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“We are all in the gutter, but some of us are looking at the stars.’

Oscar Wilde
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Abstract

In this dissertation, Active Galactic Nuclei (AGN) and their host galaxies are
discussed. Together with transitional events, such as supernovae and gamma-ray
bursts, AGN are the most energetic phenomena in the Universe. The dominant fraction
of their luminosity originates from the center of a galaxy, where accreting gas falls into
a supermassive black hole, converting gravitational energy to radiation. AGN have a
wide range of observed properties: e.g. in their emission lines, radio emission, and
variability. Most likely, these properties depend significantly on their orientation to our
line-of-sight, and to unify AGN into physical classes it is crucial to observe their
orientation-independent properties, such as the host galaxies. Furthermore, host galaxy
studies are essential to understand the formation and co-evolution of galactic bulges
and supermassive black holes. In this thesis, the main focus is on observationally
characterizing AGN host galaxies using optical and near-infrared imaging and
spectroscopy.

BL Lac objects are a class of AGN characterized by rapidly variable and
polarized continuum emission across the electromagnetic spectrum, and core-
dominated radio emission. The near-infrared properties of intermediate redshift BL Lac
host galaxies are studied in Paper I. They are found to be large elliptical galaxies that
are more luminous than their low redshift counterparts suggesting a strong luminosity
evolution, and a contribution from a recent star formation episode. To analyze the
stellar content of galaxies in more detail multicolor data, especially observations at
blue wavelengths, are essential. In Paper III, optical - near-infrared colors and color
gradients are derived for low redshift BL Lac host galaxies. They show bluer colors
and steeper color gradients than inactive ellipticals which, most likely, are caused by a
relatively young stellar population indicating a different evolutionary stage between
AGN hosts and inactive ellipticals.

In Paper II, near-infrared imaging of intermediate redshift radio-quiet quasar
hosts is used to study their luminosity evolution. The hosts are large elliptical galaxies,
but they are systematically fainter than the hosts of radio-loud quasars at similar
redshifts, suggesting a link between the luminosity of the host galaxies and the radio
properties of AGN.

In Paper IV, the characteristics of near-infrared stellar absorption features of
low redshift radio galaxies are compared with those of inactive early-type galaxies.
The comparison suggests that early-type galaxies with AGN are in a different
evolutionary stage than their inactive counterparts. Moreover, radio galaxies are found
to contain stellar populations containing both old and intermediate age components.



CHAPTER 1

Introduction

This review gives a short background to infrared astronomy, Active Galactic Nuclei
(AGN), and their host galaxies, for the general reader to understand the papers
included in this thesis. Together with transient phenomena, such as gamma-ray bursts
and supernovae, AGN are the most energetic known phenomena in the Universe, and
they have been widely studied ever since their discovery in the 1960's (Schmidt 1963).
AGN do not constitute just a single class of objects, but contain many subclasses
covering a wide variety of activity levels from nearby Seyfert galaxies, with bolometric
luminosities in the range of 10% to 10*® W, to high redshift quasars, with bolometric
luminosities up to 10¥ W (c.f. bolometric luminosity of the whole Milky Way galaxy is
~10*" W), with different kinds of observational properties at different wavelengths.
Some AGN show very broad emission lines, while in some cases only narrow emission
lines are seen. Also, AGN can be strong radio emitters, and may show very rapid
variability and high polarization. Furthermore, observed properties depend on
wavelength, and unlike in stars and inactive galaxies, the continuum emission from
AGN is approximately constant over many orders of magnitude in frequency,
indicating different physical emission processes for the radiation (e.g., non-thermal
synchrotron radiation, bremsstrahlung, thermal blackbody). It is clear that the observed
extraordinary properties cannot be explained only by stellar activity in the central
region, but some kind of non-stellar energy production mechanism is inevitable. The
currently accepted paradigm for the energy production in the central engine is the
release of gravitational energy when gaseous material from the host galaxy falls toward
the central supermassive black hole surrounded by a hot accretion disc and a molecular
torus (Salpeter 1964, Lynden-Bell 1969). The efficiency of this process is far greater
than that of thermonuclear fusion in stars.

Though AGN exhibit a wide range of observed properties, it does not
necessarily imply that they are physically different. The unification model (e.g. Urry &
Padovani 1995) has been developed to characterize their real physical appearance
instead of their observed properties. The orientation of the object with respect to our
line-of-sight may play a central role in the AGN classification. For instance, cool
molecular material in a toroidal geometry surrounding the supermassive black hole can
obscure the central region of AGN and, thus, only narrow emission lines originating
farther away from the nucleus can be seen (Type 2 AGN). However, if the orientation
of the object is such that the torus is not limiting the view to the nucleus, the very
central region can be seen and broad emission lines appear in the spectrum
(Type 1 AGN). To confirm the unification model of AGN, it is essential to observe
orientation-independent properties, such as their host galaxies and large scale
environments. However, AGN and star formation often co-exist, adding confusion to
the above classification.

In the past decades, AGN have been widely studied in optical wavelengths, but
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since the 1980's infrared technology has improved significantly and an ever increasing
number of infrared observations have been carried out. In the host galaxy studies,
especially, infrared observations are very useful due to low nuclear-to-host luminosity
ratio and significantly reduced extinction. Also in studying the host galaxies, infrared
has advantages over optical, because in optical wavelengths stellar features from a
young population may be diluted by another emission component, such as the AGN
continuum. Furthermore, the near-infrared contains many diagnostic stellar features
that can be used as a stellar population indicator based on their dependence on stellar
temperature and luminosity.

AGN offer a great platform to study exciting issues in modern astrophysics,
such as black holes and intense gravitational fields. They give us an insight to the
formation and co-evolution of galaxies and supermassive black holes. Furthermore, as
very bright and distant objects (detected out to z ~ 6) they can be used as probes for
mapping the intergalactic medium out to the huge distances.

The introductory review is organized as follows. Chapter 2 gives a short
description of infrared astronomy, its observational techniques and its advantages in
studying the stellar populations of quasar host galaxies. In Chapter 3 basic facts on the
AGN classes, energy production mechanism and unified models are reviewed. Chapter
4 introduces the host galaxies of AGN and their evolution over cosmic time. Future
directions of the work on the field of host galaxies are discussed in Chapter 5, and
Chapter 6 presents the Papers themselves.



CHAPTER 2

Infrared astronomy

The human eye is sensitive to only a very narrow wavelength range, namely the visible
window ranging from ~400 nm to ~700 nm. Our understanding of the Universe would
be very limited and biased if our observations were based only on that narrow
wavelength range. Fortunately, in the past few decades, significant technological
improvements have expanded our observational capabilities both into longer and
shorter wavelengths, including infrared radiation, allowing observations of celestial
objects that otherwise would have been hidden from us, such as young star forming
regions immersed in dust, luminous and ultraluminous infrared galaxies, the distant
(high redshift) Universe, and the central regions of the Milky Way. This short
introduction into the history and observational methods of infrared astronomy is by no
means meant to be complete, but rather aims to give a concise insight into the field that
is essential to understand the infrared observational data presented in the Papers.

2.1 Introduction

Nowadays, silicon based semiconductor CCD (Charge-Coupled Device) cameras have
replaced photographic plates in astronomical observations. CCDs have been used in
optical observations, covering the wavelength range from ~3000 A to ~10,000 A, since
the 1970's. The most significant advantages of CCDs over photographic plates are their
remarkably better quantum efficiency, ranging from 0.65 to 0.9 (Ando et al. 2004,
Finger et al. 2004), and their linear response to incoming radiation. In semiconductor
devices an incoming photon, with energy greater than the threshold energy of the
semiconductor material, releases an electron from the valence belt and transfers it into
the conducting belt. For materials used in optical detectors, the photon threshold
energy is achieved at wavelength A =1.05 um, corresponding to energy E =1.18 eV,
and thus longer wavelength photons (i.e. infrared photons) do not have enough energy
to transfer electrons into higher energy levels. For that reason, infrared detectors have
to be made of semiconductor materials (e.g. HgCdTe, InSb, PtSi) with lower threshold
energies than those in the optical.

Although infrared radiation was discovered a long time ago, infrared
astronomy is still quite young due to difficulties in the detector technology. Because of
their lower commercial interest, the technical properties of the materials used in
infrared arrays are less well understood than the silicon-based materials in optical
detectors, and thus they are less well developed. For these reasons, infrared detectors
are not constructed as monolithic arrays like optical CCDs, but instead they are of
hybrid construction, where an infrared-sensitive detector is bonded to a CCD-type
readout array. This construction is, however, physically more fragile than a monolith
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array, limiting the size of individual infrared arrays, and for instance differential
thermal expansion may damage the array if it undergoes a large temperature change,
e.g. from operational to room temperature. Furthermore, infrared arrays have larger
read-out-noise than optical CCDs but in practice this is not a severe limitation, because
the noise in infrared observations is typically dominated by the photon-noise from the
high sky background.

