct evideoicchanges in the
brightness (and therefore gas density) across the shiesefore we cannot state
whether these structures are brighter in the inner edgeecto the nucleus, in Mrk
6. However, this would be expected if the bubble expansisapgrsonic everywhere:
even though the shock is weakest close to the nucleus, thed&Nch denser in this
direction, hence the associated X-ray emission is higher.

If we assumed the density of the gas not to be constant adresshell, with a
higher density in the area closer to the radio source, theatkconstraints on the
temperature of the external medium would be relaxed, atigwigher values. Con-
sequently, the pressure and density of the external gasl @sb be higher. This
situation would bring our results closer to the values weainigd for Cen A and NGC
3801. While this would be desirable for consistency, we nmage the scenario in
Mrk 6 is quite diferent, both due to its morphology and to its lower radio powers
we could indeed be seeing a case of the AGN driving a strongksinto a very cold
environment. It could also be the case that the shells areordtnuous all around
the radio bubbles, which would change the constraints odénsity of the gas. This
hypothesis could be tested with a longer exposure.

To conclude our analysis and study the fueling mechanisimoAGN, we used our
estimates on the external gas temperature and densitycidats the Bondi accretion
rate from the central hot gas. We used the relations fvtamconi & Hunt (2003 and
the K-band luminosity of Mrk 6 and obtained a mass for thelblame of 3. % 10°M,.
The Bondi rate is given by

M = 411pG*M3,,cs3 (3.3)

where1=0.25,p is the density of the gas at the Bondi radius, agds the speed of
sound in the mediumc§ = /TkT/ump). Since the density and temperature at the
Bondi radius cannot be lower than the ones we estimatedéaydl outside the shells,
we used those values to obtain a lower limitMf= 2.04 x 10-5M,, yr-t. Assuming
1=0.1 this translates to a Bondi powBg = 1.1 x 10* erg s'. The energy output
we measured from the AGN bolometric luminosity .4 x 10* erg s?, using a
bolometric correction factor of 19) and the shocked gaslsliel 7 x 10*2 erg s?)
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imply an accretion rate dfl ~ 5.7 x 102 M, yr-L. This suggests that Bondi accretion
is unlikely to provide all the energy we observed to be traref to the ISM, even
with an dficiency of 100 per cent. Assuming:0.1, the density would have to be over
three orders of magnitude higher than our estimates of thsityeof the unshocked
gas in order for Bondi accretion to be viable. If Bondi acamretcannot account for
the energy we are observing, the main fuel source for thiesyss likely to be cold
gas. Cold accretion does not depend on the black hole massaanthppen in poor
environments as long as there is a fuel reservoir, which neahd®case in Mrk 6 if the
central obscuring material seen in the optical is indeed gak from a past merger.

3.4 Conclusions

We conclude that there is a high probability that we are olisgrshells of strongly
shocked gas around both radio bubbles of Mrk 6, with Mach rer1B.2-5.5 consis-
tent with the Rankine-Hugoniot conditions for a strong $hothis is the third clear
detection of such a process in a low-power radio source, lagrefore reinforces the
hypothesis that this mechanism may be very common and mgyflandamental role
in the process by which these young radio sources form ttediaspopulations.

It is very likely that much of the gas in the shells will escape gravitational
potential of the host galaxy. Our results show shock heasirtige dominant process,
thermal energy being an order of magnitude larger than thd& wejuired to inflate
the radio cavities, implying the outburst impact on the lgaaxy’s ISM is likely to
be dramatic. Moreover, the inner set of bubbles is expanpé@rgendicularly to the
external ones, and into denser regions of the host galaxtho@gh the shock will
probably be weaker, due to the increased density, the exjpaasthe inner bubbles
is likely to cause a more direct disruption on the ISM and &ely to have a bigger
impact on star formation. Unfortunately the resolution lodé turrent generation of
X-ray telescopes does not allow us to determine the detitlsoejection of gas.

We also conclude that the hypothesis of a variable absorgias column, with
timescales of 2-6 years, caused by clumpiness of the aogrgés close to the black
hole, is a likely explanation for the variations we see betwtheChandraand XMM
spectra. If this is indeed the case, and as already pointiglolydrisaliti et al.(2002),
this scenario could be more common than previously thowgid,applicable also to
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intermediate Seyfert systems, such as Mrk 6. Observatiom®e such sources may
lead to better constraints on the geometry and composifitdmeayas distribution sur-
rounding the AGN. Further observations at soft and hardgegrand detailed X-ray
spectroscopy of this source would be of extremely usefulHferpurpose.

The variable obscuration also poses some questions al®uatebhanism fueling
the AGN. Our analysis of the AGN core shows that the dominantrdution to the
soft excess in this system comes from the AGN non-thermatgon, although there
is some contribution from the jet, which could explain thé flawer law spectra we are
observing. Our results on the energetics of the source dhavBondi accretion might
not be enough to power it, so that it is possible that cold gass#ion is the dominant
mechanism in this system, unlike what is seen in many moreedalwadio sources
(Hardcastle et al. 20078almaverde et al. 2008Cold gas has also been suggested as
the primary source of fuel for Cen A and NGC 38@Ir¢ston et al. 2007 It is also
possible that the active nucleus of Mrk 6 is accreting bothhibt phase of the ISM
and cold gas from a past merger. This is consistent with teesults on early-type
galaxies byPellegrini(2010.

While the precessing jet scenario is challenging, due tditie torque required to
rotate the axis of the black hole nearly 18Githin a time of~ 1 years, required to
create both perpendicular sets of bubbles, it cannot be nué The dust lane hinted
in the optical images could be a sign of a merger, which coalelprovided the nec-
essary torque, and the evidence for obscuration varigiméar the black hole could
be further evidence. It would be interesting to follow thygpbthesis and find any cor-
relations with other systems where a similar variation isaaption has been studied.
However, this evidence can also be interpreted in terms biteeced and uneven envi-
ronment, which can be inferred on bigger scales from thelJ@mhission distribution,
causing the radio bubbles to expand asymmetrically andfierdnt directions. Again,
more evidence, both from future observations of Mrk 6 anahfiather sources, will
be useful to achieve an accurate interpretation of the iyidgrphysics 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 (Cha@ethe Circinus Galaxy was
an obvious choice to carry out a similar study, and see thaatngf small-scale radio
bubbles in an actively star forming system. For this purpbsgote and submitted a
Chandraproposal in March 2010, requesting 120 kiloseconds of axgosme, to be
added to the existing observation of this galaxy. The prapass successful, and the
following Sections describe the work carried out on the dlatig obtained.

We analyse neWChandraobservations of the nearef) & 4 Mpc) Seyfert 2 active
galaxy, Circinus, and match them to pre-existing radiorairgd and optical data to
study the kpc-scale emission. The proximity of Circinuswah us to observe in strik-
ing detail the structure of the radio lobes, revealing far finst time edge-brightened
emission both in X-rays and radio. After considering vasiother possible scenarios,
we show that this extended emission in Circinus is mostyikalused by a jet-driven
outflow, which is driving shells of strongly shocked gas itite halo of the host galaxy.
In this context, we estimate Mach numbais~ 2.7-36 andM ~ 2.8-53 for the W
and E shells respectively. We derive temperatures &40 keV and 08 — 1.8 keV
for the W and E shells, and an expansion velocity (J00-950 km st. We estimate
that the total energy (thermal and kinetic) involved in tirggboth shells is- 2 x 10°°
erg, and their age is 10° years. Comparing these results with those we previously ob-
tained for Centaurus A, NGC 3801 and Mrk 6, we show that thasapeters scale ap-
proximately with the radio power of the parent AGN. The salatdincidence between
the X-ray and edge-brightened radio emission in Circingemgbles the morphology
of some SNR shocks. This parallel has been expected for A@GNhds never been
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observed before. We investigate what underlying mechanisoth types of systems
may have in common, arguing that, in Circinus, the edgehbeiging in the shells may

be accounted for by B field enhancement caused by shock compression, but do not
preclude some local particle acceleration. These resatidhe extrapolated to other
low-power systems, particularly those with late type hosts

4.1 Introduction

RecentChandraobservations of the environments of several radio galdrigs, NGC4636,
Jones et al. 200Hydra A, McNamara et al. 20Q0Centaurus AKraft et al. 2003
have led to significant progress in understanding the AGiedrgas outflows in these
systems and the role they play in galaxy formation and eiwiuygs required by mod-
els such as those @froton et al. 200@ower et al. 2008 We now know that, although
the most powerful radio outflows, spanning hundreds of kpraasociated with mas-
sive elliptical systems, smaller structures also conmetdean active nucleus can be
found in a variety of systems and environments, includingasand disky galaxies
(e.g.Gallimore et al. 2006Kharb et al. 2006Saikia & Jamrozy 2009

The mechanism by which these structures are produced apfmebe similar to
the one we see in the most powerful sources, but on a sma#és: sihe relativistic
plasma ejected by the AGN interacts with the surroundingiomedpushing it out
in kpc-scale radio-bright lobes, and inducing shocks tleat hthe medium to X-ray
emitting temperatures (see etfpinz et al. 1998McNamara & Nulsen 20Q7Shabala
& Alexander 2009. The temperature structure of these bubbles has beersadatya
variety of systems, the most famous being Centaurus A, vthereow shock has been
studied in detail after highly detailed images of the Solbst lobe were obtained
with Chandra(see e.gKraft et al. 2003 Croston et al. 2009

The varied morphologies of the galaxies where this mechargound, and the
fact that it is most likely episodicSaikia & Jamrozy 2009 harb et al. 200 make
understanding the energetics involved in this processdomahtal to estimating its
impact on galaxy evolution. The thermodynamics of the egpangas provide details
on the energy output from the AGN, the radiative timescateslved in this energy
being transferred to the ISM, and the way in which the enengyt scales with the
mass of the host galaxy, its morphology and the power outfilieccAGN, which also
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yields estimates of its lifetime. The injection rate, temgpere and pressure of the gas
determine star formation triggering and quenching in th&treé¢ regions of the host
galaxy.

Our previous results on systems such as CeAgton et al. 2009 NGC 6764
(Croston et al. 2008bNGC 3801 Croston et al. 2007and Markarian 6lingo et al.
2011, show that gas outflows in these systems leave distincagiges (thermal emis-
sion inside and in the rim of the lobes, synchrotron emissiarery powerful shocks)
whose physical properties indicate that the radio bubhlesoaerpressured with re-
spect to their surroundings (as predicted by Egpetti et al. 1990and are, in several
cases, driving shocks into them. For some of these galagigs NGC 3801, Mrk
6) we have been able to calculate the (substantial) fractidhe AGN power that is
being transferred to the ISM by this mechanism, setting threditions for episodic
AGN activity and star formation rates. Although the numbksuitable sources for
X-ray studies is limited, due to their small angular sizesnearby galaxies this tech-
nique is particularly fruitful, since with long exposureg wan even resolve fiierent
regions in the shocks driven by the lobes, allowing us tardisish between thermal
and non-thermal (synchrotron) emission.

In this paper we investigate the low-power AGN in the Cirargalaxy. Circi-
nus is a nearbyl§ = 4 Mpc) spiral galaxy, which exhibits a complex extended @adi
structure Elmouttie et al. 1998a While its nucleus and X-ray binary populations
have been studied in some depth in the pastith et al. 2000Smith & Wilson 2001
Sambruna et al. 20020014ab), the only preexisting X-ray observation where the ex-
tended emission was spatially resolved was too short toiptrenstudy of the fainter
emission. Our new, degphandradata allow us for the first time to study the X-ray
counterparts of the larger-scale radio structures. Ounmaian in the present paper is
to test our new X-ray data, in conjunction with the existiagio observations, to test
the diferent scenarios that might have created the extended emissiobserve, and
to derive the physical mechanisms and energetics involved.

Although Circinus is very close to us, the fact that it liesdose to our own
Galaxy’s plane has kept it from being observed in more detathe past iy =
5.56 x 10?* cm2, Dickey & Lockman 1990h Even the distance to the galaxy is not
very well constrained, with most authors relying on theraation byFreeman et al.
(1977 of 4.2*38 Mpc, with slight variations. We have settled for what seeonise 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 artainty ¢~ 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 withandrain December 2010, for a total of 200 ks. We also
used a pre-existing observation from 2000, originally geedl bySmith & Wilson
(200)) (see Tablet.1), adding up to a total of 225 ks. We reduced our data using
the standard CIAO 4.2 pipeline, applying the latest catibrefiles. The observations
show no trace of background flares, so that we could use thexjpbsures for all of
them.

We generated event files for ea€lhandraobservation, and merged them into
a single image with the CIAO toahergeall. We identified the point sources with
wavdeteciand cross-checked them manually for false or omitted ifleations. We
then removed the point sources and the readout streak (\w@wey prominent in the
longest observation, running roughly in the same orieoeds the galaxy’s disk) from
the merged image, to keep them from interfering in the amagrsd to achieve the best
possible characterization of the extended emission. lyinaé filled in the resulting
gaps with the CIAO tootimfilth The resulting image can be seen in FgL

We used radio maps from archivAll CA (Australia Telescope Compact Array)
observations at 21, 13, and 6 cm. The analysis of the origiatd is described by
Elmouttie et al(19989, who also discuss the radio properties of the source inldeta

In addition to the data dElmouttie et al (19983, we also obtained wide-band (2
GHz) ATCAdata collected during CABB (Compact Array Broadband Badk#il-
son et al. 201)lcommissioning and as part of an ATNF Summer Student obsernva
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of Circinus. The CABB commissioning data were taken on 0212809 (~8 hr, 6 cm
only) using a compact 352 m configuration and 13 April 2008 [ir, 3 cm and 6 cm)
using a compact 168 m configuration. The ATNF Summer Studesgrvations were
made on 16 January 20109 hr, 3 cm and 6 cm) using a 6 km configuration.

The ATCACABB data were calibrated in the MIRIAD packadgea(ult et al. 199b
and flagged using the new MIRIAD task mirflag. Model fitting bktsource was
performed using uv-components in DIFMABHepherd et al. 1994vith an additional
parameter used to model the spectral index of each compgieist accounting for
spectral variation of the source across the 2 GHz wide b@wth phase and amplitude
self-calibration were performed iteratively to improve tbalibration and subsequent
models. The final model achieves a 1 sigma sensitivity gi Bfloeam.

We also compared our data to the results on the ionized ghe ghilaxy Elmouttie
et al. 1998p, the HI emissionJones et al. 199%urran et al. 2008and the optical
images of the centre of the galaxy obtained withiH&T (Wilson et al. 200D

We used XSPEC 12.5 to fit models to the X-ray spectra. All theehparameters
thus estimated are quoted with 90 per cent confidence untderta

4.3 Analysis

4.3.1 Imaging

The reduced and merged X-ray image we obtained is presantéd.i4.1 Overlaid
over the X-ray image are the 13 cm radio contours and themsgi@ used to extract
the surface brightness profiles shown in Figs3 and4.4. This image shows sev-
eral extended structures, withfidirent orientations (see alS€wurran et al. 2008 Our
proposed geometry is detailed in Fig.2, which was drawn over the combined X-
ray/radigoptical image, to reflect the scale, reach and orientaticgaoh component
as accurately as possible. Our Figure is similar to the pgwoposed byImouttie
et al. (19983, but there are some fiierences, particularly in the interpretation of the
different structures. The AGN and circumnuclear star-formimg are at the centre of
the galaxy, the ring facing towards us. The galaxy’s diskeeds in the NE-SW direc-
tion, with an orientation ok 60° relative to the plane of the sky¢nes et al. 1999
Curran et al. 200Band shows some X-ray emission, though it is fainter tharother
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Figure 4.1: Merged (newarchival ACIS-S observations) 0.4-5 k&Shandraemission
with overlaidATCA 13 cm contours and = 8 Chandrapixels (4 arcsec) Gaussian
smoothing, displaying the extent and morphology of thereéel emission. All point
sources except the nucleus and the SNR have been maskedheuk-fRy emission
coincides with the edges of the radio lobes (NW and SE stresjualthough there is
some dffuse X-ray emission coinciding with the galaxy’s disk (exteny NE-SW).
This image also shows the regions we used to extract surfagletiess profiles for
both radio lobes (the background was chosen from the craldeshed regions). The
numbers indicate the first and last regions in each stripleSd8.4 pc arcseé. The
resolution of the 13 cm radio map is.8% 11.0 arcsec.
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Figure 4.2: Scheme of theftirent components we identify in the X-ray and radio
images.

structures. The NW lobe is unobscured, on the near side afistke and the SE lobe
is partly obscured, showing a clear dip in X-ray emissiorhie &areas covered by the
disk. Both lobes appear to be edge-brightened, though thdd#/is much brighter
and somewhat smaller. The orientation of the lobes is rqugéipendicular to that of
the disk. There is a dip in X-ray luminosity on both lobes Ibehthe bright edges, and
a rise towards the centre of both, suggesting that theretiseiustructure within the
lobes. We extracted surface brightness profiles for botedpto quantitatively verify
the correspondence between the X-ray and radio structasesell as to confirm the
edge-brightening in both cases. The results are illustiateigs.4.3and4.4. Near the
AGN, coinciding with the base of the NW lobe, quite stronga&+emission coincides
with a region of highly ionized gas that is believed to be amization cone larconi
et al. 1994 Elmouttie et al. 1998pbWilson et al. 2000 Smith & Wilson 200). The
X-ray emission from the galaxy’s halo is very faint and naedtly discernible from
the images shown.

The radio contours show the overlap between radio and X4ragson (for a de-
tailed analysis of the radio maps seénouttie et al. 1998a There is faint radio
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emission in the NE-SW direction, coincident with the disktloé galaxy, while the

radio lobes extend perpendicularly to it. The pattern ofcanission in the lobes
matches the X-ray structures perfectly: the edge-briggdtemission in the lobes, the
dip in luminosity behind the edges and the rise towards th&ée®f the lobes are spa-
tially coincident across both wavelengths, except in a femgs. We tested dlierent

orientations and distances when extracting the radiallpsofi Figs. 3 and 4. The co-
incidence between the radio and X-ray edge peaks persistssamost of both lobes,
though it is clearer in some areas. We chose regions thatexwad the appropriate
structures: shells, lobe interior and hotspots, whilengyio avoid the main emission
from the ionization cone, which has no radio counterpad,the edges of the CCD.

The diferences in the morphology of the emission between the tweslohn only
be partly explained by orientatiorffects. The E lobe is larger, and does show X-ray
emission outside the confines of the radio lobe edges in therre farthest from the
AGN. The W lobe is smaller, more spherical, and its emissesnss to be confined
within what is seen in the radio maps. However, the edge oftDP is just outside the
edge of the W lobe in our long observations, and it is possitdewe may be missing
some of the outermost edge in this direction, in which cask lodes could exhibit a
tip of X-ray emission outside the radio lobe. It is possilblattthe outflow may have
encountered very fferent environments on its way to its current position, witchld
explain the asymmetry between the W and E lobes.

The W structure also shows the base of the ionization corextéet byMarconi
et al. (1994, while no counterpart is visible in the E, most likely dueit® being
obscured by the galaxy’s disk (see Figsband4.2). TheChandraimages show three
distinct tails, propagating from the AGN in the W directiofhe two brighter tails to
the North have [@i] and Hx counterparts (see the right panel of MgsandSmith &
Wilson 2002 Wilson et al. 200QElmoulttie et al. 1998pwhile the southernmost edge
only shows up in i + [Nn]. This southernmost edge could be obscured, as suggested
by Elmoulttie et al., or could be produced by &elient mechanism. While the top tail
is clearly one of the edges of the ionization cone, it is uarcighether the other edge
is given by the central or the southernmost t&ihjouttie et al. 1998p
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Figure 4.3: Surface brightness profiles for the W lobe of i@us, as extracted from
the regions in Fig4.1 The regions are 30 9.6 arcsec in size, and have an inclination
angle of 69°. The distance is measured along the regions in the N-S dirgstarting
on the northernmost edge of the first region. The arrows &tdithe N and S edges of
the shell, and the hotspot, as illustrated in Fg Scale: 19.4 pc arcselc
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Figure 4.4: Surface brightness profiles for the E lobe ofiBus, as extracted from the
regions in Fig.4.1 The regions are 28 7.4 arcsec in size, and have an inclination
angle of 30. The distance is measured along the regions in the N-S girg&tarting
on the northernmost edge of the first region. The arrows atdithe N and S edges of
the shell, and the hotspot, as illustrated in Fg Scale: 19.4 pc arcselc
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Figure 4.5: Left: The central regions of Circinus as seeruinmerged, masked Chan-
dra image, witho- = 2 pixel (1 arcsec) Gaussian smoothing. The image shows the
AGN, the circumnuclear star-forming ring and the ionizattmne at the base of the W
radio lobe. Right: composite image showing Hi®T data on [Qu] emission (red), and
F814W filter (broad I) continuum (green) frowidilson et al.(2000, and the H emis-
sion (blue) fromElmoulttie et al(1998h, kindly provided by Bi-Qing For, illustrating
the correspondence between the structures we observeagsxand those visible in
the optical. The arrows point to matching structures: thaiNof the ionization cone
(1,2), the S tail (3), which is obscured in the optical imagexl parts of the circum-
nuclear ring (4, 5, 6). See Figd.2 for more details on the geometry around these
structures. Scale: 19.4 pc arcsec


Circinus/F05_R.eps

88 CHAPTER 4. THE CIRCINUS GALAXY

4.3.2 Spectroscopy

As we discussed in Secti@dnl, the nucleus of Circinus and its immediate surroundings
have been studied in detail in the past. The objective of aatyais is to study the
larger scale X-ray emission associated with the radio lotb€3rcinus.

We extracted X-ray spectra of the radio lobes from regiorduedng the AGN
and circumnuclear emission, as well as the (presumablyppirozed plume in the W
lobe, to avoid contamination. Our W region also avoids mb#i@area covered by the
part of the disk that lies behind the lobe, thus minimising possible contamination
from itin the resulting spectrum. The spectra were binneldbtoounts per bin to allow
Gaussian statistics to be used. We also binned the spe@®@ctmunts per bin to check
the robustness of the fits.

We used regions that cover most of the radio lobes, excluitiegircumnuclear
emission and any point sources, after verifying that thetspm of the gas inside the
lobes does not tlier from those of the gas in the shells, presumably due to the lo
surface brightness emission from the shells contributinihése regions. We worked
with a number of diferent source and background regions to minimize contarmmat
The spectra of the W lobe are fairly consistent regardlessiothoice of source and
background, but the E lobe was problematic in this respeetfound that the over-
all shape of the spectrum was independent of our choice @nmegbut not entirely
consistent with any simple single or double component moAsldiscussed below,
this anomalous shape may be caused by a higher contributgiarerelated emission
from the galaxy’s disk. The statistics on the E lobe are atswer than those of the W
counterpart, most likely due to the higher obscuration, ingak difficult to mask out
bright regions and still obtain a good fit.

We fitted to our spectra a model consisting of local Galadisnaption (wabs) and
emission from a collisionally ionized gas (apec) (see Bigand4.7). We approached
the analysis by fitting the model both to the individual spedbgether and to the
coadded spectrum (generated with the CIAO tmmhbinespectrg. Only the former
approach is shown in the Figures, but the results are censistr both methods. Given
that the abundance is not well constrained (especiallynfer& lobe, where we have
problems with both multiphase gas and covering absorbars),if left free during
the fitting the values tend to become implausibly low, we as=iia fixed abundance
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Figure 4.6: Spectral fit to the combined spectrum of the W lob€ircinus. Model:

wabs*apeckT = 0.74'53% keV.

of 0.15, compatible with the lower limit set by the abundancethe IGM (see e.g.

Danforth et al. 2006 Abundances higher than 0.2 do ndiieat the estimated values
for the temperature, but the fit statistics are much worses tBe last paragraph of
Sectiond.4.2for a discussion on the implications of #feérent value oZ.

We found that the emission in the W lobe is very well fitted wiitts single temper-
ature model, although there are some residuals, espeaidilgh energies, most likely
caused by contamination from the AGN PSF. We obtained afliésty temperature
of 0.74*5:3° keV, and a reduceg? of 1.09. See Fig4.6and Tablet.2for details.

The E lobe, however, proved to be more problematic. Thisianeartially covered
by the galaxy’s disk, and the spectrum (see BigJ) is not successfully modelled by a
single temperature model (reducgd~ 1.5). Adding a powerlaw or a second thermal
component does improve the fit, albeit slightly (redugéd~ 1.2) and most of the
residuals persist. Adding an extra absorbing column doésnmarove the fit. The
poor fit could be caused by emission from an unresolved X-nagrip population and
massive stars in the disk, or unavoidable contaminatian fiee nearby, strong AGN.
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Figure 4.7: Spectral fit to the combined spectrum of the E laib€ircinus. Model:
wabs*apeckT = 1.6"3% keV.

XSPEC determined a best fitting temperature for the E lobeTof 1.6*55 keV,
but it is not well constrained. A detailed analysis showslauoinima when the model
assume&T = 0.8 andkT = 1.8 keV. Thus we used these values as a lower and upper
limit, respectively, for the shell calculations displayiadrable4.2.

The disk over the E lobe is problematic not only because it r@ayntroducing
some contamination, it might also be masking an E countetpahe W ionization
cone, which could also be contributing to our spectra. Gitierditerent morphologies
of the two lobes, it is also possible that the temperatureeire may be dierent for
the E structure. We will discuss the nature of the emissigheriobes and its structure
in the following Sections.

We also carried out a fit over the regions corresponding talisle(NE-SW), and
found that a single temperature model works remarkably, wéth kT = 0.69*01°
keV. This temperature is very similar to the one we found far ¥ shell, but not so
well constrained (mainly due to a higher fraction of contaation from the AGN).

To test whether there are any changes in the nature of thesiemis the brighter
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areas within the lobes, we extracted spectra from thesenegA fit to a single pow-
erlaw model gave very poor results, since the thermal earidsom the shells is still
present. We then fitted to the spectra a model equal to the enesed for each shell
plus either a powerlaw or a second thermal component. Thé@udf a second com-
ponent improves the fit; however, the poor statistics (thghbest individual spectrum
has just~100 counts) do not allow us to distinguish between a thermedlanon-
thermal model in this case. Although the fit is slightly betteth the non-thermal
model, the diference is not statistically significant. We will discuss tia¢ure of this
emission in Sectiod.4.3

4.4 Discussion

In this Section we discuss the possible scenarios that mayabging the emission
we observe. In SectioA.4.1we discuss the possibility that the large-scale emission
is caused by photoionization from the AGN. In Sectbd.2we argue that what we
are observing is, instead, a shock. As possible causesd#hishock, we contem-
plate the possibility of a starburst-driven superbubbex{®n4.4.3 or a radio jet-ISM
interaction (Sectiod.4.4).

