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Introduction

An important problem in extragalactic astronomy concerns the in uence of the
presence of Active Galactic Nuclei (AGN) on large-scale processes in the host
galaxy and the correlation between the evolution of the host galaxy and the
supermassive black hole (SMBH) in its centre. A connection between the SMBH
and the galaxy growth has been suggested by a number of studies, based on
empirical correlations between BH mass and integrated galaxy properties such
as galaxy bulge mass, total stellar mass, central velocity dispersion and the rate
of star formation (SFR). The current studies show that the SFR and the AGN
accretion rate appear to follow similar patterns with cosmic time (i.e. redshift),
indicating that the evolution of galaxies and their central SMBH proceeds in a
coherent way.

At the same time, most previous studies have focused on investigating the
AGN-host galaxy connection at intermediate/high redshift from z 0:25upto
z 4.0, while in the local Universe our knowledge is limited by the absence of
wide-area surveys, especially in the X-ray band. However, studies of the local
BHAR-SFR relation are valuable as local galaxies predominantly contain low-
to-moderate luminosity AGN (i.e. with low-e  cient SMBH accretion) which
are di cult to trace at high redshifts. Additionally, the quiescent galaxy popu-
lation in the local Universe allows us to study in detail the possible mechanism
of star-formation suppression and explore the alternative AGN fuelling pro-
cesses in environments with the small cold-gas reservoir.

In this thesis we present a study of the correlation between star-formation
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and AGN activity in the local Universe using a homogeneous Sloan Digital Sky
Survey (SDSS-DRS8) optical galaxy sample with robust SFR (in the range 10 3 to
10°M year Y)and M estimates (from 10° to 1012M ), in combination with X-
ray data from from the XMM-Netwon Serendipitous Source Catalogue (3XMM-
DR8) and the Chandra Source Catalogue (CSC 2.0), in order to identify AGNs
and estimate their accretion rate.

The rst part of this work contains an overview of our present understand-
ing of AGN and galaxy populations, their formation and co-evolution. The
second part is dedicated to the study of AGN populations in the local Universe,
their properties and those of their host galaxies. After the description of the
optical galaxy catalogue and their X-ray counterparts, we describe the AGN
identi cation process, the approach used to estimate the intrinsic X-ray AGNs
luminosity and the corrections needed to account for the contribution of the
host galaxy.

The third part presents our measurement of the speci ¢ BH accretion rate
(sBHAR) and its correlation with the di  erent galaxy properties such as the
stellar mass, the SFR and the galaxy type (star-forming or quiescent galax-
ies). The intrinsic SBHAR distribution in the local Universe was obtained as a
function of stellar mass and galaxy properties taking into account the variable
XMM-Newton sensitivity across the sky. In addition, we studied the correlation
between SFR and BHAR in the local Universe and compared it with the liter-
ature results for high-redshift samples. A separate chapter is dedicated to the
description and analysis of the various e ects, which can e ect the reliability
of our results.

In the fourth part we performed the same analysis as in the previous part
using the X-ray data from the ChandraSource Catalogue to con rm results ob-

tained from XMM data.



The co-evolution of
Active Galactic Nuclel
and their host galaxies



Overview of Active Galactic Nucle

An Active Galactic Nucleus (AGN) is a compact object/region at the center of a
galaxy that has higher luminosity than the entire host galaxy over at least some
portion of the electromagnetic spectrum and is characterised by non-thermal
emission (i.e not produced by stars). Such non-stellar emission has been ob-
served over a wide range of wavelengths (from radio up to X-ray and gamma-
ray wavebands) and according to our current understanding of astronomical
observations, it is a result of accretion of matter onto a Supermassive Black

Hole (SMBH) at the center of the host galaxy.

1.1 AGN Taxonomy

Nowadays, the term "AGN' is a common name used for a vast class of objects
with similar properties which historically were labeled by di  erent names due
totheir discovery indi erent wavelength bands, and therefore they are referred
to speci c feature of one physical class. Below we present a summary of the
main AGN classes with their properties.