Infrared astronomical technology has been available since the 1960's, and
nowadays InSb and HgCdTe detectors are the most widely used detectors in the
wavelength range of 1 — 5 um. For these detectors, the energy gap between the valence
and the conducting belts is lower (e.g. 0.23 eV for InSb) than those of silicon-based
optical CCD detectors, and consequently they are suitable for observations in the
infrared. First generation infrared arrays were very small containing only 60x60 pixels,
and observations were limited by the small field-of-view (~20x20 arcsec). Current
arrays are assembled from multiple individual detector cells containing millions of
pixels (typically 2048x2048 pixels) with a large field-of-view (~4x4 arcmin), and are
sensitive to infrared radiation over a large wavelength range from 1 to 300 ym. Note
that some telescope facilities, e.g. UKIRT and VISTA, are nowadays equipped with
near-infrared detectors that are capable of observing 0.2 — 0.5 square degree fields in a
single exposure. To decrease the thermal noise, infrared detectors must be cooled to
very low temperatures. For instance, InSb detectors are operated at ~30 K, while
HgCdTe detectors can be used at slightly higher temperatures, ~60 — 80 K.

The infrared spectral region is divided into three main subregions, which are
further divided into well-defined wavelength bands: near-infrared (1 to 5 fm) with J-,
H-, K-, L- and M-bands, mid-infrared (5 to 30 ym) with N- and QO-bands (see Fig. 1),
and far-infrared (30 to 370 um). Infrared observations resemble those in the optical,
but especially ground-based infrared observations are more complicated due to the
influence of the Earth's atmosphere, for two reasons. First of all, most of the incoming
infrared radiation is absorbed by atmospheric H,O and CO, molecules, and thus
observations are possible only in certain narrow wavelength bands. The transparency
of the atmosphere in near- and mid-infrared is presented in Fig. 1. Secondly, the
atmosphere itself radiates strongly at infrared wavelengths. In fact, this strong
background sky emission causes the most significant difference between optical and
infrared observations. In the near-infrared, the high background is mainly due to
airglow OH-lines which are especially abundant in the H-band. Beyond 3 ym, the
thermal black body radiation from Earth's atmosphere and the telescope itself begins to
dominate the background. In mid-infrared, especially, the sky background is very
strong and varies very rapidly, drastically limiting the integration time of a single
exposure. To be able to subtract the sky background emission from the science frames,
the position of the science object within the array must be varied slightly between each
short single exposure. This technique is known as dithering. The sky background level
is then represented by the median image combined from the dithered frames, which is
then scaled and subtracted from each science frame. Alternatively, one can take
separate sky frames, which are then subtracted from the science frames. In the mid-
infrared, another technique, chopping, is also commonly used in which nearby regions
of sky are observed by rapidly switching the secondary mirror between target and sky
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positions, typically at frequency of a few Hz. The sky-corrected image is then obtained
by subtracting the pair of images.

Near-infrared observations have several advantages over optical, because that
wavelength domain traces much better the global mass-to-light ratio of galaxies, it is
much less contaminated by very recent star formation and scattered AGN light, and
extinction is significantly reduced. Moreover, one major advantage in host galaxy
studies is that the nuclear-to-host luminosity ratio is minimized in the near-infrared,
thus allowing for accurate AGN/host galaxy decomposition to be obtained.

Ground-based infrared observatories are preferentially located at high-altitude
and dry places (e.g. Hawaii, Chile), to minimize the path length in the atmosphere, and
thus to have a smaller amount of H,O and CO, absorption. However, no matter how
high or dry place the observatory is located in, the atmosphere will remain transparent
only in certain narrow wavelength ranges. Thus, to be able to perform observations
over the whole wavelength range from near- to far-infrared, telescopes must be
launched above the atmosphere (see Section 2.4.).

2.2 History

Infrared radiation was discovered in 1800 with a calorimetric experiment by
William Herschel, who directed sunlight through a glass prism and measured the
temperature of each color of the spectrum. This measurement indicated that some
previously unknown invisible radiation beyond the red end of the spectrum contained
more heat than the visible colors. It was soon demonstrated that these “calorific rays”
had similar reflection, absorption, and transmission properties to visible radiation. This
simple experiment showed that visible wavelengths are in fact only a small part of the
whole electromagnetic spectrum. The next major step forward in infrared observations
was taken in 1878 when Samuel Langley developed the first infrared bolometer, which
was subsequently used to study infrared radiation from the Sun. However, the first
systematic observations of celestial objects had to wait until 1920 when, e.g..
S. B. Nicholson and E. Pettit used a vacuum thermocouple to study infrared radiation
from the Moon, planets and bright stars, including the first measurements of the
diameter of giant stars.

A major advancement in infrared astronomy technology came in the early
1950's when the first lead-sulfide (PbS) detectors were developed, allowing
observations up to 3 um. However, to increase their sensitivity, these detectors were
restricted to be used only at low temperatures (77 K). The next breakthrough in
sensitivity was achieved in 1961 when PbS was replaced by germanium (Ge) as the
detector material of choice for bolometers. The usefulness of Ge arises from the fact
that it changes its conductivity corresponding to incoming infrared radiation.
Furthermore, Ge-based detectors were also suitable for far-infrared observations.

With improving detector technology, infrared observations expanded to longer
and longer wavelengths and to measure emission meaningfully, it became necessary to
define a reference system based on infrared photometric magnitudes. The near-infrared
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magnitude system still in use today (JHKLM-bands) was derived by Johnson (1966)
dividing the infrared region into several narrow well determined wavelength bands
where the atmosphere is transparent, covering wavelengths up to 4 pym. Similar
photometric bands were later defined also in the mid-infrared (NQ-bands).

2.3 Extinction

One of the advantages of infrared observations, together with an optimal nuclear-host
luminosity ratio and the capability of tracing stellar population, is the remarkably lower
extinction than in the optical. Extinction is caused by small solid interstellar dust grains
with sizes ranging from a few wavelengths of light to the size of large molecules. The
level of extinction depends on the chemical composition and geometry of the dust
grains, and the wavelength of incoming radiation. There are two main processes
contributing to extinction: absorption and scattering. In absorption, the incoming
photon is absorbed by a dust grain and re-emitted in the infrared. On the other hand, in
scattering the incoming photon is scattered by a dust grain, but the intrinsic wavelength
of the photon is unchanged. Scattering dominates extinction in the optical and near-
infrared, whereas it is insignificant compared to absorption in mid- and far-infrared
(Weingartner & Draine 2001).

Extinction varies with wavelength, being strongest for short wavelength
radiation. The detailed shape of the extinction curve depends on the exact composition
of the interstellar medium which varies from galaxy to galaxy. The extinction curve is
best known for the Milky Way, Large Magellanic Cloud (LMC) and Small Magellanic
Cloud (SMC), presented in Fig. 2. Their extinction curves show a prominent feature,
so-called ultraviolet bump, at 2175 A (e.g. Cardelli et al. 1989). The cause for the
bump is still unknown. In the infrared, there are several extinction features related to
silicate materials, e.g. the absorption features at 9.7 and 18 pm.

Because of the strong wavelength dependence, extinction is significantly
reduced in the infrared. For instance, extinction in the near-infrared
K-band (A =2.2 pm) is only 1/10 of that in the optical V-band. The central regions of a
large number of galaxies, including the Milky Way, show very high extinction, and
they are completely obscured in the optical wavelengths. Similarly, e.g. young star
forming regions are usually completely hidden by dust in the optical, but show bright
emission in the infrared. Extinction can most readily be derived by using hydrogen
emission line ratios, such as optical Balmer lines (usually Ha/H[3) and near-infrared
Paschen and Brackett lines, with some assumptions about intrinsic conditions. If there
are no suitable emission line pairs available for extinction measurements, continuum
colors can also be used, provided that the intrinsic (unobscured) colors of the class of
objects are known.
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Figure 1: The transparency of the atmosphere at near-infrared (JHKsLM bands; upper
panel) and mid-infrared (NQ bands; lower panel) wavelengths, together with the most
prominent absorption components. (Gemini Observatory)
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Figure 2: The variation of extinction as a function of wavelength for Milky Way, LMC
and SMC. The most prominent feature, the ultraviolet bump of MW and LMC, is
evident at 2175 A (Calzetti et al. 1994).