4.4.1 Photoionization

Given that the edges of the ionization cone coincide wittbtmee of the W shell almost
exactly (see Fig4.5and the discussion at the end of Sec#b8.]), it is possible that
some of the line emission studied blarconi et al(1994) may be caused by collisional
ionization rather than photoionization. However, with¢Qin], [Nu] and Hx maps
with a large field of view and good resolution to measure thensities and ratios,
it is hard to tell. Given the intensity of the AGN and the liglam the starburst ring,
photoionization must indeed play a role in the emission vedrs¢his region. However,
it is extremely unlikely that photoionization from the ceitAGN could explain the
edge-brightened, large-scale emission we are observititgefuout. We calculated the
extent of photoionization caused by the AGN following thetinoels of\WWang et al.
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(2009 and the models frorKallman & McCray(1982. Given that:

L

*T R

(4.1)

where¢ is the ionizing parameter, which we assume to be between dQ.6@ (rea-
sonable values for AGN outflows, as demonstrate®@hie et al. 2003see alséVang

et al. 2009. n ~ n is the particle density (which we assume to be between 40d
107! cm®), Ris the distance (in cm) andis the unabsorbed X-ray luminosity of the
AGN required to produce the observed ionization factor (sguaed. = 1.6 x 10*?
erg s!, afterde Rosa et al. 20)2In the case of Circinus, this implies that the AGN
would be able to weakly ioniz& (~ 10) gas up to- 700 pc away, but strong ionization
(¢ ~ 100) would only be produced within the inner200 pc. Given the relative low
luminosity of the AGN {rang et al. 200pand the dense environment surrounding it,
this is consistent with what is observed for the ionizatione;, but shows that the edge-
brightened emission in the shells cannot be accounted f@hbyoionization. Given
that the X-ray emission at the edges of the radio lobes estepdo 2-3 kpc in projec-
tion (for the W and E shell respectively), even the posdipbthat the AGN was more
powerful 16—-10* years ago makes photoionization unrealistic to explairigiel of
emission we are detecting at these distances, requirirgjttesnan order of magnitude
smaller than those we measure in these regions to achie\eplietoionization.

While there are no high resolution, large scalen]@r Hoe maps that cover all of
the ionization cone, the existing imagé&srqouttie et al. 1998PWilson et al. 200pdo
show other regions of the galaxy that coincide with part efittbes, and there seems
to be no enhancement in emission in these regions, matdiengdio and X-ray data,
while this enhancement is observed in the ionization coneamFa morphological
perspective, since the base of the W shell coincides witlothieation cone [{larconi
et al. 1994, and given the results above, we can infer that there ingitran between
predominantly photoionized and shock-ionized gas at thestances, which could be
further investigated with large scaleiffpand Hx maps and more X-ray observations.

For consistency, we extracted a spectrum of the two nonthesntails of the ion-
ization cone (see left panel of Fig.5) in our longer exposure, covering distances of
150-500 pc from the AGN. We fitted the resulting spectrum pbatemismodel (part
of WARMABS, an analytical XSPEC model implemented from X3)Aand fore-



4.4. DISCUSSION 93

ground Galactic absorption. We assumed a gas density%oémi@ and an ionizing
powerlaw withI" ~ 1.6 (de Rosa et al. 2032 We found that photoionized emission
alone does not fully account for the spectral shape, yigldineduceg? ~ 2.5. This
may be due to the less than ideal background subtractiorcéh background region
that can compensate for the AGN contamination, withoutidicig the readout streak
or emission from the star-forming ring will still includedimal emission from the
galaxy’s disk) or to a more complex spectral structure @etifrom the large volume
covered by our region (a requirement to obtain the necessatigtics for the fit). By
testing the addition of dierent continua to improve the fit, we observed that the ion-
ization parameter remained stable, at values ofédpg( 1.7—20, which supports our
assumptions in the previous paragraph. We also found verglbmndance constraints
(~ 102 on O, Mg and Si, and higher values 0.1-03) for Fe and Ne. We were
unable to constrain the abundances for the other elemart#ndreasing them over
our initial assumption (A50) increases thg?.

We also studied the likelihood of detecting an identicaliciure in the E lobe,
behind the disk of the galaxy. We estimated the countrate eegddrexpect in our image
from this structure with the PIMMS tool, assuming it to halwe same unabsorbed flux
as our W ionization cone spectrumg_ievunabs = 1.5 X 10712 erg cnt? s1) and a
foreground absorbing column from the disk comparable tbahthe Cen A dust lane
(Ny ~ 1.5 x 10°? cm?). We found that we would only obtain300 counts from this
structure in our image, below the emission level from th& dighe galaxy itself, and
thus we would not be able to detect it. Although the obscomafiom the disk might
be lower, it is also possible that the E ionization cone, @sant, may be fainter than
its W counterpart, if the environment through which the atidn must pass is denser.
The possibility of an ionization cone in the E lobe, therefarannot be discarded.

4.4.2 A shock model

The match between the X-ray and radio emission is strikin@iroinus (see Figs4.3
and4.4). Unlike in other, more distant systems, where we lack tlaialresolution to
resolve these structures in such detail, the proximity ofiGus allows us to observe
that the emission from the shells coincides extremely weladio and X-rays. In
all the radio frequencies there is a dip in luminosity behiine shell, and a rise in
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Table 4.2: Results for the shells of Circinus. These resuksfor the temperatures
discussed in the text arifl = 0.150. The columns, from left to right, show the shell,
temperature, model normalization, electron density, maessure, total thermal en-
ergy, work available from the gas filling the shells and t&taktic energy.

Shell kT Norm Ne M P E PV K
keV x10%em™>  x102cm3 x10%Kg x102Pa x10P%rg x1CP%rg x10°3erg
007 024 011 009 014 022 014 025
W 074%0 13997 227003y 197qjp 49855 456%05; 30475 51572
012 010 009 023 028 018 024
E 0.8 130%5713 220553  190%5pe 5210G55 610755 407%53 5.38%

0.12 0.11 0.10 0.5 0.30 0.43 0.27
E 1.8 108012 20001 173010 10105 555030 321043 4891027

emission towards the centre of the radio lobes. Given the-bdightened nature of
the emission, the abrupt jump in luminosity and the spepi@berties we derived for
the gas, we consider that the most likely scenario is thatneeobserving shells of
shocked gas around the radio lobes of Circinus. We will disdaelow whether this
shock may be starburst or jet-driven. The dip and rise in hasity behind the shells
suggests further complexity in their structure, since weild@xpect the lobes to be
uniformly filled with gas. We will discuss the nature of thislission for both the

starburst and jet scenarios.

The fact that the X-ray emission does not appear to be outeel@adio lobes
(except at the tip of the E lobe, as discussed in SeectiBril) suggests that the same
shock that is causing the X-ray emission in the shells (whashdetailed in Section
4.3.2 is thermal in origin) is also giving rise to enhanced sypttun emission at radio
frequencies. The apparent thickness of the shells, mahfom the X-ray images, is
~ 300 pc, and appears constant across the entire structure.

To test the shock hypothesis we assumed two ellipsoiddkssftieé geometry that
most closely follows the shells as depicted in @, with the smallest departure from
spherical symmetry) with the two minor axes equal. The tineshsional regions
we used in our images have eccentricities of 0.74 and 0.5¢hoilE and W shells
respectively. The E structure is larger, Wihimaj = 1.0 KpC, Reximaj = 1.4 Kpc,
Rintmin = 0.7 KPC, Reximin = 0.9 Kpc. The W shell haRiytmaj = 0.8 kpC, Reximaj = 1.1
kpc, Rntmin = 0.7 KpC, Rextmin = 0.9 kpc. These dimensions correspond to volumes of
7.8x 10°* cm? and 61 x 10°* cm? for the E and W shells respectively.

We derived the electron densities for both shells from themadization of the
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thermal model (see Tab#e?2), assuming a uniform filling factor. From these densities
it is also possible to calculate the total mass of gas in tkedsshihe pressure, the total
thermal energy, and the work available from the gas. We fdheddensities to be
slightly higher than those we found for Mrk 6, but the totaérgy involved is lower by
roughly two orders of magnitude, which is to be expectedmgie much lower radio
power observed in Circinus.

In order to test our hypothesis of a shock scenario we atehptextract spectra
of the gas immediately outside the lobes, but were unableaaiodel to the data, due
to the poor statistics. We then generated radial profilethfolongest observation from
concentric annulirgi, = 132 arcsectmax = 305 arcsecgr = 8.7 arcsec), excluding
the emission from the AGN, the lobes and the galactic dist asuitable background.
The surface brightness of the gas in the halo is extremelydod it barely shows up
in radial profiles (see Fig4.8). The drop in luminosity at R 440 pixels ¢ 4.2 kpc)
indicates the possible extent of the halo, but the errordaardarge to consider this
anything more than a qualitative indication.

To better constrain the surface brightness we estimateddbet statistics for a
circular region centered in the AGN in the longest obseovatexcluding the regions
coincident with the lobes, the disk of the galaxy, any pomirses, the readout streak
and any CCD gaps or adjacent chips in the process. We usediftecedt radii for
this circular regiony = 246 andr = 305 arcsec, to better assess tlftea of the
background, which was extracted from all the remaining SB.chVe detected the
halo at a 3o level in the 0.3—7 keV energy range (148382 and 884 239 counts
for the larger and smaller source regions respectivelyesponding in both cases to
a surface brightness of@.1+ 0.003 counts pixef), and at a So 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 surfacatmegs of M10+0.002 counts
pixel=2). Since the orientation of the chips in the other two obsérua is ditferent, it
is not possible to apply the same regions to them, insteacir@p®lated the statistics
from the first observation to the total observed time. We tvhtsined a & range for
the surface brightness of the halo, in the 0.3-7 keV energg baf 001-Q02 counts
pixel~2 (0.04-Q08 counts arcseé).

The constraints on the surface brightness allowed us t@tdstrmal model with
different temperatures, assuming a suitable extraction regiside the radio lobes (a
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Figure 4.8: Radial profile of background-subtracted codmtghe longesiChandra
observation of Circinus. Scale: 1 pixel0.492 arcsee 9.54 pc. The emission from
the halo of Circinus is barely above the background leveltiere seems to be a net
count drop afteR ~ 4.2 kpc (~ 440 pixels), indicating that this may be the extent
of the halo. Combining the results for the three observatiwwa obtained a surface
brightness estimate of 4-810-2 countgarcseé.
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spherical shell centred in the AGN, wiRy,; = 3.68 kpc,Rcircinusxt = 5.24 kpc). Given
the range of temperatures found in the haloes of similarxgesa(see e.gTullmann
et al. 2006bYamasaki et al. 2009we derived the electron densities forF = 0.1 keV,
0.2 keV and 0.3 keV.

We used our lovhigh values for the surface brighntess and the halo shabmeg
to obtain estimated count rates for each temperature. Wedésved theapecnor-
malizations required to obtain these count rates, andeldtive electron densities and
pressures from those normalizations. The results areayieglin Table4.3. We find
that the electron densities we derive are compatible witkerestimated biImouttie
et al.(19983, based on observations of other nearby spiral galaxiesal¥dsestimated
the cooling time for the gas, obtaining results @6 x 108 yr for kKT = 0.2—03 keV,
and as low as 6.2 Myr fokT = 0.1 keV. These times are very short, since line cooling
is very important at these low temperatures, suggestirtghieahot gas into which the
lobes are expanding must have a comparatively recent opgissibly in a starburst
andor supernova wind.

To verify our assumptions on the properties of the gas in tile we used the
relations ofTullmann et al(20063, which give the correlation between the X-ray lu-
minosity of the halo and other parameters for a sample offistaring spiral galaxies.
Some of their correlations indicate a very strong depenel&etween the soft X-ray
luminosity of the halo and parameters such as theHdRstar formation rate, and
between the overall galactic X-ray luminosity and the mdshist or HI in the galaxy.

Given how obscured and nearby Circinus is, most previoudietthave focused
just on the central star-forming ring or the supernova remnso that some of the
parameters we could use to derive the luminosity of the hadanat known, but we
were able to use the values froGurran et al(2008; Jones et al(1999; ElImouttie
et al.(1998h; For et al.(2012 (Lgpo ~ 2.9 x 10¥ erg s, Lyvpo ~ 9.1 x 10*? erg
st Maust ~ 10° Mg, Mgiars ~ 10 My, SFRr ~ 3 = 8 M, yr 1) with Tullmann
et al’s correlations. This allowed us to constrain the soft (8.8eV) luminosity of
the halo of Circinus to 1.6-6x3L0% erg s* from the correlations of tillmann et al.
Given that the extraction region we used in our analysis do¢sover the full halo
of the galaxy, we find that our results are consistent withtughaxpected from these
correlations and the observations (see TdhB: The luminosity we thus constrained
is also compatible with the count rates we estimated froniraages.



98 CHAPTER 4. THE CIRCINUS GALAXY

Table 4.3: Results for the external medium. The columnsnfleft to right, show
the lowhigh values of the model normalization, electron densitgyihosity and gas
pressure for each assumed gas temperature.

KT Norm Ne Loo_3kev P

keV x1072 cm™ x102 cm3 x10® erg s? x10°'2 Pa
0.1 2.805.70 2.333.35 0.711.45 0.700.99
0.2 1.002.10 1.4¢2.03 5.3010.70 0.83A..20
0.3 0.330.66 0.801.14 5.0410.07 0.72.01

Comparing the electron densities we derive for the sheliisthe external gas, we
see that density ratios ef1.1-3 can be derived frokiTcicinugxt = 0.2 OrKTcircinug,xt =
0.3 keV, and smaller values ®-09) for kTcircinus.xt = 0.1 keV. The small density con-
trast makes the latter temperature less consistent witsloack interpretation, given
that the density ratipou/pshei tends to 4 in the case of a strong shock. Based on obser-
vational results (see e.glummel et al. 199;1Beck 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 extegaa is still a limitation,
since it would allow us to rule out a slow shock into a cold, skemedium, or pres-
sure conditions where a shock is not possible, the morpaldthe X-ray emission,
the observed properties, and the agreement of the exttagdotalues for the external
gas with what we would expect in our assumed scenario irglitett we are indeed
observing a strong shock being driven into the ISM of Cirsinu

Using the observed parameters we can calculate the Machearuorthe shock,
as follows (andau & Lifshitz 1987:

AT+ ) (Tspen/Touw) + (= 1)
M= \/ 2r

wherel is the polytropic index of the gas, assumed to [& BVe find Mach numbers
M ~ 2.7-36 for the W shell (up tdl = 5.1 if the external temperature is closer to
KT = 0.1 keV) andM ~ 2.8-53 for the E shell (up to\l = 7.6 for KT = 0.1 keV).
The sound speed is 26453 km s, and the velocity of the shells is 918 km s for

the W shell and 95/ km s™* for the E shell. The errors on these values reflect the

(4.2)
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temperature range of both the shell and the external gasnitertainty on the E shell
is very large due to the range of possible shell gas tempesatas indicated in Table
4.2 ltis clear, in any case, that the velocity of the shells nibgssupersonic, and close
to 1000 km s, in agreement with what is observed in similar systems (Mtk 6,
NGC 3801: Mingo et al. 2011 Croston et al. 2007

If we assume that the shells have been expanding with a cangiacity, equal to
the one we have derived for the W structure, we can constiainage to~ 10° years.
The total energy (enthalpy of the cavity and kinetic energyfthe shock) involved in
creating both shells is 2 x 10°° erg, the equivalent of ¥Gupernova explosions with
individual energy 18} erg, assuming a 100 per ceffiigiency.

While the spectral fits of the ionization cone (see Secighl) seem to support
our initial assumption oZ = 0.150, this value is still poorly constrained. It is very
likely that the areas of the galaxy covered by our regionsainoa multi-phase gas, and
a range of abundances, but these cannot be studied in détesvdeeper observa-
tions. The gas density we derive from our models dependsdyothe abundance and
the emission measure, so that, assuming that there areunat &ariations in the abun-
dance between the shells and the regions immediately eutisein, forZ = 0.300
the electron density in the shells would be25% lower, while that of the external
gas would go down by 20%. The ratio between both densities, however, only de-
pends weakly orZ, so even if our assumptions on the abundance were wrong, and
the densities were smaller, our conclusions would stanagk Mlach number and the
shock velocity would not change, but the total energy ingdlin the process would be
slightly smaller.

4.4.3 Starburst-driven bubble

Given that Circinus is a spiral galaxy, with active star fatran, it is possible that the
bubbles that we are observing perpendicular to the planeeofalaxy may be caused
by a starburst or supernova-driven wind. As pointed ouEbyouttie et al.(19983,
however, the particle component within starburst-driviealdbles” is expected to be a
mixture of thermal and non-thermal electrons, with therntamaterial causing depo-
larization. The W “bubble” in Circinus does not show a higlgee of depolarization.
In the E “bubble” the higher depolarization is most likelysad by the gas in the disk,
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Figure 4.9: 13 cmATCAradio map displaying the regions we used to calculate the
spectral index for the ¢lierent areas (hotspots, lobes and shells, the RMS error was
estimated from the dashed circle South of the AGN). With duur scale the full
extent of the radio emission can be appreciated, showingde-brightening in the
shocked shells, and the dip in luminosity immediately béhirem. The resolution of

the radio map is 18 x 11.0 arcsec.

which is obscuring part of the structure (for full details the radio polarization of
Circinus sedElmoulttie et al. 1998a

As we saw in Sectiod.4.2 the total energy involved in the creation of both “bub-
bles” in Circinus is~ 2 x 10°° erg. This value is similar to the oridatsushita et al.
(2005 calculated for the superbubble observed in M834Q x 10°° erg), one of the
most powerful examples of superbubbles. THerncy with which supernova explo-
sions transfer energy to the ISM is quite low (3—20 per cegpetiding on the density
of the ISM and time lapse between subsequent explosidtig)outtie et al. (19983
inferred a supernova rate of 0.02 sn'yfrom their radio observations. To check this
value we used the far-infrared data fraBenzel et al(1999 (Lrpr = 7 x 10°Ly)
and the correlations frortondon(1992 to estimate a massive star formation rate
(SFRussm, ~ 0.64 Mg yrt) and derived a supernova rate ©f0.026 sn yrt. With
either of these values, the possibility of a supernovaedriwind is energetically vi-
able in Circinus. However, the enhanced emission at theeehthe “bubbles” is not
easy to explain, morphologically, with this model. Mulegienerations of “bubbles”,
within the 16 yr age estimated for the larger structure, seem unlikely.
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Some consideration must be given to how the radio “bubbles’related to the
structures closer to the AGMEImouttie et al (19980 suggest that there is an ongoing
outflow of gas in the W ionization cone (with a total kineticeegy of 5x 10° erg),
which could be powered by the AGN or a starburst wind. Theyssgthat the similar
sizes of theHa central ring and the base of the central radio emission atdithat
these structures are related, and that an ongoing staviiais the cause of both the
inner outflow and the enhanced radio emission at the centhedbubbles”. Emission
line ratios in the cone, however, suggest that the emissitina cone may be caused
by AGN-driven photoionization. For Circinuglmouttie et al. also point out that
the morphologies of the ionization cone and the radio “pluare quite diferent,
indicating that these structures may not have the samenog suggested bgchulz
(1988 for NGC4151, it is possible that, as the shock that credtedarger structures
in Circinus made its way through the halo gas, it created adewnsity region through
which ionizing radiation, from the AGN or a starburst-winduld escape, giving rise
to the cone. It is thus entirely possible that there is an onggstarburst wind in the
central regions of Circinus, feeding material into the mation cone, but that this is
not powerful enough to be the cause behind the large-scatsiem in the shells and
at the centre of the “bubbles”.

The strongest argument against the starburst-driven sBoeagman explanation for
the large-scale emission, however, comes from the vamgiio the radio spectral in-
dex we observe across the “bubbles”. Variations in the spleictdex are a sign of
a change in the electron population; a lower valuer@hay indicate a region where
particle acceleration is occurring. An increasing valuer éfidicates radiative losses
and an aging electron population. We calculated the fluxeshi® shells, the areas
immediately behind the “bubbles”, and the regions with ewea radio and X-ray
emission inside them (which we labelled as hotspots), astithted in Figurd.9. We
convolved the 6 cm, 13 cm and 20 ¢hT CAradio maps so that the spatial resolution
was the same in all of them (Zx 20.5 arcsec), thus ensuring that we are measuring
the emission from the same structures in all cases. To bestats the extent of the
RMS noise we chose a background region over the galaxy’s dis&re there are flux
variations, rather than a regiotfitesource. We then derived spectral index values for
each structure from the 6 ¢i8 cm and from the 13 ¢80 cm flux measurements.
The results are illustrated in Tabled.
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Table 4.4: Spectral indices. The spectral indices for tfi@dint extended structures
(hotspots, shells and lobes) of Circinus, have been defivedtheATCAG6 cm, 13 cm
and 20 cm maps. The regions we used to calculate the relaikesfare illustrated in
Fig. 4.9

Structure A S «
cm mJdy

20 290+20
W hotspot 13 207+ 1.4
6 136+0.7
20 209+33
Ehotspot 13 151+17
6 77+08
20 369+33
Wshell 13 253+23
6 130+10

20 376x48 ] 0.84+0.20
Eshell 13 239+34

] 112+012
6 108+15
Wieh 20 353+26 ] 071+011
ope
13 241+18 1 (77,006
6 140+0.8
20 372+39
Elobe 13 243+27
6 122+12

] 0.62+0.09
] 0.59+0.05

] 0.60+0.13
] 0.96+0.07

] 070+0.13
] 0.94:0.08

] 0.78+0.16
] 0.97+0.09




4.4. DISCUSSION 103

Although our results are limited by the very low flux levelslary the fact that at
6 cm the structures we are observing are slightfijedent, it is clear that the spectral
index does vary between these three regions, and consgyssentor both the West-
ern and Eastern structures, in the sense that there is fltgjtén decreases) in both
hotspots and steepening (hcreases) in both shells, even if the individual values are
slightly different (this may be attributed to low spatial resolutionkdibscuration of
the E lobe, antbr different spectral indices in the pre-shock electrons for bogs).
These results are also consistent with the spectral indgx froan ElImoulttie et al.
(19983. As stated above, this symmetrical flattening of the spéttdex at the centre
of the “bubbles” is most easily explained if there is ongopagticle acceleration. The
simplest scenario to explain this is that these regions@rggpwhere a radio jet inter-
acts with the ISM, and thus the equivalents of the hotspaéemed in more powerful
systems (see Sectidmd.4for more details). It is natural to assume that this samesjet i
the one that provided the energy injection that caused thekshie are observing. This
is further supported by the morphology of the emission, Wisccoincident in X-rays
and radio, and symmetrical for both lobes, roughly equédistrom the nucleus of the
galaxy.

4.4.4 Jet-driven shocks

In light of these results we find that the scenario that bestrilges the data is that
which is typically assumed for radio galaxies (see 8aneuer 197&Kaiser & Alexan-
der 1997. In this scenario the jet emanating from the central AGN esaks way into
the ISM of the host galaxy, transferring part of its energth® surrounding gas at the
termination points (or hotspots). This energy transfet$ap the ISM gas, creating a
supersonic bow shock. The material that has flowed up the piserved in the form
of radio lobes.

Hotspots in X-rays are characterised by a non-thermal dawespectrum, though
they are generally very faint, given that synchrotron lsss® very high at these ener-
gies. As we stated in Sectigh3.2 the statistics of the spectra of the hotspot regions
are quite poor, and they do not allow us to distinguish betwiieermal and non-thermal
emission. If the emission were non-thermal, it would beketli to have its origin in
widespread inverse Compton scattering, since the cotitsibaf such a component for
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low-power radio galaxies is negligible. We estimate thed@ihosity density at 1 keV

to be~ 6x 10** erg st keV- for the case of Circinus (equivalent to 2<307° counts

st in ChandraACIS-S, depending on the IC powerlaw photon index), usiregas-
sumptions on th@ field detailed in Sectiod.4.5 Moreover, if there was a detectable
contribution from inverse Compton it would appear unifoyratross both lobes. We
calculated the spectral index between 6 cm and 1 keV for theisplot, and found it

to be~ 1. This value is in the range of radiray ratios seen in FR | jets (see e.g.
Harwood & Hardcastle 20)2suggesting 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 radptical or X-ray
frequencies), we know that this does not rule out the pdggithat there is one, from
what is observed in powerful FR Il radio galaxies, where #is gre rarely seen, yet
the presence of hotspots clearly indicates their presengekharb et al. 2008 The
jet’s rest-frame emissivity may be very low in Circinus. Mover, the orientation of
the lobes suggests that the jet should be at a large angle t&of sight, so that
relativistic beaming may be reducing the visibility of a fleat would intrinsically be
visible. Doppler-dimmed jets and hotspots have been foorather Seyfert galaxies
with low radio luminosities (see e.gukula et al. 199Y, illustrating how the interac-
tions of the jet with diferent, complex environments can change the observed radio
properties of these sources. This might also explain whyX#nay emission in the
shells extends further than the radio along the (presumiegljttbn of propagation of
the radio jet. This geometry is expected from some jet prapag simulations (see
e.g.Sutherland & Bicknell 200)/

In this context, to further verify our shock scenario, wecatdted the minimum
internal pressure of the radio lobes under equipartitiorddmns from the radio data,
fitting a broken power-law electron energy spectrum vpith 2 at low energies, steep-
ening top = 3 at the electron energy that gives the best fit to the data. Salenaed
ellipsoidal geometry, no protons amgli, = 10. We obtained a value & ~ 6-9x 1071
Pa, consistent with the results obtainediEgnouttie et al (19983, and roughly 2 or-
ders of magnitude lower than the pressures we derive fronXaay data. This depar-
ture from minimum energy is often found in FR | radio galaxjesy. Morganti et al.
1989; we also found thisféect in NGC 3801, Mrk 6 and Cen A. These results imply
that there is some additional contribution to the intermakpure, caused by a large de-
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Table 4.5: Power scaling. The columns display the radio keonénosity, jet kinetic lu-
minosity, and total energy (thermdinetic) inferred from the radio lobes forfeierent
galaxies, illustrating power scaling.