Seyfert galaxies are mostly spirals galaxies with active star-formation pro-
cesses, whose nucleus is characterised by a high surface brightness and non-

thermal emission with an excess in the UV band. UV/optical spectra of these
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objects show the presence of strong high-ionisation and coronal emission? lines
(both permitted and forbidden). Based on the width of these emission lines
Seyfert galaxies are divided into two general classes: Seyfert1 with broad per-
mitted emission lines (H i, Hei, Heii etc) and narrow forbidden lines from high-
ionised element (such as [Oii], [Oiii], [N ii], [Sii]), while Seyfert 2 are charac-
terised by the presence of just narrow permitted and forbidden emission lines
(see Figure 1.1). Later, Seyfert types intermediate between type 1 and 2 were
introduced, and they were labelled Seyfert 1.2, 1.4 etc. The physical origin of
such spectral di erences and the existence of intermediate subclasses can be
explained by di erences in the source orientation relative to the observer, as
suggested by the current AGN uni cation paradigm (see more details in Sec-
tion 1.2). In additional, Seyfert galaxies are typically radio-quiet AGN.
Quasi-stellar objects, ‘quasars' or QSO are the brightest class of AGN rstly
discovered as bright radio sources with point-like (star-like) optical counter-
parts without evidence of the presence of a host galaxy (hence the origin of
their name). However, the optical/UV spectra of the rst quasars (3C 273 and
3C 48) revealed the presence of unusual broad emission lines, which appear to
be Hydrogen lines redshifted to longer wavelengths due to the expansion of
the Universe. This discovery helped to expose the extragalactic nature of these
objects and their large distances from us (e.g. 3C 273 hasz = 0:158, which
corresponds to a distance of 749 Mpc). Moreover, the spectra of quasar are
generally similar to Seyfert ones, but characterised by broader emission lines
and a power-law continuum without stellar spectral features (see Figure 1.1).
Further observations also revealed the presence of weaker absorption lines in
some quasar spectra (the so-called, broad absorption line quasars, BAL QSO),

which can be produced by a strong wind/out ows generated by the powerful

1The coronal lines are highly-ionised optical forbidden lines (e.g. [Fe vii] 5721;6087 A, [Fex] 6374A,
[Fexi] 7892A and [Fexiv] 5303A), which were formed in gas with densities of 10 2 108 cm 3 and
with electron temperatures 12000 150000K. They were rstly discovered in the hot Solar corona (i.e.

thus the origin of their name “coronal lines’)
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nucleus. At the same time, numerous observations showed that only 10-15%
of the quasars population has strong radio emission (radio-loud quasars) and is
extremely variable sources (see also the discussion on FSRQ below).

Blazars are radio-loud AGN characterised by a broad emission range (from
radio up to gamma-ray) which is often signi cantly polarised. Based on their
spectral energy distribution (SED; see Figure 1.3) and spectral index in the ra-
dio band, blazars are divided into at-spectrum radio-loud quasars (FSRQSs)
and BL Lac objects. Both FSRQs and BL Lac are characterised by a strong non-
thermal broad band continuum. However, FSRQs as well as quasars have both
broad and narrow lines, while BL Lac objects show a featureless continuum
with no lines (see Figure1.1). Also, FSRQs are usually referred to as opti-
cally violent variable quasar (OVV quasar) due to their strong and extremely
fast variability (with timescales is  day). Such properties can be explained by
their face-on orientation and the presence of a strong relativistically beamed jet
along the line-of-sight (see detail in Section 1.2).