2.4 Infrared observations from space

As was already stated, ground-based infrared observations are significantly restricted
by the atmospheric thermal background emission, and the transparency of the
atmosphere in only narrow wavelength bands. To avoid those problems, infrared
detectors need to be launched above the atmosphere. The first high altitude airborne
infrared detectors were set up with balloons and rockets in the 1960's. In 1966 balloons
were used to observe 120 bright infrared sources in the plane of the Milky Way at
120 ym by the Goddard Institute of Space Science. However, balloon based
observations are strongly restricted by their short observing time. Rocket technology
developed rapidly in the 1960's and it was also applied to infrared observations. Like
balloons, rockets can be used only for a very short time for a single observation.
Despite these restrictions, the first infrared all-sky map was produced from several
flights by the Air Force Cambridge Research Laboratory. It covered ~90% of the sky at
wavelengths 4.2, 11, 20 and 27.4 um, and detected over 2000 infrared sources. High
altitude converted airplanes have also been used to carry infrared detectors, such as the
long-standing KAO (Kuiper Airborne Observatory; e.g. Dunham 1995). In fact,
airplanes are still a viable option for infrared observations, as testified by e.g. SOFIA
(Stratospheric Observatory For Infrared Astronomy) which will be an optical-infrared-
submillimeter telescope, planned to be operational from 2009 (e.g. Becklin et al. 2007).
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Satellites are preferred over balloons and rockets for infrared observations because, in
Earth's orbit, they are above the disturbing atmosphere and are capable of observing
the whole range of infrared wavelengths without limitations on their observation time.
The first infrared satellite, the 60 cm IRAS (Infrared Astronomical Satellite) was
launched in 1983 and was operational for 10 months (Neugebauer et al. 1984). It did
not have high resolution imaging capabilities, but provided the first high sensitivity all-
sky survey at 12, 25, 60 and 100 um detecting over half a million infrared sources,
doubling the number of then known infrared emitters. /RAS detected, for instance, a
new class of (ultra)luminous (often interacting) infrared galaxies, whose bolometric
radiation is dominated by infrared emission (Soifer et al. 1986, 1987). Furthermore,
while inactive galaxies contain cold dust with temperature T ~ 30 K, /RAS revealed
that in infrared galaxies the temperature of dust is considerably higher,
T =100-300 K (de Grijp 1992).

IRAS was followed by the Japanese /RTS (Infrared Telescope in Space; e.g.
Murakami et al. 1996) and the European 60 cm ISO (Infrared Space Observatory; e.g.
Cesarsky & Salama 2006) telescopes in 1995. ISO was operational for four years, and
it was capable of observations between 2.5 and 240 um, and achieved significantly
higher sensitivity and higher spatial resolution than /RAS. Importantly, ISO was the
first space telescope with spectroscopic capability.

The latest, currently operational, infrared satellite, Spitzer, launched by NASA
in 2003, consists of a 0.85 m diameter telescope and is capable of observing in the
wavelength range of 3 — 180 um at higher sensitivity and spatial resolution than any
previous space observatory (e.g. Werner et al. 2004). The next European infrared-
submillimeter satellites, the 3.5 m diameter Herschel Space Observatory and the
Planck Surveyor, will be launched in 2009. Herschel can be used for imaging and
spectroscopic observations from 60 to 670 ym, while Planck will perform all-sky
mapping of anisotropies of the cosmic background radiation. Finally, it is worth to note
that the HST (Hubble Space Telescope) has the NICMOS (Near Infra-Red Camera and
Multi-Object Spectrometer) detector since 1997, which is capable of imaging and
spectroscopy observations in the wavelength range of 0.8 — 2.5 um.

2.5 Sources of infrared emission

All objects with temperature above absolute zeropoint emit electromagnetic radiation,
and the wavelength at which this blackbody radiation is most intense depends on the
temperature of the object according to Wien's law. The average spectral energy
distribution (SED) of a radio-quiet quasar, starburst galaxy, LINER, and inactive spiral
galaxy are presented in Fig. 3. Note that the continuum emission from a quasar is
approximately constant over a wide frequency range. Infrared wavelengths correspond
to temperatures of a few hundred Kelvins (e.g., room temperature of T =300 K
corresponds to mid-infrared A =10 4m ). Two main sources dominate the infrared
emission of a typical galaxy: Cool M-type giant and supergiant stars in the near-
infrared, and thermal emission from warm or cold dust at longer wavelengths.
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Figure 3: The average spectral energy distribution of a radio-quiet quasar compared
with that of a starburst galaxy, a LINER and an inactive galaxy (Zuther et al. 2007).

Dust cannot survive very high temperatures before sublimation beyond T ~ 1000 K.
Thus, direct thermal emission from dust is not significant at the near-infrared regime,
but its contribution increases rapidly at A >2.5 um and becomes dominant over the
stellar component at mid- and far-infrared. For instance, the mid-infrared emission
from zodiacal light is due to dust in the plane of the Solar system. In the far-infrared,
radiation is dominated by emission from cold giant molecular clouds (T <150 K).
These clouds are associated with star forming regions and contain dust with high
densities and low temperatures (Schulz et al. 2007, Arnal et al. 2008), corresponding to
blackbody radiation at mid- and far-infrared at A > 30 ym. Because these star forming
regions are buried inside high density clouds with very high optical extinction, infrared
observations are paramount to obtain information about the earliest stages of star
formation.

In addition to continuum emission from stars and dust, the infrared spectral
region is full of diagnostic absorption and emission lines. Absorption features originate
mostly in stellar atmospheres due to a number of atomic and molecular components,
such as hydrogen recombination lines, Cal, and molecular CO. The strength of the
absorption features increases with stellar metallicity. However, this relation is non-
linear and synthetic stellar models are needed to predict the absorption line strengths
(e.g., Fioc & Rocca-Volmerange 1997, Bruzual & Charlot 2003, Maraston 2005).
Infrared absorption features are especially useful in studying the unresolved stellar
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populations of galaxies, as will be further discussed in the next Section.

While stars dominate the absorption lines in the integrated spectra of galaxies,
stellar spectra contain only a few emission lines (e.g. H and He lines from hot stars),
while the majority of infrared emission lines arise from interstellar nebular gas. They
can be divided into three main categories according to the temperature of the gas:
Molecular lines, (e.g. Hy) with temperature T <2000 K, atomic lines (e.g. HI) with
temperature T ~ 10*K, and highly ionized coronal lines (e.g. [SiVII]) with temperature
T~10°K.

2.6  Absorption lines as stellar population indicators

The stars that dominate the near-infrared emission of galaxies are significantly
different from the major population in the visible wavelengths. In the near-infrared, the
largest contribution to the luminosity of a typical galaxy comes from cool M- and K-
type giant and supergiant stars, whereas a much wider range of stellar types contributes
to radiation in optical wavelengths. Thus, prominent near-infrared stellar absorption
features can be used as indicators for the stellar population in composite stellar systems
which is based on their dependence on stellar temperature and/or luminosity
(Kleinmann & Hall 1986, Ali et al. 1995, Ramirez et al. 1997). Furthermore, due to the
much lower extinction, near-infrared is preferential over optical for studying dusty
nearby galaxies (e.g. Mannucci et al. 2001).

The most widely studied near-infrared absorption features are atomic
Sil (1.589 um), and molecular CO(6-3)(1.619 um) in the H-band, and atomic
Nal (2.207 pym) and Cal (2.263 pum) and molecular CO(2-0) bandhead (>2.29 um) in
the K-band. Temperature sensitivity can be used to divide stars to different spectral
types, e.g. strength of CO(6-3) feature increases from early-K to late-M stars (i.e. with
decreasing temperature), while Sil is only weakly dependent on temperature. However,
especially the H-band is very rich in absorption features, and there are contributions to
each line by more than one absorption component. For instance, especially in cool
stars, the CO(6-3) feature is slightly contaminated by OH-lines but, however, its
contribution is always less than 30% in stars with temperature T <3000 K (Origlia et
al. 1993). Similarly, Sil dominates the 1.589 pm feature at temperatures T.> 3500 K.
The most useful diagnostic line pattern is the K-band '>CO first overtone, the depth of
which is predicted to be sensitive to stellar population parameters (e.g. Vazquez et al.
2003). The CO bandhead is very strong in young giants and supergiants, and strong in
cool AGB stars, while it becomes weaker in older population. The variation of the
strength of the CO(2-0) bandhead in giant and main sequence stars, from spectral type
G to M, is presented in Fig. 4. Because the CO(6-3) and Sil features are very close in
wavelength, together with the CO(2-0) bandhead, they can also be used to estimate the
contribution of dilution from a non-stellar continuum emission source, e.g. an AGN, in
both H- and K-bands by plotting the line ratios CO(1.62)/Sil(1.59) and
CO(1.62)/C0O(2.29) against the strength of the CO(1.62) feature (e.g. Oliva et al.
1995).
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Figure 4: The strength of the CO(2-0) bandhead (A >2.29 um)and the Br-y
absorption feature at A = 2.166 um in giant (IIl) and main sequence (V) stars. Spectra
adapted from Wallace & Hinkle (1996).