Source  LisgHz  Ljetkin Etotlobes
W Hztsr! ergst erg
Circinus 2.x10°° 10" 2% 10°°
CenA  1.x10%2 108
Mrk 6 1.7x10%° 10 26-4.6x10"®
NGC 3801 1.2102° 3x10¥? 1.7x10®

viation from equipartition conditions, a high fraction aimradiating particles, such as
thermal or relativistic protons originating from the irdetion of the galaxy’s gas with
the jet, or a low filling factor. Of these, the second explamais the most plausible
one (sedHardcastle et al. 2007€roston et al. 2009a

From the age of the shells and the total energy we can infetitigtic luminosity
of the (invisible) jet, which is~ 10* erg s'. Comparing these results to those we
obtained for Mrk 6 ingo et al. 201), NGC 3801 Croston et al. 2007or Cen A
(Kraft et al. 2003 shows that these parameters scale down with the radio puivitee
parent AGN (see Tabl&.5).

The fact that the X-ray emission in the shells is thermal jseexed, if our shock
scenario is correct. As pointed out Byoston et al(2009), it is likely that fast shocks
are required to produce in-situ particle acceleration asrdyXsynchrotron emission in
the shocked shells, as observed in Cen A. The velocities weegdemaller than those
found in Cen A, and the unequivocally thermal nature of théssimn we observe,
suggest that the case of Circinus is more similar to that o€NB801 or Mrk 6.

4.4.5 Implications for particle acceleration and paralles with SNR

The fact that the radio and X-ray emission are spatially@dent in the shells of Circi-
nus resembles the morphology that is observed in some SNIpases the question of
how similar the underlying physical processes are. Givahwe do not observe non-
thermal emission in the X-rays in the shells of Circinus Wweido see edge-brightening
in radio, we investigate whether this enhancement of thms reghchrotron emission



106 CHAPTER 4. THE CIRCINUS GALAXY

in Circinus can be fully accounted for through a shock-driemhancement of the
B field strength, similar to what has been observed in ongoluster mergers (e.g.
Markevitch et al. 2005van Weeren et al. 20)0 The configuration of the magnetic
field in Circinus is not very clear. The argumentEimouttie et al.(19983, stating
that the dominant component of the magnetic field in the shallCircinus seems
to be predominantly radial (perpendicular to the shocktfrparallel to its direction
of propagation) is based on polarization maps and is not seong. Other systems
such as NGC 1068/iilson & Ulvestad 1987 Simpson et al. 2002and NGC 3079
(Duric & Seaquist 198Bindicate that fields tangential to the shock front (perpeund
lar to the direction of propagation of the shock) are morerofound in radio galaxies.
Both radial and tangenti& field configurations can be found on SNR (see Bline
1987, but only the component that is tangential to the shocktfidoompressed by it.
Compressed magnetic fields have been found around the ¢eadges of FR | radio
galaxies Guidetti et al. 20112012 from rotation measure analysis, suggesting that,
given the right conditions (a component to the magnetic fiatiyential to the front
and a strong shock) this phenomenon may be common to mangdawe+ systems.

To investigate whether this shock-driv@renhancement could be enough to ac-
count for the enhancement in radio emission, we must caiewhlether the jump in
emissivity (of a factor of at least 40) observed between tiedls and the gas just
outside them can be explained by this mechanism. The sytmohremissivity of a
powerlaw distribution of electrons is given by :

p
2

J() = CNp =B (4.3)
whereC can be assumed constaN, is the normalization of the relativistic electron
spectrum, andg—1)/2 = a. If we assume tha is tangential to the shock front, apply-
ing the Rankine-Hugoniot conditions for a strong shock It8sa Bspeis/ Beircinus,,
Pshelis/ Peircinus,,» Which, substituting the values from Tablds? and 4.3, results in
Bshelis ~ 1.1-3Bcircinus.«- 1N EQ. 4.3 Ny is proportional to the electron density, but given
that the electron density depends on the energy densitgjvatiales with the temper-
ature in the shock, we have the8§ sheis/No.ext & (Oshells/ Ocircinuse) (Tshelis/ Tcircinuss) ™
Substituting the values from Tablds2, 4.3 and 4.4 we can calculate the emissiv-
ity jump. Taking only the values for the W shell, which aretbetconstrained, we
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see thatr ~ 0.70-094 andTspey ~ 0.69 — 0.81 keV. If Tcircinug,, = 0.2 keV, us-
ing the densities from Tables2 and 4.3, we have fsheis/ Ocircinus,,,) ~ 1.1-17, and
(Tshes/ Teircinus,) ~ 3-5—41, thus Oshens/ Joircinus,) ~ 7—68. If Tcircinus,, = 0.3
keV we have gsheis/Ocicinus,y) ~ 1.9-30, and Tshens/ Tcircinus,) ~ 2327, thus
(Jshetls/ Jcircinus,,) ~ 18—164.

These results show that shock-compression alone coulddagbrio fully account
for the enhancement in radio synchrotron emission if thelitams are favourable (a
strong shock and a magnetic field tangential to the shock)frétnis likely that, even
in the best conditions, there is a component of the magnetat that is perpendicular
to the shock front. Our results do not preclude local patetceleration—it is in
fact needed if the conditions at the shock are not ideal—leukmow that any particle
reacceleration is notfiécient enough to power synchrotron emission in the X-rays.

When making the parallel between the shells of Circinus ahdtws observed in
SNR, some caution must be exercised. In young SNR wBdreld amplification is
observed, it is mediated byfeient particle acceleratiowlk et al. 2009. It seems to
be clear that, in most cases, field compression alone cacomtat for the acceleration
of cosmic rays that is observed in SNR, which are in fact thenreaurce of Galactic
cosmic rays. The field amplification in SNR is much larger thia® enhancement
expected from shock compression alone, given that the satiB in SNR tend to
be of the order of mG\(ink & Laming 2003, 2-3 orders of magnitude higher than
the values found in spiral galaxies, where typical valuegtie ISM of the disk are
~ 10 uG, (see e.gBeck et al. 1996Vallée 2011 Hummel et al. 1991Beck et al.
1994. Synchrotron losses also become substantial at the vafuBgound in most
SNR. Rayleigh-Taylor instabilities at the shock fro@up et al. 201 seem to be
present in most SNR. While Rayleigh-Taylor instabilitieaynbe behind some of the
B enhancement in shock shells around radio galaxy lobes)gstnstabilities are not
expected to develop until the jet has switchdétiand the radio lobes have become
buoyant (see e.@riiggen & Kaiser 200)L

The fact that the spectral index in the hotspots of Circisutatter than that of the
lobes suggests that there is spectral ageing of the symghreinission, evolving radi-
ally outwards from the hotspots. In the model we discuss tierelectron population
in the shells, however, must come from electrons from theraal medium swept up
in the shock. These electrons are already relativistic, agkmow from synchrotron
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observations of the haloes of spiral galaxies (seekegk et al. 199% We cannot
directly measure the spectral index of the emission outfideshells, since it is too
faint. However, we studied the spectral index in the disk] found a valuex ~ 1.
This value is similar to that found in the shells, hintingtttas is the spectral index
of the electron population outside the shells as well. Thiwiges additional support
to the idea that the halo electrons swept up in the shock drgtromgly reaccelerated,
since that would flatten their spectral index, and that thenmeechanism behind the
enhanced synchrotron emission in the shells we observeeinatio maps is indeed
a B field enhancement. The thermal nature of the X-ray emissidhe shells also
supports the hypothesis of shock compression as the dotmirerhanism behind the
radio emission enhancement.

We carried out equipartition calculations for the shelig] éound that, under those
conditions, the pressures we derive are over an order of muagrbelow our measure-
ments. This suggests that the shells are not in equipar@tl that the contribution
to the total energy density from the synchrotron-emittileg®ons is not the dominant
one. This is to be expected, since the spatial coincidentveckea the X-ray emitting
hot gas and the synchrotron-emitting plasma implies thayt toexist in this region,
and the former component is expected to dominate the energgitgl.

As mentioned above, compressed magnetic fields may be cortoriow-power
radio galaxies. Given that field enhancement through shookpecession does not
preempt particle acceleration, it is likely that in mostteyss a combination of both is
responsible for the observed emission. An accurate measumteof the spectral index
and emissivity of the electrons outside the lobes, andéttay statistics for both the
shells and the external environment, would allow us to estrthe contributions from
both processes in Circinus and in other systems. In the dasestems more similar
to Cen A, where patrticle acceleration seems to be causinghsyimon emission in the
shells, all the way to the X-rays, constraints on the magriietid in the shock, e.g. via
rotation measure analysis, asGuidetti et al(2011), could be used for estimations on
the contribution to the emission caused by magnetic fieldpzession.

Our results suggest that the parallel between the jet+ashecks of low power FR
| galaxies and those of SNR, where a similar morphology anaesof the same phys-
ical processes can be expected, is more common than we psgvtbought. The fact
that it has only been observed in Circinus is mainly due tcsthall distance between
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this galaxy and our own, which allows us to spatially resahese structures, and ob-
serve their characteristics with the level of sensitivitypor current instruments. This

is particularly relevant for more distant low-power radedaxies in general, and those
with late-type hosts in particular. It is also significant fbe edge-brightening in the

radio lobes of Mrk 6 Kharb et al. 2006Mingo et al. 201}, which could be explained

through this mechanism. As pointed out in Sectfbd.2 the shock results suggest
that we are facing a scenario similar to the one we found in I88L, suggesting that

some of our conclusions may apply to this object, as well assiply, to NGC 6764.

4.5 Conclusions

We have presented a detailed analysis of the X-ray emissisocated with the ra-
dio lobes of the Circinus galaxy. Our de@handraobservation has allowed us to
study both the morphological correspondence between eadioK-ray emission, and
the X-ray spectral properties of the gas in these structuMés conclude that we are
observing shells of shocked gas around the radio lobes ofnds, expanding into
the halo regions of the galaxy with Mach numbafs~ 2.7-36 for the W shell and
M ~ 2.8-53 for the E shell, consistent with the Rankine-Hugoniot ¢bors for a
strong shock.

We rule out the possibility that this emission is caused byNA@hotoionization,
and discard the scenario in which the radio structures areeult of star formation or
a supernova-driven wind; instead we argue that they areeddusthe interaction of a
radio jet with the surrounding gas. The total energy (théamd kinetic) involved in
the creation of these shells-s2 x 10°° erg. We estimate their age to bel(® years.
From these parameters we infer the kinetic luminosity ofigtiewhich is~ 10" erg
s1. When comparing these results with those previously obthfor Cen A, Mrk 6
and NGC 3801, we observe that they scale with the radio pofntbesource.

The presence of two symmetrical structures resemblingejatination points or
“hotspots”, together with the slightly flerent X-ray spectra and flattening of radio
spectral index in these regions, suggests that the radmoggtstill be active, even if it
is not visible. This suggests that “invisible” jets may be aremacommon occurrence
among Seyfert and late type galaxies than previously thipggren that it is dificult
to separate the fferent radio structures in galaxies with active star fororgtivhen
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the radio bubbles are faint or their orientation is simitathat of the disk. This opens
new questions on the role of low radio luminosity, star-forga active galaxies, which
are often ignored in survey studies.

In Circinus the X-ray and radio emission from the shockedlshee spatially coin-
cident. This, added to the fact that the radio emission igdatgyhtened, allows us to
draw a parallel between these structures and what is olzsgrgeipernova remnants:
the radio emission from the shells comes from shock-corspresr (re)accelerated
cosmic ray electrons in the environment, but particle aredion, if present at all, is
not dficient enough to produce TeV electrons, so that only thermmagson is ob-
served in X-rays. This correspondence has been long expémtéAGN, given the
similarity between the physical processes involved in SN jat-driven shocks, but
has not been unequivocally observed before. We believedkizario may be common
to other low-power radio galaxies, and potentially vergvant to those with late-type
hosts, but can only be observed where we are able to spatablve the dierent
structures, something that has been achieved for Circinegalits proximity to us.



Chapter 5

The 2Jy sample of radio-loud AGN

5.1 Introduction: the 2Jy sample of Southern radio galax-
ies

The 2Jy sample of radio galaxiesas defined by Wall and Peacock in 19884( &
Peacock 198k Itincludes all the galaxies with flux greater than 2Jy &@Hz, with a
maximum redshift 20.7. Tadhunter et al(1993 andMorganti et al.(1993 defined a
subsample of Southern sources with +10° with a complete radio and optical study.

In this Chapter | describe the objects in a statistically ptate subsample of the
2Jy steep-spectrum sources definedimken et al (2008, containing 47 objects with
with § < +10° and redshifts @5 < z < 0.7. Particle acceleration in the jet causes the
radio spectrum to flatten, thus the steep-spectim .5) selection oDicken et al.
(2008 excludes core and jet dominated sources Adfaken et al.(2009, we have
also included the flat-spectrum, core-dominated source7and PKS 0521-36
for comparison. The subsample studied here has consiatefirm multiwavelength
coverage. Chapté&describes in detail the analysis done on the cores of thésega

All the AGN in this subsample have X-ray observations sav@®#S 0117-15 (3C
38), which, unfortunately, was not observed ¥yIM-Newton The list of galaxies
in the sample and théhandraand XMM-Newtonobservations are listed in Taldel
Most of the observations were taken specifically for thiggopChandraobservations
were requested for the lowsources to map any extended emission (jets, hotspots,

Thttp://23y. extragalactic.info/2Jy_home_page.html
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lobes and any emission from a hot IGM for sources in dense@mwvients). For the
sources withz > 0.2, where extended structures cannot be resolved, we reguest
XMM observations instead, to maximise the signal to noise oditibe AGN spectra,
so as to allow spectral separation of the unresolved conmene

From a radio classification point of view, the sample is dated by powerful
sources, with 6 objects being FanfirRiley type | (FR 1), 8 compact sources (compact
steep-spectrufgigahertz peaked-spectrum, labeled as CSS/a), @nd 32 Fanaft
Riley type Il (FR II) (Morganti et al. 19931999. As for emission line classification,
10 sources are LERGs, 19 are NLRGs, 13 are BLRGs and 4 are Q&@s.fiter et al.
1993 1998. Two of our BLRGs (PKS 0035-02, or 3C 17, and PKS 1151-34ehav
double-peaked Balmer lines, which have been a matter ofteebgarding the possi-
bility that they are generated in radiatively-ffieient scenarios (see elgracleous &
Halpern 1994 Nagao et al. 2002 Recent results, however, seem to indicate that, at
best, double-peaked lines are common to radiativelfficient and éicient sources
(Wu & Liu 2004), if not a sign of radiatively fiicient accretion, as ordinary broad lines
are (see e.g. the review Bulentic et al. 2000

The 2Jy sample does not overlap with the 3CRR catalogue odibe diterent lo-
cation of the sources (the 3CRR catalogue covers sourche Mdrthern hemisphere,
6 > +10°). Some of the brightest sources are included in the orig@@atatalogue,
as is the case for e.g. the quasar 3C 273 (PKS 4225 Although we have excluded
core-dominated sources (to minimise thigets of beaming, and with the exception of
PKS 0521-36 and 3C 273, which we kept for comparison), thesBction is estab-
lished for a higher frequency than the 3CRR sample, whicHigaphat, overall, more
beamed sources are selected for the 2Jy sample than they dne BCRR. Some of
the implications of this fact are discussed in Sectoh

Throughout this and the next Chapter | have kept the existpigal line classi-
fications for the objects in both the 2Jy and in the 3CRR sasnpte consistency,
but point out when evidence suggests that this classificétties the true nature of a
specific object.
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Table 5.1:0bjects in the 2Jy sample observed wthandra(ACIS-S except for PKS 0625-53 and
PKS 2135-14, which were taken with the ACIS-I) aXiiM-Newton(MOS and PN). FRI and FRII
stand for Fanar@-Riley class | and Il respectively, CSS stands for compastspectrum, BL-LAC
for BL-Lacertae object.

PKS FRClass Type z  Instrument Obsid Exp (ks)
002326 CSS NLRG 0322 XMM 0671870601 19.55
0034-01  FRIl LERG  0073Chandra 02176  28.18
0035-02  FRIl BLRG 0220 Chandra 09292 804
0038:09 FRII BLRG 0188 Chandra 09293 805
0039-44  FRII NLRG 0346 XMM 0651280901 20.57
0043-42  FRII LERG  0.16Chandra 10319  18.62
0105-16  FRII NLRG 0400 XMM 0651281001 21.27
0213-13  FRII NLRG  0.147 Chandra 10320  20.15
0235-19  FRIl BLRG 0620 XMM 0651281701 13.67
0252-71  CSS NLRG 0566 XMM 0651281601 19.17
034705 FRII LERG 0339 XMM 0651280801 16.47
0349-27  FRII NLRG 0066 Chandra 11497  20.14
040403  FRII NLRG 0089 Chandra 09299  8.18
0409-75  FRIl NLRG ~ 0.693 XMM 0651281901 13.67
0442-28  FRII NLRG  0.147 Chandra 11498  20.04
0521-36 @) BL-LAC/BLRG 0.055 Chandra 00846  9.87
0620-52  FRI LERG  0051Chandra 11499  20.05
0625-35  FRI LERG  0055Chandra 11500  20.05
0625-53  FRII LERG  0054Chandra 04943  18.69
0806-10  FRII NLRG ~ 0.110Chandra 11501  20.04
0859-25  FRIl NLRG 0305 XMM 0651282201 13.85
091511  FRI LERG  00s4CNANdra 04969 98.2

Chandra 04970  100.13
0945:07  FRII BLRG  0.0gs Chandra 06842 3017
Chandra 07265 20.11

Chandra 02138 9.82

1136-13  FRIl Q 0.554

Chandra 03973 77.37
115134 CSS Q 0.258 XMM 0671870201 18.67
1226+02 FSRLQ Q 0.158 XMM 126700601 27.19
1306-09 CSS NLRG 0464 XMM 0671871201 22.67
1355-41  FRIl Q 0.313 XMM 0671870501 14.97
1547-79  FRIl BLRG 0483 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 0154 Chanda 05796 48.17

Chandra 06257 50.17
1733-56  FRIl BLRG  0.098 Chandra 11502  20.12
1814-63 CSS NLRG  0.063Chandra 11503  20.13
1839-48  FRI LERG  0.112Chandra 10321  20.04
1932-46  FRIl BLRG 0231 XMM 0651280201 13.18
1934-63 CSS NLRG  0.183Chandra 11504  20.05
1938-15  FRII BLRG 0452 XMM 0651281101 18.17
1949:02  FRII NLRG 0059 Chandra 02968  50.13
1954-55  FRI LERG  0.060Chandra 11505  20.92
2135-14  FRII Q 0.200 Chandra 01626  15.13
213520 CSS BLRG  0.635 XMM 0651281801 17.57
2211-17  FRII LERG  0.53Chandra 11506  20.04
2221-02  FRII BLRG  0.057 Chandra 07869  46.20
2250-41  FRII NLRG 0310 XMM 0651280501 13.67
2314:03  FRII NLRG 0220 XMM 0651280101 2167

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 analySadndraobservations for the love-
sources in our sample. Four lamsources (PKS 040403, 1814-63, 2135-14, 2221—
02) haveXMM observations that we did not use, since @tendraimages provided
all the information needed for the analysis described inpB#r®.

The following subsections briefly describe the images aedtsa of the 2Jy sources
imaged byChandrg with the exception of PKS 122®2 (3C 273), which was the first
object to be identified as a quasar, and as such has beenghbrastudied in the past
(see e.gSoldi et al. 2008Jester et al. 2002006 Liu & Zhang 2011 and references
therein).

All the X-ray images correspond to ACIS-S observations pké@ PKS 0625-53
and PKS 2135-14, which were taken with the ACIS-I. The imdge® been filtered
to show just the 0.3-7 keV energy range, and are smoothedam®aussian profile
with o = 3 pixels (1 pixek0.492 arcsec), to better show the extended structures. The
original radio maps can be foundliforganti et al (1993 1999 and references therein.
No radio contours are shown in Figs.18 (PKS 1814-63) an8.20(PKS 1934-63),
since these are compact steep-spectrum sources (CSS) @mad@&xtended radio
structures.

PKS 0034-01 (3C 15)

PKS 0034-01 has a radio morphology that is intermediatedsithat of an FR | and
an FR Il. The host galaxy sits in a relatively sparse envirentyand it does not appear
to be disturbed or interactinfRtmos Almeida et al. 20)®ut it has a dust lané/artel

et al. 1999. TheChandraobservation shows a 6 kpc one-sided jet (for a detailed study
seeDulwich et al. 2007, which is also detected in radi®pErganti et al. 199pand the

Ks band (nskip et al. 201D There is also some X-ray emission coincident with the
edges of the radio lobe&étaoka et al. 2003 hinting at a possible jet-driven shock,
similar to the ones we studied in e.g. Cenkdft et al. 2003 Croston et al. 200%or
Mrk 6 (Mingo et al. 201). Although this object is classified as a LERG, in our plots it
is near the luminosity break between LERGs and NLRIGS (1ocev = 6.6 x 10*2 erg
s1, see Tablé.1). Its spectrum is relatively obscured{ ~ 10?3 cm~2), and requires
two powerlaw components. We do not detect a Fe kae, as we did for PKS 0043-
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42. Itis unclear whether PKS 0034-01 is a “true” (albeit saimazt atypical) LERG, a
low-luminosity NLRG, or an intermediate case. The abserfieetorus {an der Wolk
et al. 2010 seems to point towards the first possibility, though itsrpavironment
makes it dificult to explain where the hot gas for a radiatively-accresoenario might
come from, given that it does not show evidence for any restmtformation either
(Dicken et al. 201}
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Figure 5.1: PKS 0034-01 (3C 15). The radio contours increggactors of 2 between
0.0001 and 0.0128 Jyeam, 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 environmétdarios Almeida et al. 20)0 We
do not detect a luminous intracluster medium, but there sdenbe some extended
emission around the AGN in our images. Its X-ray spectrumrighl (we had to
correct it for pileup), and is well described with a singleyeolaw component, with no
traces of intrinsic absorption, as is expected for mostdioee objects.
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Figure 5.2: PKS 003809 (3C 18). The radio contours increase by factors of 2 betwee
0.007 and 0.112 Jgeam, the beam major axis is 4.37 arcsec, and the minor &3ds
arcsec.
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PKS 0043-42

PKS 0043-42 seems to live in a dense environmieatr{os Almeida et al. 20)0from
which we detect some faint extended emission in @handraimage. (nskip et al.
2010 report a possible interaction with a nearby companiontato morphology is
very extended, and typical of a powerful FR II, with strondgdpmts and no detectable
radio core organti et al. 1999 Although it is classified as a LERG, PKS 0043-42
is most likely a high excitation object where the strong eiois lines are simply not
detected. Ramos Almeida et al. 20)}@ind distinct evidence for a clumpy torus in
their Spitzerdata, and its X-ray spectrum shows clear signatures oftreelyaefficient
accretion, in the form of a bright hard component and a Feénission line. Its high
luminosity situates this object in the parameter spacemedlby the fainter NLRGs
in our plots.
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Figure 5.3: PKS 0043-42. The radio contours increase bypifacf 2 between 0.0008
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PKS 0213-13 (3C 62)

This NLRG has an optical shell and a narrow tidal t&édh(nos Almeida et al. 20)0
The Chandraimage features a very bright hotspot W of the nucleus, cderdi with
the radio emission, and some enhanced emission insidetés, I[possibly from inverse-
Compton scattering. The spectrum is dominated by the harghboaent, with the soft,
jet-related component being very faint.
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Figure 5.4: PKS 0213-13 (3C 62). The radio contours incregdactors of 2 between
0.003 and 0.192 Jgeam, 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 1l galaxy has some remarkable opticatdess, including an

extended narrow line region and bridges connecting it to neighbouring galaxies
(Ramos Almeida et al. 2010nskip et al. 201D In our Chandraimage we detect
some extended emission in the E-W direction, which coulddsecated with the op-
tical bridges linking the host to the other galaxies or a hediam. We also see a
faint enhancement of the emission inside the lobes, and laaneement in emission
with a slight dfset with the NE radio hotspot. The X-ray spectrum shows viéihg |

absorption and is completely dominated by the hard compgonenwere only able to

obtain an upper limit on the jet-related powerlaw (see Taklg
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Figure 5.5: PKS 0349-27. The radio contours increase byifact 2 between 0.0004
and 0.1024 Jpeam, the beam major axis is 3.38 arcsec, and the minor aRi§2s
arcsec.
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PKS 040403 (3C 105)

The host of PKS 040403 has been studied in detail in the optical and IR (se&ip

et al. 2010 and references within), despite the presence of a neasbyistl the high
foregroundNy column. van der Wolk et al(2010 failed to detect a dusty torus in
this system. Th&handraimage shows some emission coincident with the SE radio
hotspot. The spectrum is somewhat atypical, with highmsta 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 040403 (3C 105). The radio contours increase by factors of 2 be-
tween 0.0003 and 0.3072/gam, 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, partigusair-
rounding the base of the N radio lobe, although there aredioations of it belonging
to a cluster Ramos Almeida et al. 20)0 There is also some X-ray emission inside
the lobes, presumably from inverse-Compton scatterindjadsright region coincident
with the N hotspot. The spectrum is very bright, with low insic absorption and a
strong accretion-related component. There seems to be exeress emission around
5-6 keV, indicating the possible presence of a Fe Kae, 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 byifadf 2 between 0.001
and 0.128 Jgpeam, the beam major axis is 1.02 arcsec, and the minor agisés
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PKS 0521-36

PKS 0521-36 is a very bright BL-LABLRG (seelnskip et al. 2010and references
therein). TheChandraimage features a large streak, and is quite piled up. The spec
trum is well described with a single, unabsorbed powerlavexected from this type

of object.
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Figure 5.8: PKS 0521-36. The radio contours increase byifaaf 2 between 0.02
and 2.56 Jypeam, the beam major axis is 1.18 arcsec, and the minor &igdsrcsec.
The instrumental streak is visible in the NE-SW direction.