Radio galaxies are AGN characterised by both nuclear and extended radio
emission. Their other properties are really heterogeneous and therefore radio
galaxies are overlapping with almost all other AGN classes making their clas-
si cation complicated and sometime confusing. Multiple radio frequency ob-
servations allow us to separate the radio galaxies in two groups of sources with
steep( 0:5) and at ( < 0:5) radio spectrum. Using the spectral proper-
ties, radio galaxies can instead be divided into low-excitation (LEGs) and high-
excitation classes (HEGs) based on the presence or absence of emission lines
in their optical spectra. For instance, LEGs show no strong narrow and broad
emission lines and they are good candidates for AGN with radiatively ine -
cient accretion (see Section 3.4), while HEGs are characterised by emission-line
spectra similar to Seyfert 2 galaxies. Also, thereisadi erence in the host galaxy
characteristics: LEGs usually show the presence of absorption lines typical for

the spectra of giant ellipticals, while HEGs seem to be hosted by bluer galax-
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ies. Based on the optical spectra, all radio galaxies can be also divided into
narrow-line (NLRG) and broad-line (BLRG) by analogy to the Seyfert galaxies
(see Figure 1.1). Fanaro & Riley (1974) proposed one more classi cation of
radio galaxies according to the radio morphology, which is measured by the ra-
tio of the separation between the two brightest spots on opposite sides of the
host galaxy, and the overall size of the radio image. The radio galaxies with
a ratio < 0:5, called FR 1, usually have lower luminosities with a bright center
and a weakening toward the edges (core-brightened radio galaxies), while radio
galaxies with aratio > 0:5, called FR I, are higher luminosity with bright radio
lobes at the edges (edge-brightened). Later, this classi cation was extended by
one more subclass FR O (Baldi et al., 2016), i.e. radio galaxies with similar core
properties to FR I, but without extended radio emission (lobes or jets).

Low-ionisation nuclear emission-line region galaxies or LINERs are the
weak/low-luminosity AGN, which characterised by low-ionised, narrow emis-
sion lines (typical [N ii], [Sii] and Balmer lines, see Figure 1.1). The nature of
these narrow lines and the energy budget of LINERs are controversial issues
since such spectra can be produced by various mechanisms not associated with
SMBH accretion, e.g. cosmic ray heating, di use thermal plasma and/or extra
ionisation from evolved post-asymptotic giant branch (AGB) stars (Cid Fernan-
des et al. 2011, Yan & Blanton 2012). However the most powerful LINERs are
most likely the low-luminosity/low-accretion rate extension of Seyfert galax-
ies (Ho, 2008, Netzer, 2015), which can be can be also divided into LINER 1s
(broad) and LINER 2s (narrow) based on the width of their emission lines. Nu-
merous observations showed that nearly one third of galaxies in the local Uni-
verse are LINERSs.

In general, all AGN can be classi ed only by their radio luminosity, emis-
sion features in optical spectra and radio emission. For instance, the compar-
ison of the nuclear luminosity with the luminosity of the host galaxy allows

us to divide AGN into three groups: quasars, whose nuclear luminosity ex-
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Figure 1.1: Typical optical spectra of AGN. For easy comparison all spectra were shifted to the rest-frame.

Credit: https://pages.astronomy.ua.edu/keel/agn/

ceeds the galaxy luminosity by a few magnitudes (the typical luminosity is
Lo & 10%0ergs 1), strong AGN with similar luminosity of the nucleus and
the host galaxy (L, 10**ergs ') and weak AGN, which nuclear luminos-
ity is smaller than host galaxy ( Ly, . 10*2ergs 1). Such di erence in lumi-
nosity can be explained by the di erent SMBH mass and/or accretion rate for
each class of AGN. One of the most used classi cation of AGN divides them
into radio-loud (RL) and radio-quiet (RQ) AGN based on the radio emission,
where RL are characterised by non-thermal emission associated with powerful
relativistic jets, while RQ have dominant thermal emission from accretion disk
and no sign of jets (Padovani et al., 2017). Moreover, we can classify AGN using
the spectral index from the power-law radio spectrum, the radio morphology
(FRI/FR I etc) or the width of the emission lines in the optical spectra (broad
lines in quasar, Seyfert 1; narrow in Seyfert 2 and weak or no lines in Blazars).
Thus one object can be classi ed di erently according to the di  erent prop-
erties, because the source properties in some energy band highlight only some
speci ¢ features and not reveal the entire nature of each source. As a result,

AGN classi cation is not unequivocal and all AGN subclasses can overlap.
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1.2 AGN structure and the uni ed model