Currently, there are no self-consistent spectral synthesis models for the theoretical
derivation of near-infrared spectra for composite stellar systems. Instead, one has to
rely on the comparison of observed spectra with near-infrared stellar atlases (e.g.
Lancon & Rocca-Volmerange 1992, Wallace & Hinkle 1996).



CHAPTER 3

Active galactic nuclei

Active Galactic Nuclei (AGN) have been studied extensively for the past four decades.
The field of AGN studies is very extensive, containing research from the physics of
nuclear supermassive black holes to their large scale environments, and thus it is an
overwhelming task to describe all the AGN types completely here. The main focus of
this Chapter is to give the reader an overall picture of the AGN phenomenon, its energy
production mechanism and the unification model.

3.1 Introduction

Galaxies are the building blocks of the Universe, forming structures all the way from
small galaxy groups (like our Local Group) with a few dozen members, to large galaxy
clusters (like the Virgo cluster) containing thousands of galaxies. The initial seeds of
galaxies were formed in the very early Universe, the relic of which can still be
observed in the form of the cosmic microwave background radiation. However, the
growth and evolution of these seeds from the distant past to the present epoch is not
completely known yet.

Based on their morphological classification, the majority of nearby galaxies are
either spiral or elliptical galaxies. At first sight, they appear to show no clear
differences from object to object, but when analyzed in more detail, some of them turn
out to have peculiar properties, such as exceptionally bright star-like nuclei and
unusual emission lines (e.g. Slipher 1917). Studying such spiral galaxies in 1943, Carl
Seyfert found that, unlike most spirals, the galaxies in his sample showed unusually
broad or atypically highly ionized permitted and forbidden emission lines in their
nuclear spectrum (Seyfert 1943). These objects became known as Seyfert galaxies, and
they were the first galaxies that were found to exhibit enhanced activity in their central
regions, i.e. the first discovered type of AGN.

However, that was just the beginning! During the 1960's it was found that the
spectrum of a bright star-like object, associated with the radio source 3C 273, deviated
strongly from typical stellar spectra, in that the spectrum of 3C 273 was dominated by
emission lines. These lines, however, could not be identified with any known elements.
Eventually, this spectacular object was explained by postulating that it actually resides
at a cosmological distance (z=0.16) and that the (mostly hydrogen) emission lines
were redshifted to unfamiliar locations in the spectrum (Schmidt 1963). Soon after,
Greenstein & Schmidt (1964) showed that another radio source, 3C 48, was a similar
type of object, at an even higher redshift of z=0.37. Subsequently, through sky
surveys, more and more similar objects at higher and higher redshifts were identified.
On photographic plates they only showed up as point-like objects, and this class of
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AGN became known as quasi-stellar radio sources, or quasars for short. For a more
detailed discussion of the history of the discovery of AGN, see e.g. Shields (1999).

Quasars were at first mainly found by their radio emission, and thus the
majority of the first identified quasars were strong radio emitters. For the definition of
radio-loudness, either R parameter or radio luminosity at 5 GHz is used. The R
parameter defines the ratio between radio and optical fluxes, and the ratio of R =10 is
adopted for the boundary value between radio-loud and radio-quiet objects. Radio-loud
AGN have R~ 1000, whereas radio-quiet AGN have R ~ 1 (Strittmatter et al. 1980,
Kellermann et al. 1989). Alternatively, radio luminosity at 5 GHz is used as a definition
for radio-loudness such that AGN with luminosities higher than 2.5X10% /.
W Hz'are classified as radio-loud.

The domination of radio-loud objects changed dramatically when surveys at
other wavelengths were carried out, and e.g. only ~10% of all the currently known
optically selected quasars are radio-loud (Kellermann et al. 1989). Nowadays,
regardless of the properties of their radio emission, these objects are called quasars. As
will be discussed in Section 3.4, a large variety of objects with a huge range in the
level of their nuclear activity have been found ever since, e.g. LINERs (Low lonization
Nuclear Emission line Region), giant elliptical radio galaxies with extended radio
emission lobes, and rapidly variable blazars. Irrespective of the morphological type of
their host galaxy, all the objects that show evidence for nuclear activity, are grouped
into a common class of AGN. This veritable AGN zoo has been studied for more than
40 years now, and their research remains a very active and leading field in astronomy.

3.2 AGN surveys

Because AGN candidates appear as point sources in imaging surveys, they have to be
separated from ordinary stars. Unfortunately, their identification is not a
straightforward task, because only nearby AGN are resolved in the sense that they can
be easily associated with an underlying galaxy, while the majority of AGN, such as
quasars, are only seen as point-like objects. Their identification can be obtained by
using properties that are characteristic for AGN, such as variability, ultraviolet excess
(UVX), and infrared, radio, and X-ray emission.

AGN have typically broad continuum emission over a large wavelength range
with ultraviolet excess, deviating strongly from main sequence stars. The U — B color
for the hottest main sequence stars is typically U— B ~ 0.4, whereas for AGN it is

significantly bluer, U — B ~ —0.8, assuming a power law F(v)0 v * with spectral index

0.5 < a< 1. This spectral difference can be taken advantage of in AGN identification
by imaging the objects in at least two different filters, such as in the U- and B-bands
(e.g. Markarian 1967, Markarian et al. 1981, Boyle et al. 1990). These UVX surveys
exclude most of the main sequence stars, but can still be contaminated by white
dwarfs. Thus, each AGN candidate has to be verified through (time consuming)
spectroscopy. The UVX method is not failsafe. Firstly, it is limited to redshifts z <2.2
because at higher redshifts characteristic AGN emission lines are redshifted from the
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U-band into the B-band, hence reddening the U — B color. Secondly, two broad band
colors cover only a relatively narrow wavelength range and, thus, a large number of
objects with different spectral types may remain unidentified.

To avoid problems encountered in surveys carried out only in two filters, AGN
surveys have also been performed in multiple filters, typically U, B, VR, I (e.g.,
Warren et al. 1991, Kennefick et al. 1995). Contamination due to white dwarfs is
avoided by using multiple filters because, while the spectra of white dwarfs and AGN
are similar in a narrow wavelength range, they have different intrinsic spectral shapes
over a wide wavelength range. Furthermore, multicolor surveys are not limited to blue
objects but can also be used to find red AGN. One major difficulty remains in all color
surveys, namely the absorption of radiation by interstellar/intergalactic dust and gas,
which makes distant objects too faint to be observable. To avoid the absorption
problem in highly obscured objects, infrared observations can be used to search for
AGN, because they have enhanced flux at the mid-infrared spectral domain. The first
comprehensive four-color (12, 25, 60 and 100 um) all-sky infrared survey was carried
out by IRAS satellite, although it was limited by rather low angular resolution.
However, infrared surveys lack the unambiguity of e.g. X-ray surveys, because some
inactive galaxies also radiate strongly in infrared.

Unlike stars, the majority of AGN show strong optical and UV emission lines
in their spectra, providing another efficient way to find AGN. They are especially
useful to identify high redshift AGN and provide a complementary method for UVX
surveys. AGN spectral lines are strong, therefore low dispersion spectra are sufficient
for identification of AGN candidates. Higher dispersion spectra are then required to
confirm their AGN character and redshift. Slitless spectroscopic surveys have been
carried out in the past decades, e.g. the Large Bright Quasar Survey produced a large
sample of quasars (~ 1000) with magnitude 16 <z < 18.5 in redshift range 0.2 <z <3.4
(Hewett et al. 1995).

Although only minority of AGN are radio-loud, radio observations are also
suitable to survey AGN, especially high redshift objects that have not been found by
UVX surveys. An advantage of radio observations is that the position of a target can be
determined to subarcsec accuracy. Thus, there is usually only one optical counterpart in
the error box of the AGN candidate. Because of the power law spectrum of radio
sources, flat spectrum AGN (with spectral index o >0.5) dominate high frequency
(~ GHz) surveys. Several radio surveys have been carried out, e.g. by the Parkes Radio
Observatory to observe the southern sky at 2.7 GHz (Wall et al. 1976), and by the
NRAO to survey the northern sky at 1.4 and 5 GHz (Pauliny-Toth & Kellermann 1972).
More recently, the FIRST survey, carried out by VLA, surveyed the northern radio sky
at 20 cm with a 5 arcsec resolution (e.g. Becker et al. 1995, Gregg et al. 1996).