2Jy/0521_2.ps

5.2. THE LOW-Z SOURCES 127

PKS 0620-52

This LERG has the lowest redshift in our sample, and showdeawe for a young
stellar populationicken et al. 201 Although its optical morphology is not dis-
turbed Ramos Almeida et al. 20)0the presence of numerous nearby galaxies, and
the fact that we detect extended emission in @bandraimage, make us agree with
the hypothesis oEiebert et al(1996; Trussoni et al(1999 that this object sits in

a rich cluster. The emission is slightly stronger along tbatBern edge of the radio
lobes. Its spectrum is quite faint; we were able to detecfiaitite soft component, but
obtained only an upper limit on the accretion-related eiminss



128 CHAPTER 5. THE 2JY SAMPLE OF RADIO-LOUD AGN

40:30.0
L
-52:41:00.0 , # |
c
il
©
= 30.0[ [
(&) L
(0]
o
42:00.0 7
30-0_.;|i....|...|-'...|--....|...|'."..|_.

48.0 46.0 44.0 42.0 6:21:40.0 38.0 36.0
Right ascension

Figure 5.9: PKS 0620-52. The radio contours increase bypifacf 2 between 0.0005
and 0.1280 Jypeam, the beam major axis is 2.64 arcsec, and the minor a%i$3s
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PKS 0625-35

This object is suspected to be a BL-Lad/i(ls et al. 2004. It has a one-sided jet
(Ramos Almeida et al. 201 0nskip et al. 201 and it does not seem to be interact-
ing. The presence of a cluster environment around it is atsabear {Trussoni et al.
1999. Although optically classified as a LERG, it is clear fromralata that this
is not a “standard” low-excitation object. Tl&handraimage shows a large streak,
and is piled up. The spectrum is very bright, with some isidgrabsorption and two
powerlaw components. In our plots PKS 0625-35 sits nearmtivdudminosity end of
the NLRGs, its accretion-related luminosity being onlydvelhat of PKS 0043-42
and PKS 0034-01, which are both “dubious” LERGs. Beaminghtragcount for the
enhanced luminosity.
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arcsec. The instrumental streak is visible in the N-S divect
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PKS 0625-53

This LERG is hosted by a dumbbell galaxy, which is also thghigst member in
Abell 3391. It has an FR | radio morphology with a wide-angiaidl (Morganti et al.
1999 and a deflected jet. The optical images show a bridge ofantiem with the
W component of the dumbbell systerRgmos Almeida et al. 20)0and a strong
nuclear component is not detected in the IRsKip et al. 201)) consistent with the
classification as a low excitation object. TGBhandraimage shows emission around
the galaxy from the hot ICM. The nucleus is very faint in X-sapur spectrum only
has one bin, which allows us to constrain an upper limit tddin@nosity.
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Figure 5.11: PKS 0625-53. The radio contours increase hgrfaof 2 between 0.0007
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PKS 0806-10 (3C 195)

The optical and IR images of this galaxy show clear signs studbancel(skip et al.
2010 Ramos Almeida et al. 20)0 Our Chandraimage shows some enhancement
in emission at the base of the radio lobes, and hotspots teatpatially coincident
with the radio emission\jorganti et al. 1998 the Southern one being the stronger of
the two. The spectrum is bright, with a strong accretioatesl component and some
intrinsic absorption.
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Figure 5.12: PKS 0806-10 (3C 195). The radio contours irsgday factors of 2
between 0.001 and 0.064/Bgam, 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 afich cluster and is
one of the most powerful local radio sources (seeleage et al. 2004and references
therein). The optical emission lines are very weak, and thmKd imaging does not
show a nuclear point sourcegkip et al. 2010 It also shows evidence for recent star
formation Qicken et al. 201), which is not common in cluster-centre galaxies, but
can be attributed to a recent mergBiamos Almeida et al. 201@eport the presence
of a dust lane). Th€handraimages show the hot gas emission from the ICM, as well
as emission associated with the lobes (seeHagdcastle & Croston 201 @itti et al.
2011, Kaastra et al. 20Q4and references therein). The AGN is very faint in X-rays,
and its spectrum has a rather peculiar shape, possibly fecdicontamination from
thermal emission that our region selection cannot fullyedrfor. This situates Hydra
A slightly apart form the bulk of the LERG population in ouragrams, relatively
close to the LERBHERG divide. The intrinsidNy and the soft emission are rather
well constrained, but the error in the normalization of tla@dhpowerlaw component
Is quite large, which is reflected in the large error bars inpglots.
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Figure 5.13: PKS 0915-11 (3C 218, Hydra A). The radio cordgancrease by factors
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PKS 0945+07 (3C 227)

This is a well-known BLRG ldardcastle et al. 1993awith a very extended optical
emission line regionKrieto et al. 1998 The Chandraimage shows some enhanced
emission inside the radio lobdgl¢rganti et al. 199§ definitely from inverse-Compton
scattering, as reported Ibyardcastle et a20079, and bright X-ray emission coinci-
dent with the radio hotspots, particularly for the E struetu The spectrum is very
bright, and requires pileup correction and some care whiectsgg the extraction re-
gion (there is a faint streak in the image). It is well modeNeth two powerlaws and
low, but well constrained, intrinsic absorption.
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Figure 5.14: PKS 094807 (3C 227). The radio contours increase by factors of 2
between 0.004 and 1.024/Bgam, the beam major axis is 2.04 arcsec, and the minor
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PKS 1559+02 (3C 327)

The host galaxy of this NLRG is very massive, and seems to&aifercated dust lane
(Inskip et al. 201pRamos Almeida et al. 20)0which crosses the nucleus. Its radio
morphology is extended and well knowdgrganti et al. 1998 with the E lobe being
much brighter than its W counterpavian der Wolk et al(2010 report a large infrared
excess that extends beyond what is expected for a torus Chhaadraimage shows
a very bright nucleus, which is close to the edge of the S3.clilpere is enhanced
emission within the E lobe, most likely from inverse-Compgzattering llardcastle
et al. 2007y, with two bright spots coinciding with the E radio hotspdhere seems
to be some enhanced emission in the W lobe as well, but sirfallsiin one of the
chips without retro-illumination it is hard to quantify. @hspectrum is best fit with
two components and low intrinsic absorption, and a Fe &mission line. As for PKS
0409-75 (Sectiob.3), it is remarkable that the Fe line is detected despite tinérfass
of the accretion-related component.
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Figure 5.15: PKS 155002 (3C 327). The radio contours increase by factors of 2
between 0.0002 and 0.0256Wgam, 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 @dpertiesilorganti

et al. 1993. Dust features are detected in the optical imagd&si{os Almeida et al.
2010, and it seems to be at the centre of a cooling flow, and theslskem to be
driving a shock into the ICMNulsen et al. 2005b), which is evident in th&€handra
image, where there is clear emission from the hot ICM, witlower density in the
regions corresponding to the radio lobes. The nuclear Xspwctrum is very faint,
with soft emission being the main contributor. We were oryeato constrain an
upper limit for the hard component.
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Figure 5.16: PKS 164805 (3C 348, Hercules A). The radio contours increase by
factors of 2 between 0.002 and 0.256hBam, the beam major axis is 0.14 arcsec, and
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PKS 1733-56

The host galaxy of PKS 1733-56 shows clear evidence of retarformationDicken
etal. 20122009, and a disturbed optical morphologygdmos Almeida et al. 201(-
skip et al. 201) probably caused by interactions within the dense fielthiabits. The
Chandraimage shows someftlise emission, which could correspond to a hot ICM,
and an enhancement in emission coincident with the radigpoté. The spectrum is
very bright, and had to be corrected for pileup. It is alsaetypical of a BLRG,
with low intrinsic absorption which does not allow us to diguish clearly between
both components. There is a faint exces8 keV which could be related to a Fe K-
emission line, but adding an extra component does not inepitoe fit.
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Figure 5.17: PKS 1733-56. The radio contours increase hgrgaof 2 between 0.004
and 0.256 Jfpeam, the beam major axis is 2.25 arcsec, and the minor agi®0s
arcsec.
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PKS 1814-63

PKS 1814-63 shows clear traces of an optical disk and a dustfRamos Almeida
etal. 201QInskip et al. 201) which is atypical for a system with this radio luminosity
(Morganti et al. 201). It also shows evidence for starburst activii¢ken et al. 201p
and has an extended emission line regidal{ et al. 20082009. TheChandraimage
shows no traces of an ICM. The spectrum is bright and dominbjea relatively
unobscured hard component, as typical for NLRGs. It als@t@s K« emission line.
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Figure 5.18: PKS 1814-63. This source has no extended radictsres.
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PKS 1839-48

This FR | is another example of a cluster-embedded LER@n{os Almeida et al.
201Q Tadhunter et al. 1993 van der Wolk et al(2010 report no detection of a
dusty torus, which is consistent with the classificationhi$ bbject as low-excitation.
Although not as dense of that of Hydra A or Hercules A, therensssion from the
ICM in the Chandraimage. Its X-ray spectrum has a relatively bright soft comgrd,
but no traces of accretion-related emission, for which wesvemly able to constrain
an upper limit.
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Figure 5.19: PKS 1839-48. The radio contours increase higrfaof 2 between 0.001
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PKS 1934-63

This source has a compact radio cotgha et al. 200 and is optically very blue
(Ramos Almeida et al. 20)0as well as being part of an interacting galaxy pkiskip

et al. 2010. It also shows evidence for infalling gaddlt et al. 20082009. Its radio
spectrum is self-absorbed, and thus we could only derivgpaemdimit to its 178 and
151 MHz fluxes. The&Chandraimage shows no signs of extended emission, only the
compact source that coincides with the radio core. Its Xspgctrum is dominated
by the soft component, and we are not able to disentangletdeucing column from
the hard component, nor do we detect the Fa Keported byRisaliti et al. (2003
from theirBeppo-SAXobservations. It is possible that this object is heavilyonioed,
although we do not see an excess in IR emission to support this



148 CHAPTER 5. THE 2JY SAMPLE OF RADIO-LOUD AGN

42:20.0[
L E .

30.0[ - .

400 N

Declination

50.0" N

~25 kpc

-63:43:00.0[ 7]

100 N

I R T T S B R AP R R B
29.0 28.0 270 26.019:39:25.024.0 23.0 220 210

Right ascension

Figure 5.20: PKS 1934-63. This source has no extended radictsres.
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PKS 1949+02 (3C 403)

PKS 1943-02 is a NLRG with an X-shaped radio morphology, and as suchsitieen
studied in some detail (ségamos Almeida et al. 201@nd references therein). The
Chandraimage shows some enhancement that could correspond to @ eheasum,
and two hotspot features to the E of the core spatially cderdi with the radio emis-
sion. Some emission can also be observed close to the W ratipdt. The X-ray
spectrum has also been studied in detaib(t et al. 2005 Balmaverde et al. 2008it

is dominated by the hard component, rather obscured, aradialvery prominent Fe
K-a emission line.
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Figure 5.21: PKS 194002 (3C 403). The radio contours increase by factors of 2
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PKS 1954-55

PKS 1954-55 is also located in a rich environmé&rfios Almeida et al. 20)0which
is detected in X-rays, particularly at the base of the radbes. The X-ray spectrum
of this LERG is rather faint, and only a soft component is diete.
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Figure 5.22: PKS 1954-55. The radio contours increase ligrigof 2 between 0.004
and 0.064 Jpeam, the beam major axis is 2.43 arcsec, and the minor agi2%
arcsec.
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PKS 2135-14

The host of PKS 2135-14 has a close disk galaxy compafam¢@s Almeida et al.
2010, and a disturbed morphology. Ti@handraimage shows some extended emis-
sion around the nucleus, but given the brightness of this @S©difficult to tell
whether that emission is from the PSF or a real ICM. The spetof this source had
to be corrected for pileup. It has two distinct components ssme intrinsic obscura-
tion. There is some excess above 5 keV which we have not béemcatmodel.
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Figure 5.23: PKS 2135-14. The radio contours increase ligraiof 2 between 0.004
and 0.128 Jfpeam, the beam major axis is 5.46 arcsec, and the minor a8i87s
arcsec. The instrumental streak is visible in the NE-SWatiioe.
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PKS 2211-17 (3C 444)

PKS 2211-17 is another example of a cluster-embedded LER@& ¢s Almeida et al.
201Q Inskip et al. 201D 1t is classified as an FR I, but its morphology is almost
intermediate between both FR classes. We detect a very tdehbeith clear cavities
corresponding to the radio lobes, which are driving a sh@rkgton et al. 201)1 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 irsgday factors of 2
between 0.001 and 0.016/Bgam, 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.€ahy et al. 199;/Morganti et al. 1993

It has a very bright nucleus in the K bandgkip et al. 201pand an extended emission
line region Balmaverde et al. 2008It seems to be interacting with a close companion
(Ramos Almeida et al. 20)0The radio hotspots are detected®yandrg though they
are very far apart, and the Northern one falls outside of Bhelfyp. There seems to be
some enhanced emission around the nucleus as well. The 3geayrum is bright, but
not heavily piled up. The hard component dominates, and wextla rather prominent
Fe K-« emission line.
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Figure 5.25: PKS 2221-02 (3C 445). The radio contours irsgday factors of 2
between 0.004 and 0.032/Bgam, the beam major axis is 2.40 arcsec, and the minor
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PKS 2356-61

The host of PKS 2356—61 shows signs of a past mefgem(os Almeida et al. 20)0
Itis very radio powerful and has large hotspots and sh8ll(ahmanyan et al. 1996
which are also detected in o@handraimage. There is X-ray emission around the
source and at the base of the lobes which could be relatedaid@M. This NLRG has

a spectrum clearly dominated by the accretion-related ocompt, with a noticeable Fe
K-a emission line.
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Figure 5.26: PKS 2356-61. The radio contours increase hpriaof 2 between 0.02
and 0.64 Jypeam, the beam major axis is 7.16 arcsec, and the minor a&Bdsarcsec.
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5.3 The high-z sources

As mentioned in Sectioh.], for the sources with.2 < z < 0.7 we usedXMM-Newton
observations. The following Subsections describe thetsgpaad environmental prop-
erties of these objects. Images are not provided, sincedbeayt provide any addi-
tional insight on the extended structures and environnriteese galaxies, given the
lower spatial resolution of thEMM instruments as compared @handra

PKS 0023-26

This object seems to be inhabiting a dense environniemins Almeida et al. 20)0
We detect withXMM another active galaxy (MRSS 473-05209&8)0 arcsec away
from the source. PKS 0023-26 also seems to have a young gtefialation Dicken
et al. 2012, and redshifted HI emission consistent with infalling géslt et al. 2008.
Its X-ray spectrum is quite typical for what is expected inR{&s, 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 interactiRgnios Almeida et al.
2010. It has an interesting radio morphologyi¢rganti et al. 1999 with a bent jet and
several hotspots, also detected in the Ks bamsk{p et al. 201) Its optical spectrum
shows double-peaked Balmer lines. T@leandraimage shows the jeffassaro et al.
2009, and there seems to be some extended emission around teasdts spectrum
shows two distinct components and some intrinsic absarptichich 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 ie\ed to have two
componentsRamos Almeida et al. 20)0which are not resolved in oMM images.

Its X-ray spectrum is bright, with two distinct componergsme intrinsic absorption
and a prominent Fe K-line.
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PKS 0105-16 (3C 32)

This galaxy seems to be interacting with a nearby neighb@am(s Almeida et al.
2010. The spectrum we extracted from tK&M images is quite typical for a NLRG,
with two components, intrinsic absorption and a notice&ad-« line.

PKS 0235-19

The optical images of the BLRG PKS 0235-19 show a structwaertiight be a tidal
tail or a warped disk structur&émos Almeida et al. 20)0which is misaligned with
respect to the radio structures. The X-ray spectrum is ngtlweght, it features some
intrinsic absorption, which allows us to isolate the sofi &iard components, with the
hard one being dominant.

PKS 0252-71

PKS 0252-71 has a compact radio morphology, and seems tddyadting with a
neighbour Ramos Almeida et al. 20)0Its X-ray spectrum is quite faint; it features
two distinct components (the jet-related one being briglaied some absorption.

PKS 034405

This object was previously classified as a BLRG, but a rededysoy Tadhunter et al.
(2012 suggests that this is in fact a double system with a radid-lobject and a
Seyfert 1 radio-quiet AGN. It was already known that this \@asnteracting system
(Ramos Almeida et al. 201Mskip et al. 201, but given these recent results is is very
possible that we are measuring data from both objects, ghadrihe galaxies are only
5 arcsec apart, and we are thus unable to resolve them. Ticalgptectra analysed by
Tadhunter et al(2012 suggest that the broad lines previously attributed to #ukor
source belong instead to the Seyfert, and the line ratios seéndicate that the radio
galaxy is a LERG. They suggest that this latter source isgusiic, having recently
switched dt, since they do not detect the radio core. ®’MM images show that the
emission is centered between both sources, with more emissming from the region
associated with the radio source. The spectrum we analydeménated by the soft
component, and heavily absorbed, thoughNhecolumn is not very well constrained.
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This is not compatible with the spectrum of a Seyfert 1 galaxy therefore assume
that the radio-loud AGN is still active, and is indeed the m@ontributor to the X-ray
spectrum, which is more consistent with that of a NLRG. Weeh@decided to use the
optical LERG classification for this source, although thatkes it an outlier in most
of our plots, due to its brightness. The X-ray excess (as ewetpto other LERGS)
could be attributed to the contribution from the Seyfertec@nd the IR excess to the
presence of star formatio®{cken et al. 201}, but in any case the true nature of this
source remains uncertain.

PKS 0409-75

This FR 1l has the highest redshift in our sample, and is onthefbrightest radio
sources in the Southern hemisphekéofganti et al. 1999 It has a young stellar
population Dicken et al. 201Pand it seems to have a double optical nucldesnfos
Almeida et al. 201) Its X-ray spectrum is also very bright, and atypical, wiitle
jet-related component clearly dominant, no detectabtensit absorption and only an
upper limit on the accretion-related component, which, év, has a detectable Fe
K-a line.

PKS 0859-25

This NLRG seems to be in a relatively dense environm&anfos Almeida et al.
2010, and to have a double optical nucleus. XtgIM spectrum is remarkable in that
it shows a very prominent Fe K-ine.

PKS 1151-34

This QSO seems to be interacting with a nearby spiral galBgyos Almeida et al.
2010. This source has double-peaked Balmer lites¢leous & Halpern 1994and
has thus been included in the ongoing debate over radiastiadient versus inficient
accretion in broad-line objectsl@gao et al. 2002 Although the PAH features in the
Spitzerobservations seem to indicate a young stellar populatis jg not confirmed
by the far-IR observation€(cken et al. 201 The XMM spectrum is rather bright,
and well modelled with two power laws (the hard componentdenuch brighter
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than the soft one), a surprisingly high absorption columhi¢Ww is also not very well
constrained, see Tabel), and a Fe Ka emission line.

PKS 1306—-09

PKS 1306-09 shows clear signs of interaction with nearbghimurs, and has a dou-
ble optical nucleusliskip et al. 201)Ramos Almeida et al. 20)0lts XMM spectrum
shows no signs of a jet-related component, and requires sanmesic absorption.

PKS 135541

The optical images of this QSO show some features that magatadinteractions
(Ramos Almeida et al. 20)0lts XMM spectrum requires two powerlaw components
and very low intrinsic absorption.

PKS 1547-79

PKS 1547-79 shows clear signs of interaction and a doubleusiboth in the optical
(Ramos Almeida et al. 20)@nd IR imageslfiskip et al. 201D Its XMM spectrum
is rather peculiar, and not very bright, probably due to tigt medshift. There may
be signs of thermal contamination in the soft emission, aa intrinsic absorption
is required for a good fit, but is very poorly constrained. sTts very atypical for
a BLRG, and possibly anfiect of the poor spectral quality (the observatioffes

from rather heavy flare contamination for about 70% of theosxpe time), but careful
flare-filtering and rebinning of the data resulted in no iny@roents in the fits.

PKS 1602+01 (3C 327.1)

The host galaxy seems to have a double optical nuclkRams Almeida et al. 20}0
and perhaps an extended emission line regidorganti et al. 1999 The XMM spec-
trum has two bright components, with no intrinsic absonmptio

PKS 1932-46

The host of this BLRG shows signs of ongoing star formaticken et al. 201, has
an extended emission line regidngkip et al. 200Yand its core seems to be relatively
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faint in the K band ipskip et al. 201 its IR luminosity is also rather low in our plots.
The X-ray spectrum is not very bright, and is best modelleth wisingle, unobscured
component, which does not allow us to distinguish betwetarnd accretion-related
emission.

PKS 1938-15

The host of PKS 1938-15 seems to be inhabiting a very densemement Ramos
Almeida et al. 201})) with several close companions. The spectrum of this BLR& h
two components and a low intrindMy column. It has an excess compatible with a Fe
K-a emission line; adding this component improves the fit shght

PKS 2135-20

The host of this BLRG shows evidence for star formatibicken et al. 201p, and

traces of a past interactioRémos Almeida et al. 20)0Although the quality of the
spectrum is rather poor, given the low luminosity of the seuffor a BLRG) and the
high redshift, we detect two components, heavy (althoudhvery well constrained)
intrinsic absorption, and some excess that could be cobipatith a Fe Ka emission
line, although it is unclear due to our low statistics.

PKS 225041

This source has a rather bright extended [Olll] line emisgi@dhunter et al. 2002
and it is likely to belong to a group of galaxi€®dmos Almeida et al. 20)0lts XMM
spectrum has a very faint accretion-related componentyffiocch we were only able to
derive an upper limit, although this is clearly a high-eatan object.

PKS 2314+03 (3C 459)

The host galaxy of this NLRG is classified as an ultralumiriotrared galaxy (ULIRG)
due to its intense star formation activitpiCken et al. 2012Tadhunter et al. 2002
it is morphologically disturbedamos Almeida et al. 20)0and it also has a strong
radio core forganti et al. 1999 which dfsets it slightly from the rest of the NLRG
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population in our 5 GHz plots. The X-ray spectrum has twoilkistcomponents and
some intrinsic absorption, with some excess in the softggn@mnge.



Chapter 6

The cores of the 2Jy sample

6.1 Introduction

Our knowledge of active galactic nuclei (AGN), their obsdional properties and un-
derlying mechanisms has vastly increased over the lastéeades. We now know that
these objects are powered through gas accretion onto sothe ofost supermassive
black holes that sit in the centres of most galaxies (dagorrian et al. 1998 Radio-
loud objects are particularly important to our understagdaif AGN, since, despite the
fact that they constitute only a small fraction of the ovigpapulation, it is during this
phase that the impact of the AGN on their surrounding enwremnt (through the pro-
duction of jets and large-scale outflows and shocks) can st diectly be observed
and measured (e.graft et al. 2003 Croston et al. 201;1Cattaneo et al. 2009

It is now commonly accepted that the dominant fuelling medra for radio-quiet
objects is the accretion of cold gas onto the black hole froadatively dficient, ge-
ometrically thin, optically thick accretion diskShakura & Sunyaev 19J3However,
this may not be the case for radio-loud objedtine & Longair (1979 noticed the
existence of a population of radio-loud objects which lackee high-excitation opti-
cal emission lines traditionally associated with AGN. Ténes-called low-excitation
radio galaxies (LERGs) cannot be unified with the rest of tNApopulation, since
their differences are not merely observational or caused by orientatiobscuration.
They are believed to accrete hot gas (seeJagssen et al. 20)ih a radiatively inef-
ficient manner, through optically thin, geometrically thedvection-dominated flows
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(ADAF, see e.gNarayan & Yi 1995. These objects thus lack the traditional accre-
tion structures (jet and torus) commonly associated witivaauclei (see e.gviason

et al. 2012van der Wolk et al. 20L,G~ernandez-Ontiveros et al. 201and seem to be
channeling most of the gravitational energy into the jeather than radiative output,
which makes them very faint and hard to detect with any naieraelected surveys.

Current models (e.g3ower et al. 2006Croton et al. 200psuggest that the ra-
diatively dficient process may be dominant at high redshifts, and to hpnssble
for the correlation between black hole mass and host galeylge mass (e.gilk
& Rees 1998Heckman et al. 2004 It may also be behind the apparent correlation
(and delay) between episodes of star-formation and AGNigctn the host galaxies
(e.gHopkins 2012 Ramos Almeida et al. 20).3 Radiatively indgficient accretion is
believed to be more common at low redshiftia¢dcastle et al. 200Jaand to play a
crucial role in the balance between gas cooling and hediwoty,in the host galaxy and
in cluster environment${cNamara & Nulsen 20Q/Antognini et al. 201». These two
types of accretion are often called ‘quasar mode’ and ‘ragbde’, which is somewhat
misleading, given that there are radiativefii@ent AGN with jets and radio lobes.

As pointed out byHardcastle et a(2009), it is important to note that the highw-
excitation division does not directly correlate with thelfRII categories established
by Fanardt & Riley (1974, as is often thought. While most low-excitation objects
seem to be FRI, there is a population of bona-fide FRIl LERGsyell as numerous
examples of FRI HERGs (elgaing et al. 1994 This is most likely caused by the
complex underlying relation between fuelling, jet generaand environmental inter-
action. There seems to be a evidence forféedence in the Eddington rate between
both populations (see e.glardcastle et al. 20078est & Heckman 201;2Russell
et al. 2012 Lin et al. 201Q Ho 2009 Mason et al. 2012Evans et al. 201;1Plotkin
et al. 2012, with LERGs typically accreting at much lower rates Q.1 Eddington)
than HERGs. Estimating the jet kinetic power is also congbéd, given that its ra-
dio luminosity depends on the environmental dengitsirdcastle & Krause 20)&nd
given the vastly dferent energy budgets and particle contents of FRI and FRlibra
galaxies (see e.g>odfrey & Shabala 2013

From works like those oflardcastle et al2006 2009, we do know that LERGs
follow the correlation of narrow-line galaxies (NLRGSs) Ween soft X-ray and radio
emission Hardcastle & Worrall 199§ reinforcing the hypothesis that in radio-loud
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objects this X-ray component originates in the jet. One efdtucial points we aim to
investigate in this Chapter is the dissimilarity betwees HLRG and LERG popula-
tions.

In this Chapter we analyse the X-ray emission from the 2Jyp$auwf radio galax-
ies (Wall & Peacock 198) with an approach based on thatrddirdcastle et a(2006
2009 used on the 3CRR galaxies. X-ray emission is less ambigiinaumsother wave-
lengths for an analysis of a sample such as the 2Jy, whiclaicsn variety of pop-
ulations, in that it is unequivocally linked to AGN activitylo fully understand the
characteristics of this AGN activity, however, a multiwkeregth approach is needed.