The similar properties of the various AGN classes described in Section 1.1 (e.g.
the presence of the broad emission lines in BLRGSs, quasars and Seyfert, the blue
continuum emission of quasars and Seyfert, the fast variability etc) prompted
the astronomer to develop the model which can be capable to combine all these
observational classes into a single type of physical object. Antonucci (1993),
Urry & Padovani (1995) proposed a uni ed model which is based on the idea
that the apparent di erences between AGN classes can be explained by their
di erent orientations with respect to the observer's line-of-sight. Moreover,
some AGN properties at separate wavelengths can be explained by the pres-
ence/absence of a speci c component in the AGN structure. The main AGN
components are described below and shown in Figure 1.2 using as an example
the typical radio-loud AGN (the relativistic jet is absent in the case of radio-
quiet AGN).

The orientation-based uni ed model suggests that the main source of en-
ergy in AGN is due to the accretion of the matter onto the central supermassive
Black Hole. The gas in such accretion diskoses its angular momentum through
turbulence and viscosity friction converting the gravitational potential energy
into radiation. A “typical' AGN has an optically thick accretion disk (Shakura
& Sunyaev, 1973), which emits from UV to optical wavelengths as a superpo-
sition of Black Bodies with decreasing temperatures as a function of distance
from the central SMBH. The peak of emission is located in the far-ultraviolet
(FUV; 1200 A) and is referred as the Big Blue Bump (see blue line in Figure 1.3).
A more detail description of optically thick accretion disk model is presented
in Section 3.4 together with an alternative model for accretion disks of low-
luminosity AGN.

Almost all AGN show the presence of strong nuclear X-ray emission, which

is believed to be produced by a hot coronalocated is close to the SMBH. The hot
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Figure 1.2: An active galactic nucleus structure (an artist's perspective). Credit: NASA/CXC/M.Weiss

(adapted)

corona scatters the UV/optical photons up to X-ray energies through inverse
Compton scattering and creates the power-law continuum with an exponential
cut-o at higher energies (see Figure 1.3). In addition to the primary X-ray
emission, there is an additional X-ray component re ected by the torus, BLR
(they are discussed below) and/or disk, which produce a Compton hump with
the peakat 30keV and uorescentironline Fe K lineat6:4 6:7keV. A large
fraction of AGN also show an excess of X-ray emission below 2 keV, which has
an unclear origin and can be produced by a warm emitting gas in the accretion
disk and the BLR; or be the extension of the far-UV accretion disk emission
(hard tail of Big Blue Bump).

At a distance of 0.1-1 pc the SMBH is surrounded by a region consisting of

large column density (1023 cm 2)/high-density ( ne & 10°cm 3) gas clouds.



CHAPTER 1. OVERVIEW OF ACTIVE GALACTIC NUCLEI 9

Figure 1.3: A schematic representation of an AGN SED, loosely based on the observed SEDs of radio-quiet
quasars (Elvis et al., 1994, Richards et al., 2006). The black solid curve represents the total SED and the

various coloured curves represent the individual components. Credit: Harrison C. M. PhD Thesis, 2014

For clouds with such large densities the gravitation force exerted by the SMBH
dominates over the radiation pressure allowing the clouds to move around the
SMBH on typical Keplerian orbits with velocities up to 10 4kms 1. This region
was named broad-line-region(BLR) due to the fact that the UV photons from
the accretion disk ionises the clouds (i.e. by photoionisation) and generate the
broad highly-ionised permitted emission lines in the UV/optical range of AGN
spectra (e.g. Heii 4686, Heiii 3869, Oiv] 1402, Ovi 1035 with typical
full width at half maximum, FWHM 103-10*kms 1). At the same time, for-
bidden emission lines are suppressed by collisional de-excitation in the high
density region.