Unlike ordinary stars and inactive galaxies, AGN emit X-rays, providing
another suitable way for their detection. In the past decades, a few X-ray surveys have
been carried out, HEAO-1 All-sky survey (Piccinotti et al. 1982), EINSTEIN EMSS
(e.g. Gioia et al. 1990), and ROSAT deep survey (Boyle et al. 1993). EMSS is a
complete flux-limited survey of 835 sources, and has 95 % complete optical
identifications (Stocke et al. 1991). ROSAT all-sky survey observed more than 60000
sources in 0.1 — 2 keV soft X-rays.
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Two major recent AGN surveys are the 2dF survey, based on the UVX method of
photographic plate material (Croom et al. 2004), and the SDSS (Sloan Digital Sky
Survey), which uses multicolor imaging to separate AGN candidates from stars (Fan
1999, Richards et al. 2001).

3.3 The structure and energetics of AGN

As was stated in Chapter 1, together with transient phenomena, such as gamma-ray
bursts and supernovae, AGN are among the most energetic objects in the Universe.
According to the current paradigm, a supermassive black hole (SMBH) lies in the
center of all AGN, surrounded by an accretion disc. Further away, in the Broad Line
Region (BLR), gas clouds are orbiting the central region, and are emitting observable
broad emission lines in the spectrum. This central structure is surrounded at larger
distances by a partly obscuring molecular torus, and narrow emission line gas clouds in
the Narrow Line Region (NLR). This schematic, somewhat simplified model of the
structure of the AGN is presented in Fig. 5.

Observational evidence for supermassive black holes

The most crucial factor in the current AGN paradigm is the existence of SMBHs,
because even the most convincing theory remains only a hypothesis without supporting
observational evidence. While, naturally, a black hole itself does not emit any
observable radiation, its presence can be inferred from dynamical measurements of the
bulk motion of gas and stars orbiting the black hole. As is discussed below, the
observational evidence for the existence of SMBHs is overwhelming, supporting the
only model that is capable of explaining even the most luminous AGN and their radio
emission properties.

One of the earliest such observations is of an SMBH in the nearby giant elliptical
galaxy M87 in the Virgo cluster. The existence of the SMBH was confirmed by
spectroscopic studies of the dynamics of stars in the central region with the HST (e.g.
Ford et al. 1994, Harms et al. 1994). Furthermore, recent observations are also
consistent with a spinning SMBH in the center of M87 (Wang et al. 2008). However,
perhaps the strongest evidence for the presence of an SMBH in AGN comes from radio
VLBI interferometric H,O megamaser observations of the nuclear region of NGC 4258
(Miyoshi et al. 1995). Assuming that the masers are orbiting the nuclear region in near-
Keplerian orbits, the blue- and redshifted velocity measurements of the masers allow
one to calculate the enclosed mass within the central 0.13 pc radius of NGC 4258. This
mass, 3.6X10" My, can only be explained by a SMBH. Dynamical measurements
have since revealed rapid rotation and large velocity dispersions, indicative of similar
mass concentrations, in the centers of many other galaxies including the Andromeda
and the Milky Way (Kormendy 1988, Ghez et al. 2000, Schodel et al. 2002, 2007).
Especially, the velocities of stars in a cluster orbiting the nucleus of our own Galaxy,
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Figure 5: A schematic cutaway view of the structure of radio-loud AGN. A typical
radius of the obscuring torus is a few tens of parsecs. The sizes of the components are
not to scale. (Urry & Padovani 1995)

Sagittarius A" (Balick & Brown 1974, Eckart & Genzel 1997), have been observed for
a long period of time in order to derive their orbits around the central mass
concentration. The near-Keplerian orbits of such stars within the radius of »=0.02 pc
indicates the presence of a mass of 3x10° M, in the center of the Milky Way.

Energy production of AGN

AGN are observable across vast distances, and therefore it is obvious that they must be
intrinsically very luminous objects. The energy output of AGN can be as large as
L ~ 10" L, significantly greater than those of inactive galaxies (for instance, the
luminosity of Milky Way is L ~10" L,). Naturally, this raises the fundamental question
of how is that energy generated? In the early days of AGN studies, a wide range of
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candidates were suggested, such as gravitational and thermonuclear energy extraction
from supermassive stellar clusters (Hoyle & Fowler 1963). This idea was later revived
in the form of the nuclear starburst model (e.g. Terlevich et al. 1992), where the energy
for the ionized clouds comes from a nuclear cluster of young massive stars and
subsequent supernova explosions that form a fast moving shock front sweeping up
surrounding material. Kinetic energy of the shock front is converted to radiation in the
BLR. However, this occurs on very short timescales and most of the energy is radiated
after only a few years. The essential parameter for the model is the rate of supernova
explosions to maintain the luminosity over a reasonably long time. While starbursts are
viable to, in principle, produce the observed energy and play an important role in the
low luminosity AGN, e.g. in LINERs (Ho et al. 2001), they can not explain all the
observed phenomena in AGN, such as their powerful relativistic collimated radio jet
emission, or the powerful X-ray emission and rapid X-ray variability (e.g. Green et al.
1993, Kukula et al. 1998). In addition, the nuclear star cluster would have to be very
compact, since even the nearest AGN, NGC 4395, remains unresolved with HST
(Filippenko & Ho 2003).

Nowadays, the most prominent and widely accepted paradigm for the energy
production mechanism is the transformation of gravitational potential energy into
radiation due to viscous dissipation in a rotating accretion disc surrounding a central
SMBH (Lynden-Bell 1969, Rees 1984). This is supported by recent observations which
have shown that the most (or even all) of the nearby inactive spheroids contain a
SMBH in their center (Ferrarese 2002, Barth et al. 2004, Combes 2005, Ferrarese
2006). The nuclear activity occurs in a physically very small region, and it can be
understood in terms of gas falling toward the SMBH. For a non-rotating BH the size of
the energy production region can be approximated by the Schwarchild radius
Rs = 2GMyw/c’, where Myy is the mass of the BH. For instance, for a BH of 10® solar
masses, the Schwarchild radius is Rs ~2 AU. Thus the energy output is concentrated
into a very compact region, being consistent with the rapid variability of AGN,
characteristic especially to blazars.

A rotating (Kerr) BH within an external magnetic field offers a very efficient
energy extraction mechanism (Wilson & Colbert 1995). According to the theory of
general relativity, the extracted energy can be as high as tens of per cents of the rest
mass of the gas. For comparison, the efficiency of nuclear fusion in stellar interiors is
only ~0.7% of the rest mass. The total power radiated by a rotating BH can be
approximated by the following equation (Blandford & Znajek 1977, Thorne et al.

1986),
2 2 2
P~10% M, HEH S
M 01G O Y

sun

given in [ergs™'], where Mgy is the mass of the central BH, B is the strength of the
external magnetic field, and J and Jm.x are the angular momentum and the maximum
possible angular momentum, respectively. Assuming reasonable values, Mpy= 10*M,
and B=10"G, the extracted energy from the SMBH is P~ 10*ergs’, which is
sufficient to produce the observed luminosity for most quasars. However, it is
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approximately two orders of magnitude smaller than the Eddington luminosity Lgd
with a similar black hole mass. Increasing the black hole mass by the order of
magnitude, output energy is sufficient for the energy production of nearly all AGN.
Note that the vicinity of the central region is very complex, including electric and
magnetic fields, shock waves and high energy particles, which all simultaneously
reside within a region with a very small angular size.

The BH itself is, by definition, totally black, i.e. it does not radiate outwards,
but its near environment does strongly so. Particles with mass and angular momentum
do not fall directly into the BH, but they settle into an orbit around the nucleus. To
continue their infall, these particles have to lose their angular momentum. Indeed, the
observed radiation does not originate from the BH itself, but from the surrounding
accretion disc, where the particles collect. Decreasing angular momentum at the inner
edge of the disc is compensated by increasing the outskirt radius, but it can also be
coupled to some external medium, such as a magnetic field. Actually, it is argued that
such fields may also play a crucial role in the formation of the collimated jets of AGN
(e.g. Lietal. 1992, Fendt 1997, Keppens et al. 2008).

The accretion disc surrounding a BH rotates differentially, and due to viscous
interactions between gas particles, a temperature gradient is formed. The inner edge of
the disc is heated to very high temperatures, radiating at UV wavelengths, while the
cooler outskirt emits at longer, optical wavelengths. AGN X-ray emission is widely
though to be due to inverse compton scattering from very high energy electrons
residing in a corona above the accretion disc. The temperature of gas at the last stable
orbit (3Rs for a non-rotating, and 1.5Rs for a rotating BH) can be as high as T~ 10°K
and, indeed, the overwhelming luminosity of AGN is due to the emission from the
accretion disc (except in the case of blazars, whose radiation is dominated by a
relativistic jet).