Our aim is to study the correlations between the luminasitiethe sources at dif-
ferent wavelengths, to infer the physical processes imehIWhile many of the sources
in the 3CRR catalogue have been observed in great detaihultevavelength cover-
age is not uniform, and the sample is not statistically catgplbeing more complete
for redshifts<0.5. The observations of the 2Jy sample, however, were takarthe
explicit purpose of providing a one on one comparison fottedl objects in the sam-
ple, which provides us with the opportunity to test whether¢onclusions reached by
Hardcastle et al. can be extrapolated to all radio-loud AGHIre 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 Chaptés, there are 47 sources in our sample, with2< z < 0.7,
listed in Table5.1 All have X-ray observations save for PKS 0117-15 (3C 38)chyh
unfortunately, was not observed ByvM-Newton

We analysedChandraobservations for the low-sources in our sample. When
using archival data we only considered ACIS-S and ACIS-keoletions without grat-
ings, and discarded calibration or very short observattbas did not significantly
contribute to the statistics. When more than one spectrusnextiacted for a source,
we carried out simultaneous fits. We reduced the data usiAQ@l3 and the latest
CALDB. We included the correction for VFAINT mode to minireishe issues with
the background for all the sources with a count rate below €oints s! and observed
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in VFAINT mode. For sources with rates above this threshold laelow 0.1 counts
s 1 the diference made by this correction is barely noticeable, andhfabrightest
sources the software is not able to properly account for ifje tount rate, consider-
ing some of these events as background, and resulting in‘dags” appearing in the
images, and the loss of a substantial number of counts.

We extracted spectra for all the sources, using extracggions 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 immediateynal annulus, with an
outer radius of 4 pixels, for the background, to minimise¢batamination from any
thermal components in the circumnuclear regions. For vaghbsources we had to
use larger regions to include most of the PSF, namely a 20 ggeus circle for the
source, and a 20 to 30 pixel circular annulus for the backgstoun the cases where
pileup was present (PKS 00889, 0442-28, 0521-36, 0625-35, 094527, 1733-56,
1814-63, 2135-14), we corrected the ARF as describedadgcastle 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 frgiwen model. We
then fed the results to the tool MARX, which produces an imaighe simulated PSF.
We then generated a new events file from our original data arahaular extraction
region, identical to the one we used to generate our spdxettaxcluding the central
few pixels. We used a code to fit a 5th-degree polynomial taahie of this events
file and the whole simulated events file as a function of enefigyis code reads in
the ARF generated by CIAO and scales tiieeive area at each energy, using the
polynomial fit, to dfectively correct for the missinglective area due to the exclusion
of the central pixels. The code then writes a new ARF whichlansed to correct for
the dfects of excluding the central pixels.

For the sources with.R < z < 0.7 we usedXMM-Newtonobservations. We ex-
tracted MOS and PN spectra for all of them, using SAS 11.0 hadktest calibration
files. We used spatially coincident extraction regions e three instruments when-
ever possible, using 30-arcsec source regions d@idoorce 90-arcsec background
regions for the fainter sources, and 60-arcsec and 12@@smurce and background
regions, respectively, for the bright ones. Only a few obestgons were fiected by flar-
ing severe enough to require filtering. The most problenttse was PKS 1547-79,
a faint source observed during a period of high flaring. Werfid the most severely
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affected parts of the observation.

Four lowz sources (PKS 0404D3, 1814-63, 2135-14, 2221-02) haX/&M ob-
servations that we did not use, since theandraspectra adequately characterised
the AGN spectrum and had no contamination from any circuneangas. For PKS
2314+03, however, we used both tiihandraand XMM observations, given that its
spectrum is quite peculiar.

The case of 3C 273 is also peculiar, in that we only used onaehtumerous
observations available. We decided to usexduM observation to avoid issues with
the pileup. Given that the jet is not resolved in the MOS andcBideras we took this
into account when modelling the nuclear emission. We a@algare of the fact that
this source is highly variable, as most bright AGN are. X«ayiability is a systematic
effect that introduces scatter in our plots, but has been tatemccount in our results.

We rebinned all the spectra to 20 counts per bin (after backgt subtraction) to
make them compatible witp? statistics.

6.2.2 Spectral Fitting

For spectral fitting we used XSPEC version 12.5 and follovwedstame approach as
Hardcastle et al(2006 2009, as follows. We considered the energy range between
0.4 and 7 keV for th&€handraspectra, and 0.3 to 8 keV for théMM spectra. We ap-
proached the fitting process in a systematic manner: wallyitised a model a single
power law and fixed Galactic absorption (wabs), adding arsgpower law, intrinsic
absorption (zwabs) and a redshifted Gaussian profile fdFéh€« line (zgauss) when
required by the spectra. When a single power law model wéitigmt to provide a
good fit, we froze the parameters and added a second compaitlerst fixed photon
index and an intrinsic absorption coluriy = 10?2 cm2 at the redshift of the source.
If the 90 per cent uncertainty of the power law normalizat\@s consistent with zero,
we considered the upper bound as an upper limit to calcutetéuiminosity of this
component. In most cases it was possible to discern whetttewaich power law
would fit the soft and hard end of the spectrum: when the photdex of the ‘soft’
power law (which we will call ‘unabsorbed’ throughout thiok, after Hardcastle
et al. 20062009 could not be properly constrained we fixed its valu&+2.0; for a
poorly constrained ‘hard’ component (which we will call Getion-related’), we froze



168 CHAPTER 6. THE CORES OF THE 2JY SAMPLE

r=1.7.

We derived the luminosity for the unabsorbed componkgt, from the normal-
ization of the unabsorbed power law, and used XSPEC to etectihe 2-10 keV un-
absorbed luminosity (corresponding to the accretiontedlaomponent)..x.

As mentioned in the previous Section, ocXiMM extraction regions for 3C 273
include the jet, since it is not resolved. Our spectral fitvéh@ soft excess that is
not fit by the simple two-power law model we used for most of diieer sources.
Despite the slightly worse resulting, we decided not to add an additional component
to model the jet. The impact on our results should be nedégib

We are also aware of the fact that the brightest sourceskatg to have measurable
variations in their luminosity over time. This is an intrasincertainty characteristic
of X-ray AGN studies, unavoidable unless follow-up obs&ores are carried out for
each source. We estimate the impact of variability and atlgstematics in Sections
6.4and6.5.

6.2.3 Other Data

To establish a direct comparison with the 3CRR sources, wd aemparable mea-
surements, which for the 2Jy sample were taken systemgtical

We used the VLA and ATCA data at 5 GHz (both for overall and donginosities)
from Morganti et al.(1993 1999. Since only some of the 2Jy sources are covered by
the Parkes catalog/\(right & Otrupcek 1990, we calculated the spectral index from
408 MHz and 1.4 GHz observations (also from the Parkes gptalod extrapolated
the results to 178 MHz. We used this same spectral index tamotate the 151 MHz
fluxes, needed to calculate the jet kinetic power (see Seétnl). The low-frequency
fluxes for PKS 1934-63 are upper limits, since the sourcelisabsorbed in radio.

For the infrared, we used 24m data taken by Spitzer, fromicken et al.(2008
2009. The 3C sources were observed at f (rest-frame), which is consistent
enough for our purposes of comparison. We studied the betwawf a number of
sources at both wavelengths, and estimated that the dmviatiuminosity caused by
the diference between 15 and grh was well below 10 per cent in all cases.

For the optical line classification we used the data froeahunter et al(1993
1999. K-band magnitudes were taken franskip et al.(2010 and K-corrected using
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the relations given bglazebrook et al1995 andMannucci et al(2001). The values
presented in the Tables are K-corrected.

For the 3CRR sources we used the data fi¢endcastle et a(2006 2009. In this
case the 178 MHz fluxes were measured as part of the sampléidefibut 1.4 GHz
and 151 MHz fluxes had to be extrapolated from these measutsraed the 178-750
MHz spectral indicesThe 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 Tahle The sources where a Fe
K-a line was detected are listed in Talfi€2. Details for each individual source, and
references to previous work, are given in Chaper

We find that our X-ray results, both on the luminosity of theasoand the detection
of extended emission witBhandrg agree with an earlROSATpaper bySiebert et al.
(1999. The X-ray luminosities we derive allow us to establish gedi comparison
with the 3CRR sources studied byardcastle et a(2006 2009.

thttp://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 vaalees fol-
lowed by an asterisk represent upper limits. When the nozat&n of
one of the powerlaws is an upper limit this component is addtt the
fit, to assess the contribution of a hypothetical second corapt. The
subindices 1 and 2 refer to the unabsorbed and accretiatedstompo-
nents, respectively.

PKS z ForegroundNy  Intrinsic Ny I Norm 1 I Norm 2 Y%/DOF
x10P%cm2  x10?2 cm? keV-lcm?st @1keV keVlem2s! @1keV

0023-26  0.322 1.76 067972 2.00 106x 1075+ 1.84%53% 1737035 % 107 20.6923.00
0034-01  0.073 2.89 1077383 1.24703¢ 117793 x 107° 170 1017028 x 107 10.0220.00
0035-02  0.220 2.85 341136 2.00 144512 x 107 170 2597041 x 1074 31.1249.00
0038:09  0.188 5.45 100 097507 1057097 x 1073 170 454x 1074 84.44/82.00
0039-44  0.346 2.56 120182 287042 6.60'132x 10°° 1.39'5%° 158549%x 107 94.3092.00
0043-42  0.116 2.70 1814553 2.00 206'082 % 10°° 170 1517047 x 107 6.32/5.00
0105-16  0.400 1.67 183'733 1597318 265021 x 10°° 1507042 1.8472%1 % 107 125.16137.00
0213-13  0.147 1.89 180+3%6 1697123 462123 1076 1777018 1317084 x 1073 45.8550.00
0235-19  0.620 2.70 .00 143+02° 7.307 197 x 1076 143028 7.307157 x 1076 10.4410.00
0252-71  0.566 3.66 1901267 2137249 815130 % 10°® 170 387150 10°° 20.4024.00
0347+05  0.339 13.20 78573025 195023 1547017 % 10°° 170 157242 x 107 16.7224.00
0349-27  0.066 1.00 607299 2.00 267x 107 1.70 25570343 1074 15.9820.00
0404:03  0.089 12.10 4931332 2.00 105x 1075+ 1.70 278" 112%x 1073 12.288.00
0409-75  0.693 8.71 100 2027368 871703 % 10°° 170 464x 107 137.62107.00
0442-28  0.147 2.32 85933 2.00 549335 % 107 113924 118945 x 1073 119.53134.00
0521-36  0.055 3.33 100 1537093 6.17°315 x 1073 170 201x 1074 417.14366.00
0620-52  0.051 5.32 100 2407219 9517032 x 10°° 170 127x 1075+ 39.24/47.00
0625-35  0.055 7.51 8§9+238 2.00 111739 x 1073 170 2747057 % 1073 221.08173.00
0625-53  0.054 5.51 100 200 115x 1075 1.70 851x 10720+ 1.00/1.00
0806-10  0.110 7.65 219'822 300139 108533 x 10°° 170 46323 % 10 18.1718.00
0859-25  0.305 10.80 3328 16100t 9.13133x 10°° 167'9% 181731 |, x107* 24.7324.00
0915-11  0.054 4.94 297190 2.00 211x 107°* 1.35'589 2497138 % 107 71.3357.00
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Table 6.1 -Continued from previous page

PKS z ForegroundNy  Intrinsic Ny I Norm 1 I'> Norm 2 Y*/DOF
x10%20 cm2 x10%2 cm2 kevV-lem2s! @1keV kevVlem2s1 @1keV

0945+07  0.086 3.01 847029 3011082 8307592 x 107° 0.732%9 1247318 x 1073 468.26434.00
1136-13  0.554 3.59 86333 2001098 3221098 x 107 1.48'534 138522x 107 705.38619.00
1151-34  0.258 7.70 526*52%2  1.86'507 8.02028 x 10°° 170 128230 % 107 160.27163.00
1226+02  0.158 1.79 9o 21700 1797391 x 1072 1.163%2 4.93223 3584.672539.00
1306-09  0.464 3.03 01+054 2.00 224% 1078+ 1777089 7.25'082 % 10°° 163.12169.00
1355-41  0.313 5.61 7024 2.00 1117038 x 10°° 170 284'848 x 107 843.39722.00
1547-79  0.483 9.69 99852433 2,00 1607338 x 10°° 170 251188 % 107 17.8918.00
1559:02  0.104 6.42 ®238 337030 2121022 10°° 170 3261332x10°° 19.2223.00
1602:01  0.462 6.59 0 168393 2797098 x 107 1687053 2797098 x 107 396.19362.00
1648:05  0.154 6.40 100 080713 501718 % 10°° 170 145% 1073+ 6.53/4.00
1733-56  0.098 8.89 100 1547095 1067094 x 1073 170 167x 107 142.22133.00
1814-63  0.063 7.76 0028 2.00 203135 % 10°° 1267018 1907023 x 1073 119.13126.00
1839-48  0.112 5.70 100 135023 1177921 x 10°7° 170 882x 107°* 6.98/8.00
1932-46  0.231 5.01 .00 1827508 6.20"322x 107 1824508 6.20"322 % 107 52.7974.00
1934-63  0.183 6.15 100 136018 2447028 % 107 170 188x 1075+ 14.97/15.00
1938-15  0.452 9.66 87513 2.00 4287971 x 107 1514508 892709 % 107 189.19194.00
1949:02  0.059 14.80 49828 2057330 1507077 x 10°° 1417039 124333 % 1073 78.2481.00
1954-55  0.060 461 100 097+937 400133 x 106 170 7.34x 1075 1.78/2.00
2135-14  0.200 4.73 1881178 1907217 8.26039 x 107 170 1797388 x 1073 120.0696.00
2135-20  0.635 3.38 6823458 2.00 475987 x 1076 170 46339 x 1075 12.2414.00
2211-17  0.153 2.51 100 200 474% 1076 1.70 487x 107% 1.00/1.00
2221-02  0.057 5.01 1689312 082538 517047 x 107 170 221027 % 1073 169.28144.00
2250-41  0.310 1.48 100 193182 4627255 1076 170 408164000 10°8 13.498.00
2314:03  0.220 5.22 %8788 216021 155013 x10°° 170 323130 x 10°° 67.1946.00
2356-61  0.096 2.34 168159 308557 843292 10°° 170 9827238 x 107 47.8447.00

FATdWYS AL AVH-X IHL €9

T.T
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Table 6.2:0bjects for which a Fe & 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

0.68
0039-44 632998 0.06

0.32
0043-42 648032 0.88

0105-16 6227278  0.09

0.09
0409-75 668'3%2 0.4

0.47
0859-25 517047  0.28

1151-34 634 0.10

0.05
1559+02 644095 4.00

0.09
1814-63 840'3%° 0.15

0.07
1938-15 651097 0.16

0.05
222102 &37°9%  0.17

2356-61 630°2% 0.14

In our analysis of the X-ray emission of the 2Jy objects wesolestrends similar to
those observed hiyardcastle et a(2006 2009 for the 3CRR sources. The luminosity
distribution of the sources versus redshift is as expeetél,a greater abundance of
low-luminosity sources at low, and only the brighter objects detected at higlsee
Figures6.1and6.2). This dfect is, at least in part, caused by the detection limits and
sample selection criteria (see Sectmf).

It is important to keep in mind that the luminosities we derfar the X-ray com-
ponents may dter from contamination from each other. This is particuladent
in the broad-line and quasar-like objects. In these objieee is little or no intrin-
sic absorption to allow us to distinguish both componeritastwe adopt the same
value forLy, andLyx,. This dfect can be seen in Figur€sl, 6.2 and6.3, where a
few BLRGs and QSOs seem to have systematically higher lusrtias than the rest of
their populations.

These plots show a distinct separation between tferdnt populations. Low-
excitation objects have much lower accretion-related Kewmission than any of the
other groups. This is consistent with the hypothesis in WhiERGs lack the tra-
ditional accretion features characteristic of the highHation population (see e.g.
Hardcastle et al. 200yaThe separation between narrow-line (NLRG) and broad-lin
(BLRG) objects is more striking in Figuig2 due both to the possible contamination
by jet emission in broad-line objects, and to the influenaelattivistic beaming, which
‘boosts’ the soft X-ray emission in objects whose jets aeveid at small inclination
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sources against redshift. Open and filled symbols refe@dly and 3CRR objects, re-
spectively. Red squares represent LERGS, green circles3d|.Blue crosses BLRGs,
and purple triangles QSOs.
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angles.

The four LERGs that fall in the NLRG parameter space in Figutenay, in fact,be
high-excitation objects. 3C 15 (PKS 0034-01) is very lunis@nd has a relatively
well constrained, obscured, hard component (see Sebt)n Although we do not
detect unequivocal signs of accretion in the form of an eimisBe Ka line, this could
be due to the low statistics, rather than the absence ofrtedét$ielf. PKS 0043-42 does
have a Fe i& line, andRamos Almeida et a(20113 find IR evidence for a torus (see
also Sectiorb.2). PKS 0625-35 (Sectioh.?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 ahsierause the optical
emission lines cannot be detected at such low inclinations.

A special mention should be made of PKS 0383. This object is classified as a
BLRG in our sample, but recent evidence suggests that thisfict, a double system,
with a LERG and a radio-quiet Seyfert 1 in close interactisee( Sectiorb.3). We
have decided to keep this object in our plots and classifg ih & ERG based on its
optical spectrumTadhunter et al. 20)2for consistency with the rest of our analysis,
though itis a clear outlier in most of our plots.

Figure6.3 shows the distribution of 2Jy sources according to theiogidietween
their unabsorbed and accretion-related X-ray luminasitieach population occupies
a different area in the parameter space, with a certain degreeedhip\between the
brighter NLRGs and fainter BLRGs, as can be expected frorfication models. For
the same reason, there is some overlap between the fainRRGBIland the brighter
LERGs. However, itis evident from Figue3that LERGs have a much lowek_/Lx,
ratio than any of the other populations. This reinforcescireclusions from the pre-
vious paragraph about the nature of accretion in LERGs. Aglthe 3CRR objects
makes this even more evident, as can be seen in the equipldehy Hardcastle et al.
(2009. As in Figure6.1, the four ‘dubious’ LERGSs seem to fall in the parameter space
occupied by NLRGs.

6.4 Correlations

As described in Sectiof.2.2 from the analysis of the X-ray cores we derived the
luminosity of the unabsorbed.£ ) and accretion-related components . For our
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brighter colours, the 3C sources are faded. Arrows indigpper limits. Colours and
symbols as in Fig6.1

analysis we compared these luminosities with those deffirad the 178 MHz, 5
GHz (core), 24um and [Olll] fluxes, all of which are displayed in Tab&3. As
in the case of the 3CRR objectslgrdcastle et al. 2009the 2Jy sample is a flux-
limited sample, thus correlations are expected in lumigdsiminosity plots. We test
for partial correlation in the presence of redshift to actoior this, following the
method and code described Bkritas & Siebert(1996, which takes into account
upper limits in the data. The results of the partial correlatanalysis are given in
Table6.4.

While the relations between these luminosities can prosalge insight into the
physical processes going on in each source, it is importaked¢p in mind that there
are several intrinsicfeects that limit this insight, orientation, beaming and eoni
mental interference being perhaps the most relevant. Téfesets are also the most
likely cause of scatter in the plots that we present in thiofohg Sections. In this
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Table 6.3:Luminosities for the sources in the 2Jy sample, following tbrmat ofHardcastle et al.
(2009. The values are given as the logarithm of the luminosityrjnse?, upper limits are indicated
with a negative sign before the value. We have convertedtitiie end IR luminosity densities inid.,

to allow for direct comparison between the magnitudes ffetént bands. Where measurements could

not be obtained their absence is indicated with a dash. Esfan LERG, N for NLRG, B for BLRG,

Q for Quasar.

PKS Type z Li7g Ls L, Lx, Lir Lionn
0023-26 N 0.3220 43.1995 - -41.7630 - - 43.2675 43.0002 #3.384.0083 42.1761
0034-01 E 0.0730 41.5867 41.2511 41.3818 41.3219 41.4318182 42.7068 42.9062 43.0790 40.4914
0035-02 B 0.2200 42.7985 42.5488 43.4787 43.4369 43.51848838 44.2345 44.3386 44.2986 42.0792
0038+09 B 0.1880 42.6169 41.5383 44.2211 44.1928 44.2478 -4%.095- - 44,5053 42.1761
0039-44 N 0.3460 43.1535 40.6509 42.6282 42.5145 42.7184598 44.3935 44.6551 45.2193 43.0414
0043-42 E 0.1160 42.1566 40.9657 41.0552 40.8193 41.20536@3 43.2479 43.4739 43.6785 40.6990
0105-16 N 0.4000 43.4682 40.6056 43.3793 43.3423 43.4118524 44.6612 45.0429 44.8354 42.3979
0213-13 N 0.1470 42.3706 - 41.6300 41.4145 41.7323 44.4381289 44.6096 43.9029 42.1139
0235-19 B 0.6200 43.8768 - 43.2763 43.2061 43.3359 43.2782081 43.3359 45.3503 43.2788
0252-71 N 0.5660 43.8008 - 43.2278 43.0951 43.3013 44.3081847 44.4365 44.6714 42.1461
0347+05 E 0.3390 43.0134 40.3314 42.9743 42.9242 43.0204 43.6688976 43.8776 44.2241 40.9590
0349-27 N 0.0660 41.4014 39.7998 -40.6457 - - 43.0344 42.929.1111 43.0560 41.0792
0404+03 N 0.0890 41.7898 40.1009 -41.5201 - - 44.3437 44.1142548.543.8783 41.4624
0409-75 N 0.6930 44.4056 41.2734 44.4708 44.4532 44.48416988 - - 44,5990 42.1139
0442-28 N 0.1470 42.5893 40.9848 42.7098 41.2542 43.00980838 44.6787 44.9417 44.2050 41.8388
0521-36 B 0.0550 41.8739 41.7060 43.8792 43.8707 43.884536247 - - 44.2909 41.1600
0620-52 E 0.0510 41.1170 40.8899 41.9805 41.9561 42.00332384 - - 42.5477 -39.4150
0625-35 E 0.0550 41.1784 41.3137 43.1093 43.0720 43.14300@@ 43.9391 44.0670 43.3494 -40.4771
0625-53 E 0.0540 41.7439 40.1449 -41.1107 - - -41.3137 - - 1723 -40.0414
0806-10 N 0.1100 42.1093 40.8854 41.7310 41.5105 41.850468B 43.5873 43.9357 45.0004 42.7709
0859-25 N 0.3050 43.2810 42.0771 42.6419 42.5997 42.7093294 43.9065 45.5883 44.5421 41.9777
0915-11 E 0.0540 42.5674 40.8864 -40.4020 - - 42.0803 48.66D5321 42.9201 40.4624
0945+07 B 0.0860 42.0389 40.4438 42.3991 42.2416 42.5182 44.6245719 44.6818 44.0509 41.9031
1136-13 Q 0.5540 43.5461 - 44.8021 44.7831 44.8131 44.8985843 44.9564 45.3264 43.7324
1151-34 Q 0.2580 42.7489 - 43.4187 43.4033 43.4325 44.01841680 44.4575 44.6217 42.4472
1226+02 Q 0.1580 42.8550 43.8874 45.2902 45.2857 45.2949 45.4669495 45.4860 45.6289 43.4800
1306-09 N 0.4640 43.1813 - -42.4592 - - 44,2909 44.2573 £4.324.6644 42.1461
1355-41 Q 0.3130 42.9741 41.6516 44.6732 44.4271 44.7659641 44.8024 45.1361 45.3247 42.8865
1547-79 B 0.4830 43.4741 40.9513 43.3551 43.1056 43.401@838 44.5588 45.1465 44.9409 43.4314
1559+02 N 0.1040 42.3780 40.5543 41.9832 41.9263 42.0263 42.7488579 42.8484 44,9319 42.2553
1602+01 B 0.4620 43.6639 42.2472 44.5507 44.5419 44,5592 445505419 445592 44.8836 42.8129
1648+05 E 0.1540 43.6328 40.4129 41.6811 41.4731 41.8172 -42.694- - 43.1741 40.6532
1733-56 B 0.0980 42.0457 41.8810 43.6182 43.5998 43.63891220 - - 43.9524 41.8129
1814-63 N 0.0630 42.1275 - 41.5170 41.0075 41.7390 44.1638085 44.2161 43.8851 40.6335
1839-48 E 0.1120 41.9730 41.3632 41.7705 41.6868 41.84081046 - - 43.0864 -39.3617
1932-46 B 0.2310 43.3967 41.5878 43.1983 43.1791 43.2184983 43.1791 43.2184 43.6958 42.3802
1934-63 N 0.1830 -43.3798 - 42,5568 42.5027 42.6044 -43.197 - - 44.3024 42.0792
1938-15 B 0.4520 43.5708 41.3177 43.7138 43.4614 43.7853848 44.4560 44.5339 44.8070 42.8808
1949+02 N 0.0590 41.6303 39.5819 41.2886 41.2371 41.3360 43.823.@6067 43.9377 44.2903 41.8573
1954-55 E 0.0600 41.5454 40.2738 40.7084 40.5256 40.841®%441 - - 42.4294 -39.0000
2135-14 Q 0.2000 42.4922 41.7612 44.1805 44.1596 44.200033B 44.9548 45.1425 45.1763 43.1139
2135-20 B 0.6350 43.6840 - 43.1152 43.0110 43.1955 44.458M885 44.7177 45.0205 43.1461
2211-17 E 0.1530 42.8790 39.7356 -41.6781 - - -39.8085 - - 5983 40.3802
2221-02 B 0.0570 41.4983 40.4621 41.7707 41.7262 41.80848@3 43.8540 43.9311 44.3153 42.2304
2250-41 N 0.3100 43.2265 40.5518 42.5944 42.4901 42.676842248 - - 44.6544 42.6990
2314+03 N 0.2200 42.9494 42.8189 425477 42.4961 42.5830 43.2681263 43.4112 44.9483 42.2041
2356-61 N 0.0960 42.3572 40.5681 41.4955 41.3678 41.58906d88 43.9249 44.0075 44.0745 41.9542
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Table 6.4: Results of partial correlation analysis described in ®adi.4 The number of objects
for each correlation is given in column 4, and it includedfad objects in the corresponding subsample
given in column 3. The last column indicates the strengtheftartial correlation between the quantities
in columns 1 and 2 in the presence of redshift. We considezdhelation significant it/o- > 3.