Beyond the inner BLR we assume the presence of a region consisting of gas
with smaller column density ( 10°°-10°1 cm 2) and lower density n, 103-
108 cm 3. The gas clouds in this region are located far from the central SMBH
and probably reach distances up to 102 10% pc, and hence have lower velocities

100-2000 kms * than those one in the BLR. This region was named narrow-
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line region (NLR) by analogy with the BLR. However, the physical conditions in
the NLR is slightly di  erent from the BLR and lower densities allow to produce
both permitted and forbidden narrow lines with higher ionisation levels (e.g.
[Oiii] 4959;5007, [Oii] 3727). Moreover, the low-density NLR can contain a
dust component due to its larger distance from the central energy source (i.e.
the in uence of nuclear radiation is weak and does not allow the dust sublima-
tion).

The absorption lines in the BLR and NLR are usually weak in AGN due
to the small covering factor, but some quasars posses blue-shifted broad ab-
sorption lines in the rest-frame UV spectrum the so-called BAL quasar (broad
absorption lines quasar with strong resonance lines of C iv 1549, Siiv 1397,
Nv 1240,0vi 1035, andLy ). According to the AGN feedback theory, these
lines are produced by strong AGN out ows with velocities close to 10*kms 1!
(see details in Section 3.5).

In Section 1.1 we see that the presence or absence of broad permitted emis-
sion lines in the optical spectra of AGN are used as a classi cation criterion
to separate type 1 and type 2 AGN. The uni ed model states that BLR can be
obscured partially or completely by the thick structure with a toroidal shape
composed of molecular gas and dust; however the geometry of this ‘torus' is
still debated and it is widely believed to be clumpy (Elitzur & Shlosman, 2006,
Honig, 2019, Impellizzeri et al., 2019). The dusty molecular torusis located at
scales 1-10pc (for the most massive BH the outer region of torus can spread
up to 100 pc) around the accretion disk and BLR, and has typical densities of
about 104 10”cm 3. The dust in the torus is heated by UV/optical emission
from central engine, and therefore re-emits in the infrared waveband (IR) with
apeaknear 20 50 m. The properties of this absorbing torus may explain
the observed e ect of complete or partial absence of optical/UV emission lines
in the spectra of some AGN (i.e. the intrinsic emission of the BLR and the ac-

cretion disk are obscured by the dust in the torus). However, we will see in
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Section 3.4 that several observations point to the complete absence of the BLR
and torus in some low-luminosity AGN and LINERs (Ho, 2008).

In addition, the rotation of the SMBH in radio-loud AGN may generate col-
limated jetsof relativistic particles, which are powered by the gravitational en-
ergy released by the accretion disk. This relativistic jets emit synchrotron radi-
ation from radio to gamma wavelengths and expand over long distance up to
1 Mpc away from the central engine and outside the host galaxy itself. On the
contrary, the radio emission in radio-quiet AGN is usually more compact, and
probably caused by weak compact radio jets, supernovae etc.

As we saw above the orientation of the torus (and its geometry as a whole)
plays a key role in the interpretation of the various classes of AGN and can suc-
cessfully connect Seyfert type 1 and type 2, BLRG/NLRG etc. According to this
orientation-dependent model if we observe the AGN in a direction perpendic-
ular to the torus axis (i.e. zero inclination angle or edge-on view) the central
accretion disk and BLR will be partially or completely obscured by the torus
and few or no broad emission lines will appear in the spectra. An increase in
the inclination between the torus axis and the line-of-sight leads to less torus
obscuration and reveals more broad lines in the spectra (e.g. transition classes
such as Seyfert 1.9, 1.8 and up to face-on Seyfert 1). The schematic representa-
tion of the uni ed model is shown in Figure 1.4, where the bottom part applied
to the radio-quiet AGN (Seyfert 1 and 2) and the top part to the radio-loud AGN
population characterised by powerful radio emission and jets. Beside the sim-
ilar separation into subclasses by the presence of broad/narrow emission lines
(BLRG/NLRG, quasars), radio-loud AGN contain one more group of objects,
blazars, with weak or no emission lines in the spectra. As it was mentioned in
Section 1.1 such apperance is caused by the fact that its relativistic jet is pointed
along the line-of-sight and hence it is relativistically boosted, thus dominating
over the emission of other AGN components.