The luminosity of the AGN produced by the accretion mechanism can be
estimated by

L=nM,c?

where M is the mass accretion rate, and 7] is the efficiency of the conversion process

of mass to energy. Typically, the conversion factor /7 ~0.1, but it depends on the
rotation of the black hole, varying from ~0.05 to ~0.3 for non-rotating and maximally
rotating black hole, respectively. Typical accretion rates needed to produce the
observed luminosity of AGN are rather low, only of the order of a
few Mg yr'. However, the luminosity radiated by spherically symmetric accretion onto
a BH can not increase beyond a natural limit, called the Eddington luminosity, given by

4nGM yyym,
Bdd T T

—1.3x10% Mo
Or sun

in [ergs™], where G is the gravitational constant, Mgy is the mass of the SMBH, m, is
the mass of a proton, and &t is the Thomson cross section. Above this luminosity, the
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outward force of radiation pressure becomes larger than the inward force of gravity,
stopping the accretion. The luminosity decreases, decreasing the radiation pressure,
allowing accretion to start again.

A timescale for the growth of the central black hole mass can be approximated
by combining the equation of the Eddington luminosity with the equation of the mass
accretion luminosity. Thus the differential equation of the timescale is given as

aM L 1
- = =M
dt(nc*) T

where T is given in years

L cno L
— D Edd nor :4X108n Edd
L 41TGmp L

The differential equation can be integrated to give
M(t)=M, e

showing that the growth of a black hole occurs exponentially. Assuming a black hole is
accreting at the Eddington limit, a timescale to build a 10° M, supermassive black hole
is tagn~ 10% years.

Emission line regions and the molecular torus

Gas clouds in the BLR, residing between the accretion disc and the molecular torus,
are characterized by the broad wings to their spectral lines, associated with velocities
up to 35000 kms™ (see e.g. review by Sulentic et al. 2000). The non-homogeneous
clumpy clouds are moving randomly in the gravitational field of the central SMBH,
and are photoionized by the strong AGN emission. Estimates of the total mass of BLR
clouds range from a few to a few thousand My, with densities from 10° to 10" ¢m™
(Baldwin et al. 2003). Even though the BLR is unresolved with current observational
facilities, the size of the region can still be estimated from its variability, i.e. from
reverberation mapping (see e.g. Botti et al. 2008), based on monitoring the variation of
the strength of BLR emission lines as a function of corresponding changes in the
photoionizing flux from the nucleus. Furthermore, recent studies have shown that the
radius of BLR correlates with the Ly(5100 A) luminosity of AGN (Kaspi et al. 2005).
The Coronal Line Region (CLR), consisting of coronal emission lines from
highly ionized species, is most likely located between the BLR and the NLR. This is
supported by the fact that coronal lines are broader and blueshifted relative to narrow
lines, and the suggestion that the clouds in CLR are outflowing material originating
from the molecular torus (e.g. Rodriguez-Ardila 2002). However, it has also been
proposed that CLR lines originate from the inner edge of the molecular torus (Pier &
Voit 1995), although recent observations (Portilla et al. 2008) suggest that the CLR
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emission region is spatially extended. The densities of the coronal clouds range from
10> from 10*°cm™ (Ferguson et al. 1997). The CLR possibly contains several
components (Murayama & Taniguchi 1998), such that the CLR clouds with the
broadest emission lines are photoionized by nuclear UV radiation, whereas the more
extended clouds with narrower emission lines are ionized by ambient shocks.

A molecular torus is the most important ingredient in the currently popular
unification models, allowing an orientation-dependent effect by preventing an
unobscured view to the central region. The torus is most likely composed of high
density dust clouds in order to contribute enough extinction. It can not lie very close to
the central engine, because otherwise its intense radiation field would dissociate the
molecules and sublimate the dust. Most likely, the torus is assembled from dust clouds
at high temperature (T ~ 1300 K) and the radius of its inner edge is ~1 pc (Krolik &
Begelman 1988). The torus also gives rise to molecular line emission and near-infrared
radiation (e.g. Pier & Krolik 1993). Although there is no direct observational evidence
of the torus, e.g. the VLBI measurements of maser emission and interferometric mid-
infrared observations of the of NGC 1068 (Greenhill et al. 1996, Jaffe et al. 2004) are
consistent with a molecular torus at a radius of ~1 pc. The typical column density of
the obscuring material in Seyfert galaxies is N(H) ~10** cm™ and a typical overall mass
~10* My, (Pier & Krolik 1992).

Unlike in the case of the BLR, the emission lines from the NLR are observable
in both Type 1 and Type 2 AGN, with typical line widths of a few hundreds of kms™,
indicating that the clouds are extended farther away from the nucleus and thus are less
obscured than those in the BLR. The radius of the NLR is one magnitude larger than
that of the BLR, ranging from ~10 to ~100 pc. The gas clouds in the NLR are usually
photoionized by the nuclear source, but however, especially in Seyfert 2 galaxies and
LINERSs, they can also be ionized locally by hot OB stars. Electron temperatures of the
NLR clouds are ~20000 K with densities in the range of 10° — 10° cm?, but the NLR
contains significantly more mass than the BLR, up to 10° Mg in the most luminous
quasars. The NLR extends in some AGN into an extended NLR (ENLR), reaching
distances up to ~10 kpc from the center.

Finally, AGN are hosted in galaxies which span a continuum of morphologies
from pure ellipticals to late-type spirals. The formation and co-evolution of the AGN
and their host galaxies is currently a very active research field. AGN host galaxies are
discussed in more detail in Chapter 4.

Fueling of the SMBH

The accretion mechanism powering the central engine in AGN requires a gas supply,
without which the SMBH will remain dormant. Where does the infalling gas come
from, and how does it end up in the vicinity of the SMBH? A longstanding controversy
over the energy production by the accretion process has been the difficulty to find
evidence for infalling gas flows because, most likely, the kinematics of the central
regions of AGN is dominated by outflow motions (Crenshaw et al. 2003, Crenshaw &
Kraemer 2007). However, recent observations of LINERs (e.g. Storchi-Bergmann et al.
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2007) have indeed revealed the inward motion of gas toward the nuclear region.

The most crucial step in fueling the nucleus is for the accumulated gas to lose
its angular momentum. There is no single mechanism that can accomplish that from
kpc to sub-pc scales, but instead a variety of mechanisms must be invoked, such as
gravitational torques, dynamical friction, hydrodynamical torques and viscous torques.
The efficiency of a given mechanism depends on the distance from the nucleus, for
instance gravitational torques provide the most efficient mechanism on scales from
tens of kpc to a hundred pc.

Gravity torques induced by a large scale bar structure can generate a gas flow
into the inner few hundred pc (Hernquist 1989, Mihos & Hernquist 1996), but can not
drive gas closer than the Lindblad resonances where it will accumulate, often resulting
in a star forming ring. It has been suggested that a nuclear (secondary) bar (or nuclear
spirals) residing within the large scale (primary) bar could drive inwards of the
Lindblad resonances (e.g. Shlosman et al. 1989, Maciejewski & Sparke 2000). Direct
observational evidence of a nuclear bar driving gas into the inner region (< 100 pc
radius) is seen e.g. in NGC 2782, containing a powerful circumnuclear starburst region
(Jogee et al. 1999). Seyfert galaxies appear to have a slight excess of bars compared to
inactive galaxies (e.g. Laine et al 2002). However, the role and importance of bars in
the fuel transport is still controversial, as some studies do not show a correlation
between AGN activity and the existence of bars (Mulchaey & Regan 1997).

In addition to non-axisymmetric gravitational fields, close interactions and
minor mergers of galaxies (e.g. Tacconi et al. 1999, Cavaliere & Vittorini 2000,
Scharwichter et al. 2004) may also provide a driving mechanism for inflowing gas.
Indeed, numerical simulations have shown that gas flows induced by mergers are
plausible to trigger AGN activity (e.g. Mihos & Hernquist 1996, Struck 1997).
However, no correlation has been found between recent minor mergers and Seyfert-
like activity (Corbin 2000). Nevertheless, interactions can not be ruled out as a cause
for gas inflow, because there may be a long time delay between the triggering and the
onset of the nuclear activity (e.g. Byrd & Valtonen 2001). This is supported by the lack
of evidence for merger-related disturbed host galaxy morphology in AGN (e.g. Grogin
et al. 2005, Gabor et al. 2009). However, shells and tidal tails have been observed in
some early type AGN hosts (Bennert et al. 2008) indicating that they have undergone a
relatively recent (a few hundred — Gyr) merging event.