X y subsample n o T/

Li7s  Lxu 2Jy+3CRR NLRG 109 0.210 0.044 4.744
2Jy NLRG 19 0.243 0.141 1.727

Li7s  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

Ls  Lxu all 139 0.458 0.046 10.029
Ls 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

Lion Lxa all 124 0.420 0.046 9.141
2Jy+3CRR HERG 90 0.353 0.060 5.908

Lizs  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

Li7s Lo 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  Lionn all 113 0.592 0.063 9.320
2Jy HERG-LERG 47 0.676 0.095 7.154

2Jy+3CRR HERG
2Jy HERG

84 0.533 0.068 7.806
37 0.600 0.104 5.769
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Chapter we therefore describe the correlations betweee fheninosities without ref-
erence to any particular model, merely attempting to estalhe physical scenarios
and measurement systematics that may cause these conglatiarise.

To allow direct comparison with the results idardcastle et al(2009, we have
plotted both the 2Jy and the 3CRR objects in our Figures. Eig.summarises the
X-ray characteristics of both populations. In terms of skse, we have multiwvave-
length luminosities for 47 2Jy objects and 135 3CRR soum@#sdugh in the latter the
data are less complete, see the tables in Seétignmore than doubling the number
of objects studied bydardcastle et a(2009.

The diferences between the LERGs and HERGs observed in@Rjare high-
lighted by the addition of the 3CRR objects. It is also clednat there is an overlap
in the parameter space between BLRGs and NLRGs. Two 3CRR MR very
low values ofLx, are M 87 and 3C 338, both of which are believed to be radiativel
inefficient accretors that would normally be classified as LER@s (#scussion in
Evans et al. 2008 3C 123 is probably more appropriately classified as a meeidle
NLRG, and the X-ray spectrum of 3C 200 is more compatible whtkt of a NLRG
(see Appendix A oHardcastle et al. 2006

There are also someftirences between the 2Jy and 3CRR populations, which can
be partly attributed to the slightly fierent selection criteria used in both samples, and
which may cause the 2Jy sample to have more beamed objedis¢assed in Section
5.1), as well as issues with sample completeness in the latigrlsgthe 3CRR sample
is nearly complete in X-rays for low-objects, but not so for > 0.5). While we
consider that theseffects do not invalidate our results, it is essential to keemimd
that any selection criteria for an AGN sample introduce gatebias. We will discuss
other possible sources of bias in Sectioh

6.4.1 X-ray/Radio correlations

The 178 MHz luminosity is not only an indicator of the timeeaaged jet power, but
also of the age of the source, and is related to the propeifttee external environment
(Hardcastle & Krause 20)3By adding the 2Jy sources to theyg/Lx, plot (Fig. 6.5),

a correlation between these quantities for the NLRGs is meadily apparent than
it was for Hardcastle et al(2009, despite the scatter (see Tal@iel and Table 5 in
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Figure 6.5: X-ray luminosity for the unabsorbed comporiggtas a function of 178
MHz total radio luminosity. The 2Jy sources are represewiddbrighter colours, the
3C sources are faded. Arrows indicate upper limits. Colamd symbols as in Fig.
6.1

Hardcastle et a2009). The situation is not so clear for the BLRGs and QSOs, most
likely due to the contamination from the accretion-relatedhponent. In the case of
the LERGs the scatter is expected due to the fact that thereaselection féects

on orientation. All of this suggests that there may be a wdajsigal link between
the unabsorbed X-ray power (prior to beaming correctionl)tae overall radio power
(related to the overall AGN power).

There is no apparent correlation betwagry/Ly, if only the 2Jy sources are con-
sidered (see Tablé.4). This is most likely due to the large scatter in the jettesdia
quantities, and.x, in particular, caused by the presence of beamed object® iR
sample, a consequence of the selection criteria, as wdlled®w number of sources.
In fact, the values of in the L17¢/Lx, correlation when only the 2Jy sources are con-
sidered is larger than it is for the combined 2Jy and 3CRR &snput the scatter
(indicated byo) is much larger in the former case, resultingjor < 3.
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Figure 6.6: X-ray luminosity for the ‘accretion-relatearaponent.x_ as a function of

178 MHz total radio luminosity. The 2Jy sources are repreeskwith brighter colours,

the 3C sources are faded. Arrows indicate upper limits. @sland symbols as in Fig.
6.1

By contrast, and as already pointed outHigrdcastle et al2009, there seems to
be a strong correlation betweenyg/Lx, for all the populations excluding the LERGs,
which seem to lie mostly below this correlation (see F&6 and Table6.4). The
BLRGs and QSOs are not clearly outlying in this plot, destitecontamination from
the jet-related X-ray component.

Fig. 6.7 shows the relation between the 5 GHz core luminosity andnladsorbed
X-ray component. The correlation between these quantgissong (Table.4), de-
spite the scatter, due to the fact that both quantities dsgsuto beaming. The fact
that the LERGs lie in the same correlation as the NLRGs isaa\ad for the jet-related
nature of the soft X-ray component in radio-loud sourcee (sg.Hardcastle et al.
2009 Worrall et al. 1987 and references within). For consistency with the rest ef th
AGN classes, however, there must be a contribution from #éimesmechanism that
causes the soft emission in radio-quiet objects, at leasdiatively-dficient sources.
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Figure 6.7: X-ray luminosity for the unabsorbed compornggas a function of 5 GHz
radio core luminosity. Arrows indicate upper limits. Cotswand symbols as in Fig.
6.1

Figure6.8shows the relation between the 5 GHz core luminosity anddbeetion-
related X-ray component. In this plot it becomes appareattitie LERGs show a dis-
tinct behaviour, completely apart from the high-excitatpmpulation. The correlation
between these two quantities is less strong than betWggn .. andLy, (Table6.4),
and almost disappears if the QSOs are removed.

Correlations between both X-ray luminosities and the 5 Gatiia core luminos-
ity are expected due to their mutual dependence on redshtfie X-ray luminosity
were simply related to the AGN power, and independent fromntation and beam-
ing, it would not be strongly correlated to the 5 GHz core Inosity. As argued by
e.g. Hardcastle & Worral(1999, Doppler beaming can introduce up to three orders
of magnitude of scatter in these correlations, given itsngrinfluence oriscuzcore-
The correlation we observe betwekgsncore and Ly, in particular, reinforces the
hypothesis that the soft X-ray flux is related to jet emissioradio-loud sources.
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Figure 6.9: X-ray luminosity for the unabsorbed comporiggt as a function of total
infrared (24um for the 2Jy sources, 1@m for the 3C sources) luminosity. Arrows
indicate upper limits. Colours and symbols as in FdL

6.4.2 X-ray/IR correlations

The main source of uncertainty ing comes from its dependence with orientation,
which is believed to introduce a large uncertainty (seefumnoe et al. 203, 2Hard-
castle et al. 200%nd references therein).

Despite the large scatter, there is an evident overall atioe betweerl g and
Lx, (Fig. 6.9and Table5.4), which was already visible in the plots Bfardcastle et al.
(2009. The 2Jy sources fill some of the gaps left by the 3CRR soumdas parameter
space. The correlation disappears for individual popaoiteti however.

The correlation betweeh,g and Ly, is very strong (Fig. 6.10 and Table6.4).
This is expected, since both luminosities are indicatorghefoverall power of the
accretion disk. Some of the scatter in this correlationkelyi to come from the fact
that Lir is more dependent on orientation thiag, and the way in which the latter
is affected by obscuration (objects with a much larggy than Ly, are likely to be
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of total infrared (24um for the 2Jy sources, 1&@m for the 3C sources) luminosity.
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Compton-thick). It is also very likely thdty, is more d@fected by beaming thang, as
suggested bydardcastle et ali2009. It may seem surprising that broad-line objects
follow the correlation despite the scatter introduced bgrbeg, and despite the fact
that in some of thenly, is contaminated fronix,. However, the infrared luminosity
in these sources is likely to include some non-thermal coimtation from synchrotron
emission associated with the jet, and due to their orierathe contribution from the
torus is also larger. Thesdfects dfectively boost their IR emission and brings them
closer to the correlation.

Some of the NLRGs in our sample are quite heavily obscuretiywancould only
constrain an upper limit to their absorption column and etten-related X-ray lumi-
nosity. These objects are probably Compton-thick, anddithe lower right of the
correlation in this plot.

The behaviour of the LERGs in this Figure is most significegihforcing the idea
that LERGs cannot be explained as heavily obscured, ‘toadit HERGs. LERGs are
underluminous in X-rays, and lie below the correlation f&@R{s. Adding an intrinsic
absorption columiNy = 10?* cm2 is still insufficient to boost the X-ray luminosity of
most of these objects enough to situate them on the cooelaiihe overlap between
the populations happens mostly for objects whose clasifitsaare not clear, and the
scatter caused by systematics is probably the main caussdtéis overlap.

The origin of the IR emission in LERGs should be questioned: Rivow from
cases like M 87 that no accretion-related component is thetean small scales (see
Section 4.1 irHardcastle et al. 20Q9although IR emission is measured wipitzer
It is very likely that in LERGs the IR emission is associateithvihe jet and the old
stellar population, and is therefore not reliable as amregtor of accretion.

6.4.3 X-ray/[Olll] correlations

As pointed out bydardcastle et a(2009), there is a strong correlation betwelgs
andLy, (Fig. 6.11and Table6.4), given that both quantities directly trace accretion.
As in the case of the correlation betwelep andLy,, the LERGs fall below the cor-
relation expected for high-excitation objects. The scattehis plot is much higher
than that seen in Figui@ 10 Infrared emission is a better indicator of accretion than
[Oll1], since it is less contaminated by the jet and stellargesses, as well as easier to
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measure.

The relation between the [Olll] and jet-related X-ray luwsity is shown in Fig.
6.12 This plot is surprising in that it separates the populaiquite clearly. This is
not expected a priori, since [Olll] traces the photoionigpower of the AGN, which
is directly related to accretion, and not directly dependerjet power, which is traced
by Lx,.
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Figure 6.11: X-ray luminosity for the ‘accretion-relatetbmponent_y, against the
[Oll1] emission line luminosity. Arrows indicate upper lita. Colours and symbols as
in Fig. 6.1

The LERGs are underluminous in [Olll], as expected, and shayveat deal of
scatter due to thefkect of the random orientation on their X-ray emission. Brbad
objects have boosted X-ray luminosities both due to bearamdjto contamination
from the accretion-related component, and lie towardsdpeight corner of the plot.
Their relative faintness in [Olll] can be explained by obstion, as suggested by
Jackson & Brown€1990. This causes some BLRGs and most NLRGs to appear as
overluminous in [OIlIl] with respect to the other population
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Figure 6.12: X-ray luminosity for the unabsorbed comporiggtagainst the [Olll]
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Fig. 6.1
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6.4.4 RadigIR/[Olll] correlations

Hardcastle et a(2009 found correlations between the overall radio luminositgt the
infrared and [Oll1] luminosities. We observe the same inots and correlation anal-
ysis (Table6.4), with the 2Jy sources filling some of the gaps in the paransgtace
(Figs.6.13 6.14). The LERGs have higher (relative) radio luminosities tHanother
populations, as expected. Beaming is likely to introdu@étecin the radio luminosity
in both plots, while orientation is likely to influence theaster in IR luminosities. For
the 3CRR objects it can be seen that the broad-line objeutsdystematically higher
[O111] luminositites than narrow-line objects for the saimeninosity, but this is not so
clear for the 2Jy sources alone, due to their redshift tistion.

By contrast, and as observed Hyrdcastle et a(2009), the radio core luminosity
is not well correlated with eithdrg nor Lo (Figs.6.15 6.16. The QSOs have radio
cores that are far more luminous than those of the otheredadsll the populations,
in fact, seem to be in éerent regions of the parameter space, with the broad-line
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objects having more luminous radio cores than the narroe/-tbjects for the same
Lir andL;o;; due to beaming, and LERGs being fainter in both plots, but ailere
radio-luminous, in proportion, than NLRGs.

The correlation betweelhg andLo is very strong (Figuré.17and Tables.4),
and made much clearer by the addition of the 2Jy objectsn@itien dfects are likely
to affect both quantities in the same way (except for [Olll] absorpin some objects),
and neither magnitude isfacted by beaming, which greatly reduces the scatter. Con-
tamination from the jet is also likely to favour both quaiestequally, by adding to the
IR emission and introducing an additional source of phatiziation.

6.5 Jet power and Eddington rates

One of the hypotheses that has gained more strength in reearg over the mecha-
nisms underlying accretion in LERGs postulates that thesniaccretion rate switch
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between these objects and the high-excitation populati@eut 1- 10 per cent of
the Eddington rate (see eBest & Heckman 20L,2Russell et al. 201,2and references
therein). In this Section we aim to test this hypothesisnigkito account not just the
radiative power from the AGN, but also the kinetic power & {bt, denoted) in this
thesis.

6.5.1 Jet power estimations

To estimate the jet kinetic power we used both the correlatiaf Cavagnolo et al.
(2010, which relies on 1.4-GHz measurements, and\@fott et al. (1999, which
is derived from 151-MHz fluxes, with a correction factbr= 15 (see discussion in
Hardcastle et al. 2009 Cavagnolo et al(2010 derived their correlation from X-ray
cavity measurements; this method, as pointed ouRbysell et al(2012), is subject
to uncertainties in the volume estimations and on how mucthn®fAGN power is
actually transferred to the interstefiatergalactic medium. Given that the objects in
our samples are far more powerful than the ones consider€aygnolo et a(2010),

it is possible that their correlation underestimates th@g@svers in our case, but it is
the best estimate based on actual datéllott et al. (1999 derived their correlation
from minimum energy synchrotron estimates and [Oll] enosisdine measurements,
which make the slope of the correlation somewhat uncerdaimvell as introducing an
additional uncertainty (in form of the factdi) in the normalization.

Godfrey & Shabalg2013 discuss these issues in detail, arguing that, given the
vastly diferent particle contents and energy budgets of FRI and FRlcss, as well
as the dependence of the jet luminosity with the environr{jetg are more luminous
in denser environments, see etardcastle & Krause 20)3it is very likely that, a
priori, a single correlation cannot be used across theesptipulation of radio-loud
objects. However, they find that such a correlation does wamkl conclude that en-
vironmental factors and spectral ageing ‘conspire’ to ocedthe radiative ficiency
of FRII sources, fectively situating them on the sanie: — L1s: correlation as the
low-power FRI galaxies. This makes the use of these comektjualitatively inaccu-
rate, but quantitatively correct, within the assumpti@ssower limits to the jet kinetic
power.

We have repeated the luminosity versus jet power plot&odfrey & Shabala
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(2013 for our sources, using both tiizavagnolo et a2010 andWillott et al. (1999
correlations, and we find them to agree very well, with slidiergences at the high
and low ends of the distribution due to thetdrent shapes of both correlations. For
our analysis we have used the relationVdillott et al. (1999, both for consistency
with the analysis oHardcastle et a(2006 2009, and because of the relatively higher
reliability of low-frequency measurements. As a furtheeck we have compared the
jet power we obtained for PKS 2211-17 with that obtained pastelently byCroston

et al.(e.g.2017), 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 oupleafrom the K-band
magnitudes ofnskip et al.(2010 and a slight variation of the well-known correlation
between these quantities and the black hole m@assham 200y, We cross-tested the
results with the black hole masses obtained from the B-baagnitudes ofRamos
Almeida et al.(2010 (using the corrections dfukugita et al. 199band the relations
from Graham(2007), and found them to be mostly consistent, save for an oveftatit
that might be related to theftierent apertures used (the B-band derived masses tend to
be smaller).

15 of our objects are missing from the worklotkip et al.(2010. We obtained
2MASSnagnitudes for some of them, so 11 sources do not have K-baadurements
and are thus missing from the following tables and plots. l@ke, 3 are QSOs, 4
BLRGs, 3 NLRGs and 1 LERG. Given that the black hole masseseatefrom K-
band magnitudes for broad-line objects and QSOs are nabtejiwe can assume that
our sample is adequately covered. A further source of uaicgytfor the Mgy — Lk
correlation originates from the fact that black hole masgsekisters are expected to be
systematically higher (see e¥Xplonteri & Ciotti 2012. This is particularly important
for LERGs inhabiting rich environments, a point we returmrtéhe next Section.

When cross-checkingKIRT and2MASSobservations for the 3CRR sources we
found five objects where fierences greater than 0.4 mag (after aperture and K correc-
tions) were present between both instruments. After cingogarefully these discrep-
ancies, we have relied &MASSmeasurements whenever possible. It is important to
keep in mind not only the limitations of the available datat, &lso the large degree of
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scatter present in the correlation@faham(2007).

We derived the bolometric luminosity from thefldirent bands, and studied their
consistency. We used the correlationsvdrconi & Hunt (2003 for the X-ray 2-10
keV luminosity, the simple relation dest & Heckmar(2012 for the [Olll] luminos-
ity and the relation oRunnoe et al(2012) for the IR luminosity. These values are
shown in Tables.5.

It is worth noting that all these relations are a subject dfade. The_x _10ev/Lbol
relation was initially postulated for bright quasai\is et al. 1994, and although
more complex relations like that dflarconi & Hunt(2003 agree with the initial re-
sults, they cannot be be fully applied to low-luminosity dod-excitation sources
(see e.gHo 2009. The mid-IR luminosity seems to be a very reliable estimafo
the bolometric luminosity of an AGN, despite issues with tlb@rmal contamination
where a jet is present (see efg@rnandez-Ontiveros et al. 2Q1and a minor contribu-
tion from star formation. The main issue with this corredatiies in the dependence
on orientation, which can introduce a bias of up to 40% (sgeRinnoe et al. 2012
[Oll] has been widely used to assess the bolometric luniipagven that the conver-
sion factor between the two is just a constant, but it is Nl when there are other
sources of photoionization, and it is known to underestmiaé bolometric luminos-
ity in low-excitation sources (see elgetzer 2009 and is also orientation-dependent
(Dicken et al. 2009Jackson & Browne 1990



Table 6.5: K-band magnitudes, K-corrections (calculated using tha-re
tions of Glazebrook et al. 1993Viannucci et al. 200), absolute mag-
nitudes, black hole masses, Eddington luminosities, X-f@jyl] and
infrared-derived Eddington ratios and jet Eddington iefa the sources

in the 2Jy sample. The K-band magnitudes froskip et al.(2010 are
marked as 110 in the reference column, the magnitudes takeantlgt
from the 2MASS catalogue are marked as 2M. The errors quated f
Lxrad/LxEda are derived from both the errors in the X-ray powerlaw
normalization and the errors in the intrindiy, to show the maximum
possible uncertainty. WhereNwas fixed to 18 cm2, the upper and
lower values of the X-ray luminosity were calculated f& = 0 and

Ny = 10?* cm 2 respectively. For PKS 0521-36 the intrinsic absorption
is unconstrained, thus an upper limit is given EQtyaq/Lx eqd, indicated
with an asterisk. E stands for LERG, N for NLRG, B for BLRG, Q fo

Quasar.
PKS Type Ref z mag Ks  K-corr  Mag Ks MgH LEdd Lxrad/LxEdd Lionijrad/Lioin)edd  Lirrad/LIREdd Q/Ledd
x10° Mgy x10*0W
0023-26 N 110 0322 15036 -0.604 -26.70 1.67 217 .76131%x 1073 242x1072 115x 102 9.10x 1072
0034-01 E 110 0073 12569 -0.183 -25.21 0.53 0.69 50128 x 1073 156x 1073 828x 107  1.23x1072
0035-02 B 110 0220 14107 -0.482 -26.47 1.40 181  .41#3% %1072 2.32x 102 217x102  525x 1072
0038:09 B 110 0.188 14299 -0.428 -25.94 0.93 121 1858 x10t 4.34x 1072 457x 1072  4.82x 1072
0039-44 N 110 0346 15411 -0.622 -26.53 1.46 1.89 81837 x 1072 203x 107" 899x 1072  9.79x 1072
0043-42 E 110 0.116 12999 -0.283  -25.94 0.94 122 1848« 1073 144% 1073 122x1072  229x1072
0105-16 N 110 0.400 15419 -0.649 -26.91 1.96 255 331054 x 107" 344x1072 364x1072  1.38x 107
0213-13 N 110 0.147 135502 -0.349  -26.07 1.03 1.33 57895 x 1072 341x1072 159%x 1072 298x 1072
034705 B 110 0.339 14286 -0.617  -27.59 3.28 427 31218 x1072 7.46x 1074 821x1073  272x1072
0349-27 E 110 0.066 12.853 -0.166  -24.68 0.36 0.46 .164328x 1073 9.04x 1073 120x 1072  1.23x1072
040403 N 110 0.089 13417 -0.221 -24.85 0.41 053  8ad8x 10t 191x 1072 384x1072  1.88x1072
0442-28 N 110 0.147 13160 -0.349 -26.41 1.33 173  .308%0x 10! 1.40x 102 196x 102  352x 1072

Continued on next page
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Table 6.5 -Continued from previous page

PKS Type Ref z mag Ks  K-corr  Mag K MgH LEdd Lxrad/LxEdd Lionijrad/Lioin)edd  Lirrad/LIREdd Q/LEdd
x10° Mgy x10*0W
0521-36 B 110 0055 10913 -0.139 -26.18 1.12 145  986& 1072 3.48x 1073 257x102  9.28x10°®
0620-52 E 2M 0051 9.801 -0.129 -27.11 2.27 295 06880 x10° 3.09x 1075 818x10*  1.09x 1073
0625-35 E 110 0.055 10.724 -0.139  -26.36 1.29 1.68 .00823x 1072 6.27x 1074 519x107°  213x 1073
0625-53 E 110 0.054 10.042 -0.137  -27.00 2.09 272 41892 x10°® 141x 104 491x10%  424x10°®
0806-10 N 110 0.110 12137 -0.269 -26.67 1.62 211 847U %1073 9.78x 1072 571x1072  891x 107
0859-25 N 110 0.305 14.758 -0.589  -26.83 1.83 238  .84872x 1072 1.39x 1072 244x1072  101x 107
0915-11  E 110 0.054 10.868 -0.137  -26.18 1.12 145 17923x10° 6.98x 107* 288x 1073  379x 1072
0945:07 B 110 0.086 12376 -0.214 -25.81 0.84 110 .03 x10t 256x 1072 239x1072  154x1072
1151-34 Q 2M 0258 14.040 -0.537  -27.08 2.22 2.88 23152 1072 340x 1072 229%x1072  277x1072
1226+02 Q 2M 0158 9.937  -0.371 -29.82 1.18 1.54 08352 6.87x 107! 212x10  558x 1072
1306-09 N 110 0464 15120 -0.666  -27.61 3.33 433 881902 x 1072 113x 1072 163x102  435x1072
1355-41 Q110 0313 12.744 -0597 -28.91 8.95 11.63 .608%3x 1072 232x10°? 173x102  110x107?
1547-79 B 110 0483 15185 -0.669  -27.66 3.44 447 5185x 107t 211x 10t 245x1072  7.76x 1072
1559:02 N 110 0104 12205 -0.256  -26.46 1.38 1.80 .7:#94x 10 350x 1072 590x 102  1.34x107?
1648:05 E 2M 0.154 12550 -0.363  -27.14 2.33 3.03 4235108 x 104 521x 1074 218x10°  161x 107!
1733-56 B 110 0.098 12485 -0.242  -26.03 1.00 1.30 758 33x 1072 1.76x 102 174x102  154x1072
1814-63 N 110 0.063 11.896 -0.159  -25.52 0.68 0.88 .34822x 102 171x 1073 223x1072  264x 1072
1839-48 E  2M 0112 11.841 -0.274  -27.01 2.11 274 1913%%x 1074 2.94% 105 214x10°  6.66x 1073
193246 B 110 0231 14971 -0.499 -25.84 0.86 112 90898 x 1073 7.49% 1072 135x102  272x 107
1934-63 N 110 0183 14.023 -0.419 -26.14 1.09 141 2028307 x 1072 2.98x 102 286x1072  273x1072
194902 N 110 0.059 11333 -0.149  -2592 0.92 120  .63t381x 1072 2.10x 1072 332x102  6.30x 107
213514  Q 2M 0.200 12404 -0.449  -28.00 4.47 5.81 401038 x 107t 7.82x 1072 274x1072  854x 107
2211-17  E 110 0153 13422 -0.361 -26.25 1.18 1.54 8120 x 107 546x 1074 172x10°%  7.27x1072
2221-02 B 110 0.057 11.448 -0.144 -25.73 0.79 1.03 3188 x 1072 5.77x 1072 417x102  320x10°®
2250-41 N 110 0310 15508 -0.594  -26.12 1.07 1.40 .35%830x 107 125x 107" 497x102  156x 107!
2356-61 N 110 0096 12559 -0.237  -25.90 0.91 118  58%33x 1072 268x 1072 235x10%  324x10°2
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6.5.3 AGN power and accretion rate

We plotted the radiative Eddington ratds,(/Leqq) derived from the dferent bands
against each other first, to establish their relative réite@s. We find that the [Oll]
and IR-derived luminosities are well correlated, but thet phows a scatter of over an
order of magnitude. Moreover, there seem to be some systedi@érences between
the 2Jy and 3CRR populations, which we attribute to theiveldietter quality of the
data for the 2Jy objects.

Jet power versus radiative luminosity plots can also beghténing in discerning
the relative contributions of both components for each padpmn. Fig. 6.18 shows
Loolx)/Ledd VersusQ/Leqq for the 2Jy and the 3CRR sources, where Q is the jet
power as defined byVvillott et al. (1999. Figs. 6.19and6.20 show the same plot
for [Olll] and IR derived bolometric luminosities, respeetly. Figure6.20is the one
with the smallest degree of scatter. Reassuringly, andrifgedein the histograms, in
all the plots adding both components still results in suldiigton accretion, even in
the brightest sources.

The X-ray derived Eddington rates show the greatest dedna@certainty on indi-
vidual measurements, two orders of magnitude for some sspand even higher for
the LERGS. This is most likely intrinsic to the nature of Xtrmeasurements of AGNSs,
where source variability, intrinsic absorption and beanaantribute to the scatter. We
redid the plot purposefully overestimating the errors lmyuding the uncertainty in the
intrinsic Ny (when the N, was assumed to be 3cm=2 we assumed upper and lower
values of 18* and 0 cm?, respectively). We found that this was still not enough to
bring some of the NLRGs and most of the LERGs to the correlatiRGs seem to
have systematically lower (by over three orders of mageiindsome cases) radiative
Eddington rates in X-rays than they do when these rates angeeddrom IR or [Olll]
measurements.