Nowadays the observational evidence supports the orientation-dependent
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Figure 1.4: A schematic view of the uni ed model of Active Galactic Nuclei (AGN). Credit: Beckmann &

Shrader (2012)

uni ed model and the presence of dusty-obscuring structure. First of all, the
interferometric observations in the mid-IR and sub-mm bands revealed various
dusty obscuring structures, which posses a cylindrical symmetry and di  erent
molecular and megamaser disk-like structures (Tristram et al. 2014, Garcia-
Burillo et al. 2016, Impellizzeri et al. 2019). At the same time, the spectropo-
larimetric analysis of some nearby Seyfert2 galaxies revealed hidden broad
emission lines in the polarised light, which are hidden from direct observation
by some structure in the galaxy nucleus (Antonucci & Miller 1985, Capetti et al.
1996, Alexander et al. 1999, Marin & Schartmann 2017). One more evidence
of the obscuring torus existence is the detection of ionisation cones (i.e. bipolar
out ows). These cones are produced by the photoionisation of the gas in the
host galaxy by radiation from the central source and the BLR which escapes

along the torus axis (Wilson et al. 1993, Durré & Mould 2018, 2019).
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Recent and more detailed observations of AGN showed that the uni cation
model based only on orientation and obscuring material is incomplete and not
able to explains all AGN properties (Tadhunter 2008, Netzer 2015). For in-
stance, this model does not take into account the di erence in luminosity and
accretion rate (e.g. low-luminosity AGN like LINER are not included). In gen-
eral, a change in accretion mode may indicate not only adi erence in the prop-
erties of the central power engine, but also the fact that some AGN may not be
able to sustain some their components (e.g. BLR or torus; see Section 3.4). The
latest scenario is supported by the presence of ‘real' type 2 AGN, which show
no sign of hidden BLR in polarised light (Tran, 2003). Even the geometry of the
obscuring structure requires major modi cations, since an homogeneous dusty
torus cannot explain some observation features such as the variability in obscu-
ration observed in many type 2 AGN (Risaliti et al. 2005, Bianchi et al. 2009). In
addition, hydrodynamical simulations showed that a reliable reconstruction of
the AGN feeding mechanism requires the presence of turbulent motions, winds
and star-formation processes, which are likely associated to a clumpy medium
rather than a homogeneous torus structure (Elitzur & Shlosman, 2006, Honig,
2019).

Additionally, an important role is played by the host galaxies and their evo-
lution (see details in Section 3.1). The properties of observed AGN can simply
vary with time and hence some subclass of AGN may represent a speci c evo-
lutionary stage of the entire AGN life cycle. This scenario is able to explain
the large fraction of low-luminosity AGN and the almost complete absence of
high-luminosity quasar in the local Universe (Ho, 2008, Kormendy & Ho, 2013).
Furthermore, the basic uni ed model does not include the ability of AGN to
change their luminosity and spectra (so-called changing-look AGN Frederick
et al. 2019).



Galaxy properties and evoluti

Studying of the co-evolution of AGN and their host galaxies requires the un-
derstanding of the formation of galaxies and their evolution through the cos-
mic time. It is believed that each galaxy contains a SMBH inside, which grew
and evolved together with its host galaxy from the early Universe up to the
present time. Such coherent evolution of SMBH and host galaxy requires that
they can a ect each other, e.g. the growth of SMBH can in uence the gas in the
host galaxy by strong radiation pressure and winds (AGN feedback), while the
host galaxy can enhance or suppress the AGN activity regulating the amount of
gas available for SMBH accretion by some internal (e.g. starburst) or external

processes (e.g. galaxy merger and interaction).

2.1 Galaxy classi cation

In 1926 Edwin Hubble proposed the rst galaxy classi cation (Hubble, 1926),
which can divide all galaxies into four di  erent classes based on their visual
appearance: elliptical, lenticular, spiral and irregular galaxies (see Figure 2.1).
Spiral galaxies consist of a attened disk, whose stellar population forms
a spiral structure (usually two-armed). Some of spirals show the presence of a

central concentration of stars known as the bulge, which shows the properties
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