The large and small scale environment of AGN can potentially shed light to the
question of triggering the nuclear activity. For instance, the environments of Seyferts
have been studied for a long time, but the results remain contradictory. Some studies
have found evidence for an excess of companions in Seyferts compared to inactive
spirals (e.g. Dahari et al. 1984, Rafanelli et al. 1995), while others have found no
statistical difference (e.g. Laurikainen & Salo 1995, Schmitt 2001). Possible
explanations for the discrepant results are biases in sample selection or a significant
time delay before the onset of activity after the perturbation (Byrd & Valtonen 2001).
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3.4 AGN classification

As was stated above, AGN are found to exist with many types of observed properties
and in a wide variety of galaxies from late-type spirals to giant ellipticals. Therefore, to
understand the formation and evolution of the AGN phenomenon, classification of the
large number of different types of AGN is necessary. AGN can be classified in a
variety of ways, e.g. based on the broadness of their optical emission lines, the
brightness of their radio emission, or their variability properties. The main AGN
classes that are discussed below are: LINERs, Seyfert galaxies, radio galaxies, quasars
and blazars. Typical optical spectra of the different AGN classes are shown in Fig. 7.

Seyfert galaxies

Seyfert galaxies are low luminosity, radio-quiet objects which are typically hosted by a
spiral galaxy. A few per cent of local spirals observed in the optical show the properties
of Seyferts (e.g., Huchra & Burg 1992, Ho et al. 1997). Unlike their inactive
counterparts, Seyfert galaxies show strong emission lines of high excitation in their
nuclear spectra, and based on their appearance they are divided into Seyfert 1 and
Seyfert 2 galaxies (Khachikian & Weedman 1974). Two types of emission lines can be
observed: narrow and broad lines with velocities of a few hundred kms™' and
10°— 10*kms™, respectively. The nominal velocity limit between narrow and broad
lines is set at 1000 kms™. Forbidden emission lines, for instance [OIll] A5007 A,
originating from low density gas (with electron density ~10°— 10° cm™) are narrow in
all Seyfert galaxies. On the other hand, permitted emission lines, such as Ha A6563 A,
radiated from denser gas (> 10° cm™), are either broad (in Seyfert 1 galaxies) or narrow
(in Seyfert 2 galaxies). The different velocities indicate that the narrow and broad
emission lines originate from different regions. The broad lines are emitted by gas
clouds in the Broad Line Region (BLR) where the gas is photoionized by radiation
from the accretion disc near the supermassive black hole, whereas the narrow lines
originate further away from the center, in the Narrow Line Region (NLR) (see Section
3.3). The line widths are caused by Doppler broadening, as gas clouds move at high
velocities around the nucleus. Based on whether the broad component can be seen in
either or both of Ho and HB A4861 A, Seyfert 1s are further divided into three
subcategories, namely Seyfert 1.5s (equally strong Ho and Hf), 1.8s (Ha and weak
HP) and 1.9s (only Ha) (Osterbrock 1981). Seyferts and their star forming activity
have been recently widely studied especially in the infrared (e.g. Reunanen et al 2002,
2003).

LINERs

With increasingly accurate spectroscopic observations, a significant fraction of spiral
galaxies (~30 %; Ho et al. 1997) show in their nuclei strong narrow and low ionization
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emission lines (e.g. [OI] A6300 A, [SII]A6731 A) while high ionization lines (e.g.
[OIII] A5007 A) are weak, leading to different emission line ratios than those found in
both Seyferts and star forming galaxies (e.g. Veilleux & Osterbrock 1987). These
galaxies are known as Low lonization Nuclear Emission-line Regions (LINERs;
nomenclature by Heckman 1980), and they are often considered to be low luminosity
Seyfert galaxies. It is, however, possible that at least some LINERs are not AGN at all,
but that their activity originates rather from a central star forming region. Thus, they
may be transitional objects between high luminosity AGN, such as Seyferts, and lower
activity galaxies. The emission line ratios of transition LINERs are between nuclear
HII regions and pure LINERs (Ho et al. 1993). The majority of them show strong star
formation (Cid Fernandez et al. 2004), which may also be the case in late-type pure
LINERs (Alonso-Herrero et al. 2000). Note, however, that the definition of a LINER is
rather arbitrary, and there is a continuous change in emission line properties from high
luminosity Seyferts to low luminosity LINERs.

Radio galaxies

In the Papers below, the main focus will be on higher luminosity AGN, namely radio
galaxies, BL Lac objects and quasars. Radio galaxies are typically giant (but otherwise
normal) elliptical galaxies characterized by large extended (on a few hundred kpc —a
few Mpc scales) radio emission lobes on opposite sides of the nucleus, originating
from non-thermal synchrotron radiation. Based on their extended radio morphology
(see Fig. 6), they are divided into two categories, FR-I and FR-II radio galaxies
(Fanaroff & Riley 1974). FR-IIs have higher radio luminosity and are hosted by giant
elliptical galaxies, whereas FR-Is have lower radio luminosity and are hosted by
luminous cD galaxies (Owen & Laing 1989). At constant radio luminosity, FR-II host
galaxies tend to be more luminous than FR-I host galaxies, although there is a large
overlap (Ledlow & Owen 1996).

The radio emission in FR-II galaxies originates from an extended region
farther away from the nucleus (edge-brightened), whereas in FR-I galaxies it comes
from a region closer to the nucleus (edge-darkened). The lobes often have hot spots
which are intensity peaks toward the outer edges of the lobes, where the jet hits the
ambient medium and the kinetic energy of the jet is converted into random motion
(Blandford & Rees 1974). The lobes of FR-II galaxies are often of very different
brightness, or even one-sided. The nucleus is often connected to one or both radio
lobes by a relativistic radio jet, transporting energy from the nucleus to the extended
emission regions. In FR-I galaxies the jets are smooth, while in FR-II galaxies they
have more knotty structure. Based on their optical emission line widths, radio galaxies
are divided into broad (BLRG) and narrow line radio galaxies (NLRQG), similarly to the
case of radio-quiet Seyfert 1 and 2 galaxies.
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Figure 6: Radio images of two radio galaxies. a) FR-I radio galaxy 1231+674 with
jets brighter close to the nucleus. b) FR-II radio galaxy 1232+414 with bright hot
spots. (Courtesy of Frazer Owen and Mike Ledlow)

Quasars

Quasars (quasistellar radio sources) or QSOs (quasistellar objects) are the most
luminous objects in the AGN zoo, showing both broad and narrow (Type 1) or only
narrow (Type 2) emission lines in their optical spectra. High redshift Type 2 radio-quiet
quasars, however, are difficult to identify. Because of their high obscuration, they have
not been detected in UVX and emission line surveys, but their existence is necessary to
explain the cosmic X-ray background (e.g. Gilli et al. 2007). They have indeed recently
been found in increasing numbers, mostly through X-ray surveys (e.g., Beckmann et al.
2006, Sazonov et al. 2007), mid-infrared color surveys (e.g. Martinez-Sansigre et al.
2006, Polletta et al. 2008), and optical emission line surveys (Reyes et al. 2008), and
currently more than 800 examples have been identified. Furthermore, Type 2 quasars
might also be buried in a fraction of ultraluminous infrared galaxies (Franceschini et al.
2000).

The strong permitted broad emission lines (especially from hydrogen) indicate
the presence of a similar BLR in quasars as in Seyfert galaxies. Indeed, based on the
similarity of their observed spectra, quasars can be considered as high Iuminosity
Seyfert galaxies with the dividing luminosity limit set at My =-23.5. However, it is
only an arbitrary limit for classification purposes, without any astrophysical
justification.

Although quasars were originally discovered based on their radio luminosity,
only ~10 % of all quasars are radio-loud objects. The large majority of quasars are
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radio-quiet, although not radio-silent, because there is a continuous distribution in their
level of radio emission (Sanders et al. 1989). Radio-loud quasars are divided into the
classes of lobe-dominated Steep Spectrum Radio Quasars (SSRQ) and core-dominated
Flat Spectrum Radio Quasars (FSRQ), depending on the shape of their radio
continuum. Similarly to FR-II radio galaxies, radio-loud quasars show often only one
sided radio lobe and/or radio jet (Bridle et al. 1994).