While IR measurements are most reliable to determine acoret high-excitation
sources, they appear to overestimate this component in ISERMst IR points in
Figure 6.20 are detections, not upper limits. As pointed out in Sectoh3 it is
likely that in these objects the IR emission is associatel thie jet and the old stellar
population, rather than accretion. For the same reasoi] f@¢asurements are also
likely to be an overestimation, since the jet and stellartpiomization can boost this
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Figure 6.18:Lyox)/Ledd VersusQ/Leqq for the 2Jy and the 3CRR sources. Error bars
reflect the uncertainties in the accretion-related lumtggsut not systematics such as
the uncertainty in absorption or intrinsic variability. rAws indicate upper limits.

emission. We conclude that for LERGs the Eddington rate $$ therived from X-ray
measurements.

In all these plots a division between high and low-excitatsmurces is clearly
visible. A trend between jet power and radiative luminosigyn be observed for the
LERGs. We can assume that a certain degree of contaminatiom jet emission
is present in the radiative component in the three plots,isupdobably causing this
apparent trend.

Several conclusions can be drawn from the behaviour of thRGHEin these plots.
The fact that we do not see a decrease in jet power at hightikeediaminosities indi-
cates that, even if there is a switch between radiativelffizcient and éicient accre-
tion, jet generation is not switchedfavhen radiatively #icient accretion takes over.
There are several NLRGs, in fact, where the contributiomftbe jet kinetic luminos-
ity is higher than that of the radiative luminosity (see désmsly & Zhang 2011 The
amount of scatter in the plots may suggest that these prexass independent.

This hypothesis must be treated carefully, however, duéé¢osburces of bias
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Figure 6.19:Lyoijoin]/Ledd VersusQ/Leqq for the 2Jy and the 3CRR sources. Arrows
indicate upper limits.

present in this kind of analysis. The timescales involvednanch shorter for the radia-
tive luminosity than they are for the jet power estimationkis is likely to introduce

a great amount of scatter in these plots. It is possible leasburces we are selecting
had more luminous cores in the past, which would belie tmee®/L,.4 ratio. More-
over, our study does not include radio-quiet objects, whiehfar more numerous than
the radio-loud population, and which would presumably @gcihe upper left corner
in the parameter space, given that their radiative outpegedts by far any contribution
from a jet.

To assess the extent of bias we plotted the HERGs in our 2J3@RIR samples
nextto the SDSS selected quasarBofisly & Zhang2011). Fig. 6.21showsL o111
versusQ for these objects. Given that we arffegtively selecting the most radio-
powerful objects for our samples, this plot shows that there correlation for the
maximum possible jet power and the radiative power, despéescatter. The SDSS
QSOs fill the gap between our sources and the more radiojoppetdation, and overlap
with our sample, showing that there is a continuity in therallaistribution. This
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Figure 6.20: Lo r/LEgq VErsusQ/Lgqyq for the 2Jy and the 3CRR sources. Arrows
indicate upper limits.

reinforces the conclusions &unsly & Zhang2011), who pointed out that there is no
reason to expedtyg o) andQ to be correlated beyond the scaling with the central
black hole and the contribution t0,0 (0117 from jet photoionization for the overall
AGN population.

6.5.4 An Eddington switch?

We plotted histograms of the total Eddington luminositly,{{ + Qjet)/Ledq) for the
three bands and the higbw-excitation populations. In all cases we found the dis-
tribution to be clearly bimodal, with HERGs having systeiceity higher Eddington
rates (peaking at 20 per cent Eddington) than LERGs (peaking-at per cent Ed-
dington). The narrowest distribution is that obtained fithen IR data (Figuré.22), but
those derived from X-ray and [Olll] measurements have adartt peaks and outliers.
Despite the fact that they have no influence on the result, @egddd to remove
the broad-line objects from the histograms to allow direchparison between the 2Jy
and 3CRR samples (we have no K-band measurements for SCRE8hBRd QSOs),
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Figure 6.21:Lpo 0117 VersusQ for the 2Jy and the 3CRR high-excitation objects and
the SDSS quasars frofunsly & Zhang(2011). The line represents a 1:1 relation
between both quantities.
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Figure 6.22: Histogram of total Eddington rateg{;r + Q)/Leqq) distribution for the
2Jy and the 3CRR sources. Broad-line objects are excludedtite HERGs to allow
direct comparison between both samples.

and to remove the bias derived from black hole masses thaatbest, uncertain for
these objects (e.g. 3C 273 in the X-ray histogram appearnspes-&ddington, due to
its luminosity, high jet power, and, probably, underestedeBH mass).

Before any conclusions can be drawn on the existence of amgida switch
between LERGs and HERGsS, it is important to consider theraatfi outliers (i.e.
high Eddington LERGs and low Eddington HERGS). In the casthefHERGS, the
two objects with very low Eddington rates are M 87 and 3C 33&8ctvare outliers in
all our plots and, as pointed out at the beginning of Sed@idnare most likely LERGs
(Evans et al. 2008 The LERGs with high Eddington rates fall into two categeri
‘dubious’ LERGs and cluster-embedded objects. To the forategory belong PKS
0034-01 (3C 15), PKS 0043-42, PKS 03455, PKS 0625-35, 3C 123 and 3C 200
(seeHardcastle et al. 2006To the latter category belong PKS 2211-17, PKS 188
(Hercules A), PKS 0915-11 (Hydra A), 3C 319 and 3C 438. Alkthebjects (save
perhaps for Hydra A, which has a peculiar spectrum) are lfided-ERGs embedded
in very dense clusters. It is possible that a boost of thaujgidosity due to the dense
environment and an underestimation of the black hole massriteri & Ciotti 2012
are combining to produce thisfect.

To test this &ect we have redone the histogram assuming that the LERGs have
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Figure 6.23: Histogram of total Eddington rate distribatityo g + Q)/Leqgq fOr the
HERGSs,Q/Lgqq for the LERGS) for the 2Jy and the 3CRR sources. Broad-lifectd
are excluded from the HERGs to allow direct comparison betwsth samples.

no measurable radiative contribution from radiativefiyogent accretion (that is, tak-
ing into account only Q for these objects), and excludinghadisources for which the
optical classification might not be reliable. This histagres shown in Figures.23
Although the separation between both populations is noarefethere is still some
overlap. The remaining LERGs witbg(Q/Lgqq) > —1.5 are the cluster-embedded
objects mentioned above. While it isfiiitult to assess by how much the black hole
mass is underestimated in these galaxies, some of the phdgbéamteri & Ciotti (2012
show that they could befioby over half an order of magnitudélardcastle & Krause
(2013 show that there is almost an order of magnitude scatter@raitio luminosity
in their simulations for objects with the same jet powersiseal by the range of envi-
ronmental densities they tested. Therefore, the comloinati these two #ects could
be enough to account for the high values of Q in cluster-emdeadbjects, and the
reason behind the overlap between both populations. Iwbre the case, our results
would be compatible with a simple Eddington switch betweshatively indficient,
low-excitation objects, and radiativelyfieient, high-excitation ones.
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6.6 Summary and Conclusions

It is now clear that a classification that is based purely onpinological features, as
that of Fanardt & Riley (1974, emission line properties, or orientation, as predicted
by models such as that éihtonucci(1993, cannot account for the underlying variety
within the AGN population. As suggested by elgn et al. (2010, we need a classifi-
cation that encompasses both the physical properties anobigervational properties
of AGNs. This is particularly important for the LERBERG case, since thefterence
between both classes lies in their underlying physical@ges.

Although recent studies take into account this intrinsitedence between both
populations, and progress is being made towards undemstgie properties of LERGS,
most samples are still use restrictive selection critemaploy only one or two energy
bands to characterise the populations, contain objectshaduie misclassified, and
bolometric corrections that do not accurately describelése powerful sources. In
this work we present consistent results that question tbaracy of some of these
assumptions, and prove that further, more careful analysiseded to understand the
relationship between radiative output and jet productiothe overall AGN popula-
tion.

Throughout this work we have shown that the best way to riglielassify AGN
populations is through a multiwavelength approach, whieluge on our sample of 47
2Jy and 135 3CRR sources (more than double the size of thdgiedthy Hardcastle
et al. 2009. We show that several objects classified as LERGs basedearotttical
spectra (PKS 0034-01, PKS 0043-42, PKS 0625-35, 3C 123, 8@2@more recently
PKS 0347%05) are most likely high-excitation sources, and vice-&esome objects
classified as NLRGs (M 87 and 3C 338 being the clearest caseEERGs where the
high-excitation lines are produced through other prosesse

We find the same strong correlations between hard (2-10 kekfyXmid-IR and
[Olll] emission asHardcastle et a2006 2009, confirming that these quantities are
all related to radiatively ficient accretion. We confirm the jet-related nature of the
soft X-ray emission, as suggestedigrdcastle & Worral(1999. We also show that
selection criteria must be taken into account when studgamgelations between these
quantities: relativistic beaming can introduce a largdtscan the plots, resulting in
poorer partial correlations. We find that all the correlasi@fHardcastle et a(2009
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become stronger by the addition of the 2Jy objects.

By comparing the accretion-related correlations, we shwat inid-IR measure-
ments are best to constrain the accretion properties oféxghation objects, while
for the low-excitation population X-rays are the best bamdét an upper limit on
radiatively dficient accretion, given that they are less subject to comtatioin from
stellar processes and the presence of a jet (this is takemaacbunt by the soft X-ray
component, whose jet-related nature we confirm). Radio uneagents are essential to
establish the extent of radiatively iffieient accretion, and the amount of AGN power
invested in the jet.

We emphasise the fact that bolometric correctiodis/L correlations and jet
power estimations only give an overall indication of AGN aeiour, and may be inac-
curate for individual sources, given the vast range of emvirents and nuclear powers
involved. Further studies of individual SEDs and jet-eamiment interaction simula-
tions are needed to establish how reliable these correiatee, in particular for the
case of LERGs.

Despite these intrinsic limitations, we find unequivocalgdrfor the radiatively
inefficient nature of the LERGS, as well as confirmation for the tlaat these objects
accrete at very low Eddington rates (O per cent in all cases, with the distribution
peaking~ 1 per cent). We find that the HERGs in our sample are narrovelyiduted
around 10-30 per cent Eddington rates. However, we find arlagvéetween both
populations, that is not consistent with a simple switch.ercafter discarding the
‘dubious’ objects, we find that LERGs embedded in very riaistdrs have higher Ed-
dington rates. For these sources the central back hole syamsst be underestimated
and the jet luminosity is higheHardcastle & Krause 20)3 These two factors can
account for the order of magnitude in Eddington rate thatesdakese objects overlap
with the HERGS, in which case a simple switch between bothuladions would be
feasible.

We do not see signs in our plots for radiativelfi@ent accretion completely tak-
ing over from jet production. In fact, we find several NLRGsahich the dominant
energetic contribution from the AGN stems from the jet, eatthan radiative lumi-
nosity. Selection on radio flux selects for the objects whth largest values d at
any given epoch. We find that jet kinetic power and radiativaihosity seem to be
independent in high-excitation objects, confirming theatasions ofPunsly & Zhang
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(2011). While a better understanding of the timescales and th#iadaf radio-quiet
objects to the plots are necessary to fully understand venétiese quantities are truly
independent, our plots seem to indicate that they are.

6.7 Appendix: 3CRR tables



Table 6.6: K-band magnitudes, K-corrections (calculatgdgithe relations oflazebrook

et al. 1995 Mannucci et al. 200} absolute magnitudes, black hole masses, Eddington lu-
minosities, X-ray, [Olll] and infrared-derived Eddingtoatios and jet Eddington ratios for
the sources in the 3CRR sample. The errors quoted fe4dll x edd are derived from the
errors in the X-ray powerlaw normalization. Upper limitg @amdicated with an asterisk. E
stands for LERG, N for NLRG, B for BLRG, Q for Quasar. The K migdes given cor-
respond to the following references:Lllly & Longair (1984, S Simpson et al(2000, V

de Vries et al(1999, 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 MgH LEdd Lxrad/LxEdd Lionijrad/Lioin)edd  Lirrad/LIREdd Q/LEdd
x10° Mgy x10*0W
4C12.03 0 L 0156 13.130 -0.367 -26.60 1.54 2.00 20% 1074+ 1.62x 1073 - 1.18x 1072
3C20 1 L 0174 14060 -0.403 -25.96 0.95 1.24  .163]29x 102 458% 1073 257x1072  7.98x 1072
3C28 0 L 0195 13570 -0.441 -26.77 1.75 2.27 979 1075+ 1.42x 1073 827x10*  249x107?
3C31 0 2M  0.017 8.481  -0.043 -25.77 0.82 1.07 922 1076+ 9.72x 10°° 855x10*  6.12x10*
3C33 1 S 0060 11720 -0.150 -25.54 0.69 0.90 .75237x 1072 6.04x 1072 241x1072  191x 1072
3C35 0 L 0068 11.770 -0.170 -25.80 0.84 1.09 .981x 1073+ 3.43x 10 - 482x1073
3C42 1 S 0395 15140 -0.648 -27.16 2.36 3.07 992871072 124x 1072 - 5.42x 1072
3C46 1 V. 0.437 14830 -0.660 -27.74 3.67 4.78 - 5% 1072 - 392x 1072
3C55 1 L 0735 16.540 -0.763  -27.50 3.05 3.97 - - 29101 259x 101
3C66B 0 2M 0.022 9500 -0.055 -25.36 0.60 0.78 222 1076* 5.14x 1074 6.37x 104 1.78x 103
3C76.1 0 2M  0.032 10.870 -0.083  -24.95 0.44 0.57 76X 1075+ 4.30x107* 804x10*  283x1073
3C79 1 S 0256 14420 -0.534 -26.67 1.62 211 712320 x 1072 122x 107 9.85x 1072  7.58x 1072
3C83.1B 0 2M  0.026 10.850 -0.065 -24.41 0.29 0.38 .95% 1075+ - 1.88x10°  538x1073
3C84 1 2M  0.018 8.126  -0.045 -26.26 1.19 1.55 .901x 10~4* 9.41x 1078 179%x 102  1.46x 1073
3C98 1 2M 0031 10930 -0.078 -24.74 0.38 0.49  561013x 1073 752x 1073 - 957x 1073
3C123 0 L 0218 13960 -0.479  -26.67 1.63 212 54138 x 1073 1.65% 102 6.21x 107  255x 107!
3C153 1 S 0277 14220 -0.560 -27.09 2.24 291 394104 5.25x 1073 3.04x10°  343x107?
3C171 1 S 0238 14720 -0510 -26.17 111 145 96205x 1072 187x 1071 - 6.53% 1072
DA240 0 2M  0.036 10.724 -0.091  -25.30 0.58 0.75 A71x 1075+ 2.66x 1074 - 481x101
3C172 1 L 0519 15670 -0.675 -27.36 2.75 3.58 - - 14%10°°  861x 10
3C192 1 S 0060 12120 -0.151 -25.14 0.51 0.66 .788030x 10 121x 1072 269x 1073 116x 1072
3C200 0 V 0458 15590 -0.665 -27.11 2.27 2.95 .855¢ 1073+ - 758x10°  7.32x10°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 MgH LEdd Lx rad/Lx Edd Lionijrad/Lion}edd  Lirrad/LirEdd Q/LEdd
x10° Mgy x10°0wW
3C223 1 S 0137 13770 -0.328  -25.59 0.72 0.93 35150 x 1072 5.64x 102 - 271x 102
3C228 1 L 0552 16250 -0.682  -26.95 2.02 262 514833 1073 - 202x1072  218x 10t
3C236 0 L 0.099 12220 -0.244 -26.29 1.22 1.59 36K 1074+ 1.75x 103 - 8.32x 1073
3C263.1 1 L 0824 16.610 -0.818 -27.79 3.81 4.95 - - 24% 102  224x 10!
3C264 0 2M  0.021 9.489  -0.053 -25.26 0.56 0.73 .014¢ 1076* 6.97x 107 1.20x10°%  1.96x 1072
3C272.1 0 2M  0.003 6.222  -0.007 -23.46 0.14 0.18 094 1077* 1.80x 1073 404x10%  1.96x10°*
3C274 1 2M 0.004 5812 -0.011 -25.38 0.61 0.79 B4k 1077* 3.95x10°° 252x10%  261x10°3
3C274.1 1 L 0422 15360 -0.657 -27.12 2.29 2.97 02% 1073+ 2.67x1073 532x10°%  856x 1072
3C280 1 B 0996 16.800 -0.902 -28.19 5.17 6.72 091935 x 107" - 7.33x1072  306x 107t
3C284 1 L 0.239 13990 -0.512 -26.91 1.96 254 261797x 1072 5.45x 1073 - 2.37x 1072
3C285 1 L 0079 12440 -0.198 -2553 0.68 0.89 .945183x 1073 144% 1073 - 8.61x 1073
3C288 0 L 0.246 13420 -0.521  -27.56 3.21 4.17 .65% 1075* - 1.14x10°%  234x1072
3C289 1 B 0967 16.720 -0.891 -28.18 5.13 6.67 - - 57% 102  162x 10t
3C293 0 2M 0045 10841 -0.115 -25.77 0.82 1.07 161512 x 103 214x 104 487x10°  269x 1073
3C295 1 L 0461 14330 -0.665 -28.39 5.99 7.79  851551x 1072 4.36x 1073 149x 102  152x107t
3C296 0 2M  0.024 8764  -0.061 -26.30 1.23 1.60 A4 1075* 1.19x 104 355x10°  6.12x10*
3C300 1 L 0272 15110 -0.554 -26.16 1.10 1.43 .88 1074+ 2.54x 1072 437x10°%  7.83x1072
3C305 1 2M 0.042 10.643 -0.106 -25.75 0.81 1.05 .566¢ 1075+ 3.67x10°3 - 3.01x 1073
3C310 0 L 0054 11660 -0.137 -25.39 0.61 0.80 - 29 1074 7.24x10%  187x 1072
3C315 1 L 0108 12920 -0.266 -25.84 0.87 1.12 53% 1074+ 2.37x 1078 273x10°%  171x 1072
3C319 0 L 0192 14910 -0.436 -25.15 0.51 0.66 A9k 1073+ 7.99%x 1074 254x10°  7.65x107?
3C321 1 L 009 12220 -0.237 -26.24 1.17 152 4867290 107 1.86x 1073 6.48x 1072  7.88x 1073
3C326 1 L 0.090 13.070 -0.222 -25.20 0.53 0.69 - 143 10°° 948x10*  226x1072
NGC6109 0 2M  0.030 10.325 -0.076  -25.27 0.56 073  51%10°6* - - 1.70x 1073
3C337 1 B 0635 16550 -0.709 -27.05 2.17 2.82 - - 14k 102 152x 10t
3C338 1 2M 0.030 9.170 -0.077 -26.50 1.43 1.86 322 10°6* 6.47x 107 272x10%  261x10°3
3C340 1 B 0775 16.920 -0.788  -27.29 2.60 3.38 - - 84% 102  171x10%
3C341 1 L 0448 15330 -0.663 -27.31 2.64 3.43  .051232x 1073 6.38x 1072 9.22x1072  581x1072
NGC6251 0 2M  0.024 9.026 -0.062 -26.14 1.08 1.41 726¢ 1075+ - 1.70x10°  601x10*
3C346 1 L 0162 13.100 -0.379 -26.73 1.70 2.21 .60k 1074* 3.36x 1072 7.84x10°  118x 1072
3C349 1 L 0205 14.470 -0.458 -26.00 0.98 1.27 761926 1072 1.00x 1072 - 3.91x 1072
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Table 6.6 -Continued from previous page

PKS Type Ref z mag Ks  K-corr  Mag Ks MgH LEdd Lxrad/LxEdd Lionijrad/Lioin)edd  Lirrad/LIREdd Q/Ledd
x10° Mgy x10*0W
3C352 1 B 0806 16.720 -0.807 -27.61 3.32 4.32 - - 85K 102  1.63x 1071
3C386 0 2M  0.018 9.673  -0.045 -24.71 0.37 0.48 19 1076+ 1.31x 1073 453x10%  2.05x10°3
3C388 0 L 0091 11960 -0.225 -26.34 1.26 1.64 .686¢ 1075* 1.10x 103 9.90x10*  1.12x107?
3C433 1 L 0102 11.900 -0.250  -26.69 1.65 215  .2412%2% 1072 7.86x 1073 294x102  215x 1072
3C436 1 L 0215 13840 -0.474 -26.76 1.73 226 678 [5x1073 5.62x 1073 345x 1073 315x 1072
3C438 0 L 0290 13.900 -0.574 -27.54 3.16 4.11 A86¢ 1074+ 251x10°8 1.20x 103 6.87x 1072
3C441 1 B 0708 16.200 -0.747 -27.72 3.62 4.71 - - 70k 102 124x101
3C442A 0 2M  0.027 9.860 -0.069 -25.57 0.70 0.92 585 107+ - - 1.67x 1073
3C449 0 2M  0.017 9.070 -0.044 -2531 0.58 0.75 732 10°6* 7.45% 10°° 3.27x10° 6.51x 104
3C452 1 L 0081 12030 -0.202 -26.00 0.98 1.27  5043820x 1072 6.09% 1073 185x 102  235x1072
NGC7385 0 2M  0.024 9540 -0.062 -25.62 0.73 0.95 .05k 1075* - - 9.18x 1074
3C457 1 L 0428 15720 -0.658 -26.80 1.79 233 931830 x 1072 461x1072 - 9.42x 1072
3C465 0 2M  0.029 10.070 -0.075 -25.52 0.68 0.88 31% 1075+ 2.42x 1074 6.75x10*  4.04x10°3
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Table 6.7: Luminosities for the sources in the 3SCRR sampliviing the format ofHard-
castle et al(2006 2009. The values are given as the logarithm of the luminosityr@ e
s™1, upper limits are indicated with a negative sign before thleie. We have converted
the radio and IR luminosity densities init, to allow for direct comparison between the
magnitudes in dierent bands. Where measurements could not be obtainealiseince is
indicated with a dash. E stands for LERG, N for NLRG, B for BLRGfor Quasar.

PKS Type z la7g Ls Ly Lxa Lir Lionn Lioi
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 1744. - 0.0000 45,1002 0.0100 - 42.1543
3C16 E 0.4050 43.0924  39.7307  -42.7423 - 0.0000 -43.6879 0000. - 0.0000 - 41.8057
3C19 N 0.4820 43.2520 40.1444 44.0894  44.0579 44.1188 4885 - 0.0000 - 0.0000 - 0.0000
3C20 N 0.1740 42.8230 39.9703 42.5581 42,4484 42.6413 92.0443.9381 44.4412  44.2932 0.0035  41.2089 40.7289
3C22 B 0.9380 43.9571  41.9547 - 0.0000 - 0.0000 - 0.0000 032.90 0.0100 - 43.1572
3C28 E 0.1952 42.5424  -38.9594 -41.3604 - 0.0000 -42.2744 .0000 -42.7400 - 40.9640 41.8114
3C31 E 0.0167  40.3077 39.4535 40.6532  40.5441 40.7404 3%9.6 - 0.0000 42.3414  0.0015 39.4714 0.0000
3C33 N 0.0595 41.9462 39.9828 419243  41.8751 419685 48.8943.6021 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 3824. 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 - 00.00 - 43.6127
3C35 E 0.0677  41.3467 39.7695 -40.8451 - 0.0000 -43.0729 0000. - 0.0000 40.0283 0.0000
3C41 N 0.7950 43.6626 40.7233 - 0.0000 - 0.0000 - 0.0000 - 00.00 - 42.6972
3C42 N 0.3950 43.0675 40.6734 42.6079 42.4437 42.7325 @24.3343.2845 44.6355 - 0.0000 42.0354 41.8854
3C46 N 0.4373  43.1596 40.7466 - 0.0000 - 0.0000 - 0.0000 - 00.00 42.7965 42.2165
3C47 Q 0.4250 43.5207 42.2260 45.0103 449687 45.0425 B%.0444.7669 45.2142 45.8053 0.0044 43.2762 42.6262
3C48 Q 0.3670 43.6366 43.1792 45.0042 449950 45.0133 45.0044.9950 45.0133 46.1455 0.0018 43.1244 42.2544
3C49 N 0.6207 43.4355  41.5437 - 0.0000 - 0.0000 - 0.0000 - 00.00 - 0.0000
3C55 N 0.7350 44.0178 41.5741 - 0.0000 - 0.0000 - 0.0000 0D5.82 0.0132 - 42.3405
3C61.1 N 0.1860 42.7551 39.9953 41,9213 415769 42.1044 9283. 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 392P. - 0.0000 42.0084  0.0037  40.0600 39.8727
3C67 B 0.3102 42.7322  40.8156 44,2593  44.2336 44.2853 93.2543.5494  44.2853 - 0.0000 42.8315 42.2615
3C76.1 E 0.0324  40.7548 39.0689 40.9638  40.7924  41.1206 .2731 - 0.0000 419658 0.0168 -39.8475 0.0000
3C79 N 0.2559 43.0655 40.9018 42.4234 42,3410 42.4898 B8.1743.6517 44.7510 45.3259 0.0035  42.8646 42.2075
3C83.1B E 0.0255  40.8799 39.4614 40.9138  40.1461 41.54161.1387 - 0.0000 42.2051  0.0041 - 0.0000
3C84 N 0.0177  40.9226 42.3157 42.5441 425185 425682 648.3 - 0.0000 44.2169 0.0002 41.6192 41.0919

Continued on next page
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Table 6.7 -Continued from previous page

PKS Type z li7s Ls Lx, Lxa Lir Lionn Lion
3C98 N 0.0306 41.2914 38.9731 40.6532 40.5051 40.7559 4@.7042.6721 42.7404 - 0.0000 41.0215 40.2447
3C109 B 0.3056 43.0828 42.4818 45.2322 45.1760 45.2907 32B.2 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 43.06842.7847 - 0.0000 - 0.0000 41.2426 0.0000
3C123 E 0.2177 43.6816  41.7564 42.0013 41.0468 42.2651 838.5 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 0438. 43.3983 - 0.0000 - 0.0000
3C138 Q 0.7590 43.9246  42.8496 - 0.0000 - 0.0000 - 0.0000 003.8 0.0100 43.4593 42.5693
3C147 Q 0.5450 44.0397  43.9804 - 0.0000 - 0.0000 - 0.0000 0@3.5 0.0100 43.7867 43.4467
3C153 N 0.2769 42.8171 -40.2033 -41.9946 - 0.0000 -42.8895 - 0.0000 435900 0.0969 41.6395 42.4892
3C171 N 0.2384  42.7987  40.1805 41.8567 41.6881 41.9789 8d@4.0 43.9622 44.1807 - 0.0000  42.8881 42.4459
3C172 N 0.5191 43.4640 40.1724 - 0.0000 - 0.0000 - 0.0000 100.3 0.0621 - 42.7670
3C173.1 E 0.2920 42.8954  40.8900 415453  41.3385 41.6853.1244 - 0.0000 43.4000 0.0792  40.8524 0.0000
3C175 Q 0.7680 43.9641 42.2579 - 0.0000 - 0.0000 - 0.0000 0@3.7 0.0100 43.0988 42.7688
3C175.1 N 0.9200 43.9469 42.0856 - 0.0000 - 0.0000 - 0.0000 - .0000 - 42.6686
3C184 N 0.9940 44.0784 -40.4118 43.4771 42.4771 43.9542 75849. 445682 44.8976 45.3002 0.0100 - 42.8927
3C184.1 N 0.1187 41.9508 39.9921 41.7250 41.4456 41.8908.91d8 43.7026 44.2154 - 0.0000 42.2266 41.4811
DA240 E 0.0356  41.0800 40.1726 40.9031 40.7782 41.0128 80629. - 0.0000 - 0.0000 39.7558 40.0358
3C192 N 0.0598 41.5401 39.5101 40.6532 40.3802 40.7243 622.4 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 008.0 0.0100 - 0.0000
3C200 E 0.4580 43.2054 41.9718 43.5812 43.5185 43.6359 7748. - 0.0000 44,1002 0.0100 - 0.0000
4C14.27 N 0.3920 43.0522 -39.6843  42.3387 42.1701 42.47623.0542 - 0.0000 - 0.0000 - 0.0000
3C207 Q 0.6840 43.7102  43.4923 451367 45.0645 45.1875 3@b.1 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 4@U.8 44.4616 44.8714 - 0.0000 42.5859 42.2159
3C217 N 0.8975 43.8783  -40.8009 - 0.0000 - 0.0000 - 0.0000 - 000D - 43.2903
3C216 Q 0.6680 43.8443  43.7850 - 0.0000 - 0.0000 - 0.0000 0@3.7 0.0100 -42.4635 42.4335
3C219 B 0.1744  42.8176  41.2650 43.9934  43.9373 44.0425 938.9 43.9373 44.0425 44.2100 0.0158 41.7710 41.2689
3C220.1 N 0.6100 43.6624  42.0810 445009 44.4758 44.52454.0388 - 0.0000 44,7002 0.0100 42.7854 42.4554
3C220.3 N 0.6850 43.7404  -40.0165 - 0.0000 - 0.0000 - 0.00005.1002 0.0100 - 0.0000
3C223 N 0.1368 42.1371  40.2946 43.1605 43.1163 43.1943 72B.6 43.4259 44.2725 - 0.0000  42.1770 41.7138
3C225B N 0.5800 43.7418 40.6795 - 0.0000 - 0.0000 - 0.0000 4826. 0.1291 - 42.6162
3C226 N 0.8200 43.9394 41.8193 - 0.0000 - 0.0000 - 0.0000 606.2 0.0061 - 42.7356
4C73.08 N 0.0581 41.3471 39.6230 41.4771 41.3617 41.5682.598B 43.4472 43.9031 - 0.0000 40.9404 40.5704
3C228 N 0.5524 43.7136 41.7184 43.8588 42.8141 439115 52B.6 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 b7 Ls Lx, Lxa Lir Lo Lion
3C234 N 0.1848 42.7581 41.5635 42.8891 42.8673 42.9124 6@1.3 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 8592. - 0.0000 - 0.0000 40.8996 41.1678
4C74.16 ? 0.8100 43.8163 41.1096 - 0.0000 - 0.0000 - 0.0000 - .0000 - 0.0000
3C244.1 N 0.4280 43.3882  40.6622 43.2465  43.0988 43.355(02.9230 - 0.0000 451300 0.0091  43.0263 0.0000
3C247 N 0.7489 43.6287  41.4088 - 0.0000 - 0.0000 - 0.0000 - 000.0 - 43.0098
3C249.1 Q 0.3110 42.7925 41.9289 44.7247 445712  44.7725.74@@8  44.4349  45.0448 45.4930 0.0014 43.3816 0.0000
3C254 Q 0.7340 43.9644  42.1258 453181  45.2480 45.4014 18b.3 45.2480 45.4014  45.6002 0.0100 43.7106 43.1306
3C263 Q 0.6520 43.6926  42.9382 451761  45.1173 45.2430 7@b.1 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 .9806 0.0164 - 42.9654
3C264 E 0.0208 40.6912 39.9823 419031 41.8921 41.9085 60395. - 0.0000 42.3149  0.0030 39.1598 40.1025
3C265 N 0.8108 44.0618  41.3953 43.4472 43.3307 43.5389 914.4 442788 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 .3082 0.0100 - 42.2744
3C268.3 B 0.3710 42.9248 40.2367 - 0.0000 - 0.0000 - 0.0000 - .0000 42.4946 0.0000
3C272.1 E 0.0029 38.8423 38.2211 39.6902 39.6335 39.7482.0320 - 0.0000 40.9638 0.0009 37.9769 0.0000
A1552 E 0.0837 41.5851 40.3353 -40.9243 - 0.0000 -42.2132 - .0000 - 0.0000 - 0.0000
3C274 N 0.0041 40.8783 39.8689 40.5315 40.5051 40.5563 28G9. - 0.0000 41.5055 0.0025 38.9510 0.0000
3C274.1 N 0.4220 43.2925 40.8299 43.2730 43.2068 43.32963.5585 - 0.0000 -43.9100 - 41.3562 0.0000
3C275.1 Q 0.5570 43.6369 42.7159 44.5185 44,5051 44.5441.518%8  44.5051 44.5441 45.1002 0.0100 - 42.6666
3C277.2 N 0.7660 43.8052 40.5658 43.6715 43.6138 43.72173.8084 - 0.0000 - 0.0000 - 43.2089
3C280 N 0.9960 44.3187 41.1125 42.8513 425502 43.0274 0@8.0 44.8129 45.1303 45.8002 0.0100 - 43.6825
3C284 N 0.2394 425717  40.3470 42.2238 42.1881 42.2566 833.9 42.8034 44.6340 - 0.0000  41.5979 0.0000
3C285 N 0.0794 41.5301 39.6354 40.5441 40.2553  40.7559 8@3.3 43.3010 43.4624 - 0.0000  40.5636 40.4644
3C286 Q 0.8490 44.0262  41.8467 - 0.0000 - 0.0000 - 0.0000 0@3.6 0.0100 - 42.6937
3C288 E 0.2460 42.8128 41.3434  -41.4093 - 0.0000 -42.4809 - .0000 -43.2500 - 0.0000 0.0000
3C289 N 0.9674 43.9943 42.1128 - 0.0000 - 0.0000 - 0.0000 0624 0.0100 - 42.5749
3C292 N 0.7100 43.5970  40.8177 43.6232 43.3222 43.7993 944.3 44.2553 445051  44.8002 0.0100 - 0.0000
3C293 E 0.0452 41.0608  40.3608 40.9685  40.7924 41.1492 8@R@.8 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 7@8.4 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 424@1. - 0.0000 40.8157 0.0969 39.7350 0.0000
3C299 N 0.3670 42.9772 40.2269 - 0.0000 - 0.0000 - 0.0000 - 000.0 - 42.6644
3C300 N 0.2720 42.8798 40.9110 43.3998 43.3834 43.4156 48@3. - 0.0000 43.4000 0.1461 42.0153 42.4788
3C303 B 0.1410 42.0487 41.5434 43.9125 43.8470 43.9686 123.9 43.8470 43.9686 - 0.0000 41.7422 41.9044

Continued on next page
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Table 6.7 -Continued from previous page

PKS Type z li7s Ls Lx, Lxa Lir Lionn Lion
3C305 N 0.0417 41.0896 39.7525 40.5563 40.3010 40.7160 95286. - 0.0000 - 0.0000 41.0428 40.1270
3C309.1 Q 0.9040 44.1214 44.4001 45,7782 45.7634  45.7924.778B  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 1942. - 0.0000 42.0892 0.0322 40.0735 0.0000
3C314.1 E 0.1197 41.8839 -39.2214  41.3817 41.1221 41.5434r.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 .8042 - 0.0000 -42.6800 -40.1809  39.9811
3C321 N 0.0960 41.7680  40.5025 415441  41.4472 41.6232 992.7 42.3979 43.9415 449163 0.0007  40.9078 41.3173
3C326 N 0.0895 41.8938  40.0772 42.2041  42.1461 42.2304 2448. - 0.0000 -42.1600 40.3988 41.2462
3C325 Q 0.8600 43.9563 41.3659  -43.1556 - 0.0000 44,5590 428@. 44.7022 45.6002  0.0100 - 42.7930
3C330 N 0.5490 43.7569  40.4583 43.0792 42,9890 43.1538 03B.9 43.6021 44.0000 45.0002 0.0100 - 43.1867
NGC6109 E 0.0296  40.6190 39.4369 40.0414  39.6021  40.25530.5545 - 0.0000 - 0.0000 - 0.0000
3C334 Q 0.5550 43.3906 42.6441 45.0792 449912 45.1523 795.0 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 003.4 43.4581 0.0000
3C341 N 0.4480 43.1666 40.4066 42.7720 42,5725 42,9224 493.2 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 7630. - 0.0000 42.0184 0.0073 39.5364 40.7946
3C340 N 0.7754 43.6701 40.9367 - 0.0000 - 0.0000 - 0.0000 0029 - 42.6683
3C337 N 0.6350 43.5154 40.1812 - 0.0000 - 0.0000 - 0.0000 002.3 - 41.6347
3C343 Q 0.9880 43.8978 -43.5827 - 0.0000 - 0.0000 - 0.0000 9003. 42.6832 41.9932
3C343.1 N 0.7500 43.5921 -43.1670 - 0.0000 - 0.0000 - 0.00004.7002 42.7097 42.4397
NGC6251 E 0.0240 40.4296  40.3504 42.7404  42.7243  42.75591.0782 - 0.0000 42.8730  0.0005 - 0.0000
3C346 N 0.1620 42.1523  41.8338 43.3957  43.3805 43.4102 4382. - 0.0000 43.9602 0.0040 41.3273 0.0000
3C345 Q 0.5940 43.3374  44.5944 456365 45.5832 45.7076 38%.6 45.5832 45.7076 - 0.0000 - 0.0000
3C349 N 0.2050 42.4751  41.1003 41.8217 415166 419175 6@3.8 43.81883 43.9127 - 0.0000  41.5625 0.0000
3C351 Q 0.3710 43.0614  41.0496 41,9204  41.7417 42.0828 043.8 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 06028 - 43.0465
3C380 Q 0.6910 44.3181  44.6657 458129 45.7202 45.8893 12%.8 45.7202 45.8893  45.9002 0.0100  43.7626 42.9926
3C381 B 0.1605 42.3445  40.1820 421106  41.9987 42.1969 088.3 44.1773 44.4385 44.6500 0.0097  42.3819 40.9171
3C382 B 0.0578 41.4794 40.8512 44.5798 445682 44,5911 7985 445682 445911 44,2400 0.0077 41.7817 40.7303
3C386 E 0.0177 40.5130 39.6196 39.4914 38.4500 39.8325 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 0088&. - 0.0000 42.6600 0.0492 40.7140 40.5164
3C390.3 B 0.0569 41.8471 41.0818 44.1761 44,1461 44.2304.17881  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 05358. - 0.0000 43.1700 0.1249 41.0567 0.0000
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PKS

z

L xa

3C427.1
3C433
3C436
3C438
3C441

3C442A
3C449
3C452

NGC7385

3C454.3
3C455
3C457
3C465

m

mzoomZmmzZzm2ZZ

0.5720
0.1016
0.2145
0.2900
0.7080
0.0270
0.0171
0.0811
0.0243
0.8590
0.5427
0.4280
0.0293

-42.4501 - 0.0000  -43.2388 -
41.0558  40.7736  41.2240 223.9 43.8001
42.5873  42.5488 42.6213 313.5 43.3502
42.6669  42.3912 42.8390 1449. -

0.0000 - 0.0000

40.0000  39.6021  40.4150 .9529 -
40.4914 40.4314 40.5441 4628. -
41.7709  41.5185 41.9395 7@4.1 43.6021
41.1139  41.0000 41.25531.0982
46.3711  46.2430 46.4698.374B  46.2430

0.0000 - 0.0000

43.3481  43.2998 43.3965 5744.5 44.5188
40.9138  40.5682 41.4200 02a@4. -

062.8 0.0100

000.0 43.0668
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Chapter 7
Conclusions and Future Work

In this thesis | study the properties of radio-loud AGN, aimio better characterise
the population and its impact on the host galaxies. In Sedtib| gave a list of aims
that are addressed throughout this thesis. They can beediindo three categories.

7.1 Characterisation of the radio-loud AGN population

In Chapterss and 6 | presented results on the 2Jy sample of radio-loud AGN. This
sample is statistically complete and contains examplese@rfyeradio-powerful AGN
class, which makes it perfectly suited to study the overalpprties of the population.

| analysed the X-ray properties of the sample, and corrldte soft and hard X-
ray luminosities with the radio, mid-IR and optical lumiiigess, to study the relations
between jet- and accretion-related quantities in tifie@dint bands.

| found the same strong correlations between hard (2-10 kexgy, mid-IR and
[Olll] emission asHardcastle et a2006 2009, confirming that these quantities are
all related to radiatively ficient accretion. | confirmed the jet-related nature of the
soft X-ray emission, as suggestedgrdcastle & Worral(1999.

| found unequivocal proof for the radiatively ifiicient nature of the LERGs, as
well as confirmation for the fact that these objects accretery low Eddington rates
(< 10 per cent in all cases, with the distribution peaking dt per cent). | found that
the HERGs in our sample are narrowly distributed around A @& cent Eddington
rates. However, there is an overlap between both popuktiwhich is not consis-
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tent with a simple switch. Even after discarding the ‘dulsioobjects, | found that
LERGs embedded in very rich clusters have higher Eddingitasr For these sources
the central back hole masses must be underestimated aret thenjnosity is higher
(Hardcastle & Krause 20)3These two factors can account for the order of magnitude
in Eddington rate that makes these objects overlap with tBRGis, in which case a
simple switch between both populations would be feasible.

There are no signs in our plots for radiativeBi@ent accretion completely taking
over from jet production. In fact, | found several NLRGs iniefhthe dominant en-
ergetic contribution from the AGN comes from the jet, withie uncertainties, rather
than radiative luminosity. Jet kinetic power and radiativainosity seem to be in-
dependent in high-excitation objects, confirming the casicns ofPunsly & Zhang
(2017). While a better understanding of the timescales and theiadaf radio-quiet
objects to the plots are necessary to fully understand venétiese quantities are truly
independent, our plots seem to indicate that they are.

In Chapter3 | also studied the obscuration variability of Mrk 6, findirtwat the
hypothesis of a variable absorption gas column, with tiralescof 2-6 years, caused
by clumpiness of the accreting gas close to the black hok Jikely explanation for
the variations we see between tleandraandXMM spectra. If this is indeed the case,
and as already pointed out Bysaliti et al.(2002), this scenario could be more common
than previously thought, and applicable also to intermedseyfert systems, such as
Mrk 6. This could have interesting consequences on thetsteiof the ‘traditional’
accretion structures attributed to radiativelieent AGN.

The results on the energetics of the source showed that Baedetion might not
be enough to power it, so that it is possible that cold gasetiotr is the dominant
mechanism in this system, unlike what is seen in many moreedaiwadio sources
(see e.g.Hardcastle et al. 2007Balmaverde et al. 200@&nd Chapte8). Cold gas has
also been suggested as the primary source of fuel for Cen A& 3801 Croston
et al. 2007. It is also possible that the active nucleus of Mrk 6 is atiegeboth the
hot phase of the ISM and cold gas from a past merger. This isistemt with recent
results on early-type galaxies Bellegrini(2010.
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7.1.1 Future work

While the cores of the 2Jy sample have been studied in d#taikxtended emission
has not been characterised. This is particularly intarggtr the lowz objects imaged

by Chandra(see Chapteb), where the extended structures are resolved. My next
research project involves studying the non-thermal ewsisi these sources.

Several of the 2Jy sources show X-ray jets. While those of 3@nd Hercules A
have been studied in detail, some have not been observedags<before, as is the
case for PKS 1733-56. Jets are also possibly observed in BK&A3, PKS 194802
(3C 403), and PKS 2221-02 (3C 445). | will extract spectratfamse jets whenever
possible, or constrain their luminosity in the fainter cade study their radjX-ray
luminosity ratio, assess the degree of particle accetarativolved and study the extent
of beaming expected.

X-ray hotspots are present in 12 sources. For the most peytate coincident
with the radio hotspots, with smalffsets in a couple of objects. For most cases we
expect the X-ray emission to be too faint to extract a propecsum, but luminosity
constraints and comparison with the radio emission withalus to determine the de-
gree of particle acceleration involved. | will also studg tieasons behind mismatches
between radio and X-ray hotspots.

In at least three sources with FR Rgnardf & Riley 1974) radio morphology, we
observe enhancements in X-ray emission inside the rades|gtrobably associated
with inverse-Compton processes, which | aim to charaeefisis will also allow me
to study the magnetic field strength and particle populatiside the lobes, and how
close they are to equipartition, in a similar manner as thk\wyg Croston et al(2005.

My future work at the University of Leicester will involve aharacterisation of
the AGN in the 3XMM catalogue, which will be released shorflhis work will be
an extension and a progression from that done on the 2Jy aR& 3Curces, and will
involve radio-quiet AGN as well. 1 will use multiwavelengtlata to test the luminosity
correlations found for the 2Jy sample, and investigate howedion works in AGN
overall. | will also study the low-luminosity end of the raeguiet population, and try
to determine diagnostics to disentangle the AGN and stardtion contributions.

I will also submit aSuzakyroposal to monitor the absorption variability of Mrk
6 on shorter timescales than those observed, aiming toakase the structure and
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location of the obscuring material, and determine whethéioractivity may have any
influence on the dierent timescales observed in this source and those fouradio-r
quiet systems (e.gRisaliti et al. 2002.

7.2 The impact of low-power sources

In Chapters3 and4 | presented results on the shocks being driven by the radibles
of Markarian 6 and the Circinus galaxy, respectively.

For Markarian 6 | found shells of strongly shocked gas aroboth radio bub-
bles, with Mach numbers 3.2-5.5 consistent with the Rarklogoniot conditions for
a strong shock. This is the third clear detection of such age®in a low-power radio
source, and therefore reinforces the hypothesis that teehanism may be very com-
mon and may play an important role in the process by whichetiieang radio sources
form their stellar populations.

It is very likely that much of the gas in the shells will escdpe gravitational po-
tential of the host galaxy. Our results show that shock hgasi the dominant process,
the thermal energy in the shock being an order of magnitugeidahan the work re-
quired to inflate the radio cavities, which implies that thgact of the outburst on
the host galaxy’s ISM is likely to be dramatic. Moreover, theer set of bubbles is
expanding perpendicularly to the external ones, and intseleregions of the host
galaxy. Although the shock will probably be weaker, due ®iticreased density, the
expansion of the inner bubbles is likely to cause a more ddiscuption on the ISM
and so is likely to have a bigger impact on star formation.ddiuinately the resolution
of the current generation of X-ray telescopes does not all®t determine the details
of this ejection of gas.

For the Circinus galaxy | also found shells of shocked gasratdhe radio lobes,
expanding into the halo regions of the galaxy with Mach nusbé ~ 2.7-36 for
the W shell andl ~ 2.8-53 for the E shell, consistent with the Rankine-Hugoniot
conditions for a strong shock.

| ruled out the possibility that this emission is caused byNA@hotoionization, and
discarded the scenario in which the radio structures aresthdt of star formation or
a supernova-driven wind; instead we argue that they areedamsthe interaction of a
radio jet with the surrounding gas. The total energy (thémmd kinetic) involved in
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the creation of these shells+4s2 x 10°° erg. Their age is estimated to bel(® years.

From these parameters | inferred the kinetic luminosityhefjet, which is~ 10* erg

s1. This has potential consequences for other Seyfert systasnaell as our own
galaxy: there is a possibility that the Fermi bubbles obsgiin the Milky way have
been caused by a similar process to that observed in Citcinus

The presence in Circinus of two symmetrical structuresmédieg jet termination
points or hotspots, together with the slightlyfdrent X-ray spectra and flattening of
radio spectral index in these regions, suggests that thejetdnay still be active, even
ifitis not visible. This suggests that “invisible” jets mhg a more common occurrence
among Seyfert and late type galaxies than previously thipggien that it is dificult to
separate the fferent radio structures in galaxies with active star fororgtivhen the
radio bubbles are faint or their orientation is similar tattbf the disk. This opens new
questions about the role of low radio luminosity, star-forgy active galaxies, which
are often ignored in survey studies.

In Circinus the X-ray and radio emission from the shockedishee spatially coin-
cident. This, added to the fact that the radio emission igdagghtened, allowed us to
draw a parallel between these structures and what is olubargeipernova remnants:
the radio emission from the shells comes from shock-corspresr (re)accelerated
cosmic ray electrons in the environment, but particle agedion, if present at all, is
not eficient enough to produce TeV electrons, so that only thermrmagson is ob-
served in X-rays. This correspondence has been long expémtéAGN, given the
similarity between the physical processes involved in SN jat+driven shocks, but
has not been unequivocally observed before. We believedkizario may be common
in other low-power radio galaxies, and potentially verewant to those with late-type
hosts, but can only be observed where we are able to spatsiblve the dterent
structures, something that has been achieved for Circinegalits proximity to us.

7.2.1 Future work

While finding sources where the type of work described in $@stion can be carried
out is rather dficult, there are some good candidates. One of them is 3C 1pfpar
the 2Jy sample, for which | have submitte@handraobservation proposal.

3C 15 is a powerful radio galaxyL{scH, = 5.2 x 10°®> W Hz™'), whose radio
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Source L14GH; L jetkin Etotlobes
WHz'sr! ergst? erg
Circinus 22x10° 10% 2% 10°°

Mrk6  1.7x10% 102 26-46x10°
NGC 3801 12x10® 3x102? 1.7x10%®
3C444 33x10?%° 29x10® 82x10°

Table 7.1: Radio core luminosity, jet kinetic luminosityndatotal energy (ther-
mak-kinetic) inferred from the radio lobes for fiierent galaxies, illustrating power
scaling.

lobe morphology is intermediate between that of an FRI anéRHh. It also has a
knotty 6 kpc one-sided jet, visible in radio through to X-myergies. This object is
representative of the intermediate-power population diorgalaxies, and as such it
bridges the gap between low-power sources, such as Cira@madshigh-power ones,
such as 3C 444. (see Tahiel), making it an ideal candidate to study the universality
of this correlation.

This elliptical galaxy sits in a relatively sparse enviramty which could accountin
part for its atypical morphology: its shells are narrower anore akin to those of Cen
A or NGC 3801, rather than the spherical bow-shock seen in&3C A deepChandra
observation, added to the multiwavelength data from thes2dyple, will allow us to
characterise the external medium into which the lobes of%3@r& expanding, and thus
help us determine the role of the environment in the behawbomoderately powerful
radio galaxies.

Given that there are examples of shocks in low radio-poveeliatively dficient,
and high-radio power, radiatively iffecient sources, understanding the fuelling mech-
anisms of 3C 15 will allow us to determine howtieiently the energy derived from
accretion is transferred to the environment as a functiaghefccretion rate and mode
of the AGN. Since we also expect there to be a dependenceh@tmédium through
which the shock propagates, the environment of 3C 15 mightegpessential to break
the degeneracy between these parameters.
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7.3 Classifications and diagnostics

In Chapter6 | studied the reliability of some of the classifications amabdostic tools
that are commonly used to study samples of AGN.

It is now clear that a classification that is based purely onpinological features,
as that ofFanardr & Riley (1974), emission line properties, or orientation, as predicted
by models such as that éintonucci(1993, cannot account for the underlying variety
within the AGN population. As suggested by elgn et al. (2010, we need a classifi-
cation that encompasses both the physical properties anobigervational properties
of AGNs. This is particularly important for the LERBERG case, since theftirence
between both classes lies in their underlying physical aces.

Throughout this work | have shown that the best way to refiatbhssify AGN
populations is through a multiwavelength approach. | slibthat several objects clas-
sified as LERGs based on their optical spectra (PKS 0034-K$, B043-42, PKS
0625-35, 3C 123, 3C 200 and more recently PKS G3bj are most likely high-
excitation sources, and vice-versa, some objects cladsifeNLRGs (M 87 and 3C
338 being the clearest cases) are LERGs where the highatanitines are produced
through other processes. Multiwavelength data could ad$o in the case of nearby,
low-power sources, as was the case for Mrk 6, to establisittheh¢hey should be
treated as radio-loud or radio-quiet sources in term of @@ctral characteristics.

| found that bolometric correction$/gy/L correlations and jet power estimations
only give an overall indication of AGN behaviour, and may h&dcurate for individual
sources, given the vast range of environments and nucleeerpanvolved. Further
studies of individual SEDs and jet-environment interatomulations are needed to
establish how reliable these correlations are, in padicidr the case of LERGs and
low-power sources. For example, the X-ray bolometric airoas derived byElvis
et al.(19949) are applicable to most quasars, but are likely to be vergomiaate for less
powerful sources, and completely wrong in the case of LERGs.

Mid-IR measurements have proved, throughout this work,etdhe best to con-
strain the accretion properties of high-excitation olgeethile for the low-excitation
population X-rays are the best band to set an upper limit dratizely dficient ac-
cretion, given that they are less subject to contaminatiomfstellar processes and
the presence of a jet (this is taken into account by the satiy<eomponent, whose
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jet-related nature | confirm). Radio measurements are gaktnestablish the extent
of radiatively indficient accretion, and the amount of AGN power invested in¢he |

7.3.1 Future work

The future steps to take in this case are obvious: systestatiees of AGN SED across
all classes are needed to properly establish the validibot@metric corrections, and
to derive class-specific corrections that can be used in lesmp will attempt to do
this for part of the 3XMM catalogue as part of my future words; the low-luminosity
end of the population.

I will also try to develop a series of diagnostics that estiblhe accretion mode
and rate across the entire AGN population.
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