Quasars have been found to exist over a wide redshift range, from nearby
(z<0.1) to high redshift objects (up to z ~ 6.4). The quasar population shows strong
cosmological evolution, with the co-moving space density of quasars showing a broad
peak at redshift z~2—2.5 (Maloney & Petrosian 1999). This epoch is broadly
coincident with that of the maximum in the cosmic star formation history (e.g. Madau
et al. 1998, Franceschini et al. 1999, Shankar et al. 2009). However, even during this so
called quasar epoch, they were hundreds of times less common than their inactive
counterparts, and currently there is only ~1 quasar found for each 10° inactive galaxies.

BL Lac objects and OVYV quasars (Blazars)

If the relativistic jet in a radio-loud quasar is oriented close to the line-of-sight of the
observer, its luminosity will be Doppler-boosted by a very large factor (100 — 1000
times), and the non-thermal synchrotron emission from the jet will dominate over all
other emission sources. Such quasars are called BL Lac objects, named after the first
such object detected, BL Lac, in the constellation of Lacerta, that was previously
thought to be a variable radio star (Oke & Gunn 1974). All AGN are variable at all
wavelengths, but BL Lac objects are characterized by very highly variable emission on
timescales as short as a day (and more commonly from days to to weeks), indicating
that the prodigious energy comes from a very small, only light-day sized region. They
also have high, variable polarization, smooth featureless optical spectrum with no or
very weak emission lines (equivalent widths EW <5 A), and superluminal motion are
observed in the radio wavelengths.

BL Lac objects are found either in radio (RBL) or X-ray (XBL) surveys. RBLs
are typically more luminous and variable than XBLs (Jannuzi et al. 1994), and at first
they were considered to belong to different classes of objects. However, later it was
realized that the observed differences are due to their different synchrotron cut-off
frequency, and RBLs and XBLs are now more commonly classified as low-frequency
peaked (LBL) and high-frequency peaked (HBL) BL Lacs, respectively (Padovani &
Giommi 1995). OVV (Optical Violently Variable) quasars are flat spectrum radio
quasars which share many properties (such as variability) with BL Lac objects, but
they additionally show broad emission lines in their spectrum. In fact, BL Lac objects
and OVVs are commonly grouped together into a class of blazars.



3.5 UNIFIED MODELS 35

T

1 - = +— Seyfert 1 —
3L qC NGC 4151 ]

- BL Lac object 4 r B
Al 0814+425 1C 7
el [ ]
20 7\ 11 | ‘ Il N I I Il 1 ‘ 11 | L1 11 | |7 7| 11| ‘ I I A | N Y ‘ ] T \7
@ _\ LI ‘ 1 T 1 ‘ L L L L I_ _I 11 ‘ T rrrrT T rrrrrrr ‘ T rrrrt \_
EL 1r ert 2 7
a8 — el ]
i = |
=|E Mean quasar - f

0 _\ | I - ‘ N N Y N N | ‘ | N I N N I | I_ _I ) | Y | | N N Y ‘ | N T Y I | \_

4000 5000 4000 5000 BOOO
\IIl\\ll\I\\Il\l\ll\\l\ll\ll\l\\ \\\‘II\\III\\I\I\\II\\‘II\\I\II

LINER BLRG
NGC 4579 3C 380.3

Normal galaxy
NGC 3368

4000 5000 Ba00 4000
Fmitted wavelength ()

Intensity
[TV B v B v [ T A% T S v ]

5000 8000

Figure 7: Typical optical spectra of different types of AGN and, for comparison, the
spectrum of an inactive early-type galaxy (bottom left-hand corner). Note that the
spectrum of the BL Lac object is nearly featureless. (Courtesy of Michael Richmond)

Summary

Even though the class of AGN contains many different kinds of objects with a wide
range of observed properties (see Fig. 7), these objects need not be intrinsically
different. Indeed, several types of unified models have been proposed, which seek to
unify the observed properties mainly depending on their different orientation with
respect to the observer. The unification of AGN is further discussed in Section 3.5.

3.5 Unified models

Even though there is a large number of observed AGN classes, it is possible and even
likely that the appearance of a given type of AGN depends on our viewing angle.
Therefore, unification is crucial to separate intrinsic properties of AGN from apparent,
orientation-dependent ones, and thus to develop a deeper understanding of the
underlying physics involved (e.g. Orr & Browne 1982, Urry & Padovani 1995).

As was mentioned above, Type 2 AGN have been classified as objects that
show only narrow emission lines in their optical spectra. However, broad emission
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lines have been observed in dozens of Seyfert 2 galaxies in polarized flux (e.g.
Antonucci & Miller 1985, Miller et al. 1991, Tran et al. 1992, Moran et al. 2000, Gu &
Huang 2002), showing that at least some Type 2 AGN also contain a BLR. Hot
electrons below and above the plane of the molecular torus (shown as black dots in
Figs. 5 and 8) scatter and polarize the broad lines and the nuclear emission into our line
of sight. Note that scattered broad emission lines are not seen in every Seyfert 2 galaxy,
suggesting that there are also intrinsic Seyfert 2s without a BLR (Osterbrock & Koski
1976, Tran 2001, 2003). However, broad emission lines have later been detected even
in some of these cases in higher S/N polarized data or in infrared (e.g. Moran et al.
2001, Reunanen et al. 2003).

Although classification of AGN has traditionally been done based on optical
spectroscopy, other wavelengths are also useful to probe the unification. For instance,
in the infrared it is possible to study regions of galaxies affected by very high optical
extinction (Ay ~ 400), although these still correspond to much smaller column densities
than those found in the torus. Infrared spectroscopy has indeed revealed broad Brackett
and Paschen lines in many Seyfert 2s (e.g. Lutz et al. 2002). Radio and hard X-ray
observations are also useful because, similarly to infrared, they can penetrate through
high column density material before being significantly absorbed. Seyfert 1s and 2s
have similar radio luminosities (Rush et al. 1996) and the average extension of radio
emission of Seyfert 2 galaxies is significantly higher than that of Seyfert 1's (Schmitt et
al. 2001), consistent with predictions of the unified model. While the hard X-ray
continuum in AGN arises from the accretion disc, soft X-rays are more easily absorbed
by obscuring material and many Seyfert 2's show such prominent photoelectric cutoffs
(e.g. Risaliti et al. 1999), confirming the existence of higher gas column densities in
Seyfert 2 than in Seyfert 1s (Maiolino et al. 1998) in agreement with the unified model.

The above observations indicate that even though Type 1 and Type 2 AGN
exhibit different properties, they might be physically similar objects. The unification
models postulate that the appearance of an object depends crucially on whether the
optically and geometrically thick molecular torus is seen face-on, allowing a direct
unobscured view of the nuclear continuum and the BLR, or edge-on, with the view of
the nucleus and the BLR obscured by the torus. For instance, Seyfert 1 galaxies are
seen face-on, with broad emission lines, whereas in Seyfert 2 galaxies obscuration
leads to the detection of only narrow emission lines.

In addition to the obscuring torus, another main determining parameter in
standard unified models of radio-loud AGN is the orientation of the radio jet. If the
object is viewed very closely along the jet, its radiation is dominated by synchrotron
radiation from the jet, with nearly featureless spectrum, and it is classified as a BL Lac
object. As the viewing angle increases, the appearance is that of a radio-loud quasar
with one- or two-sided jet. When the viewing angle increases further, the extended
radio emission lobes of radio galaxies are seen. Currently the most widely accepted
unification of radio-loud AGN is based on the model of Urry & Padovani (1995),
which unifies radio galaxies, radio-loud quasars and blazars. In this model, BL Lac
objects are unified with FR-I radio galaxies, flat spectrum radio quasars with FR-II
radio galaxies oriented at small jet angles (<15 deg) to our line of sight, while steep
spectrum radio quasars are FR-II radio galaxies at larger jet angles (15 — 45 deg) (see
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also Barthel 1989). The schematic view of this unification model is presented in Fig. 8.

If the unification is the correct model, unified objects should exhibit similar
orientation-independent properties, such as extended radio emission (Urry & Padovani
1995, Willott et al. 2000), narrow line emission (Jackson & Browne 1990, Hes et al.
1993), isotropic infrared radiation from the torus (Heckman et al. 1994), host galaxies
and luminosity functions (Urru & Padovani 1995), and large scale environments (e.g.
Wurtz et al. 1997). Although the comparison is complicated by selection effects, the
radio luminosities of FR-II galaxies and FSRQs and SSRQs are generally in
agreement. The infrared radiation from the torus and the emission from the narrow line
region radiate isotropically and thus, according to the unification model, they should be
similar in radio galaxies and radio-loud quasars. However, infrared radiation seems to
be stronger in quasars than in radio galaxies (Heckman et al. 1994). The [OII] line
luminosities of quasars and radio galaxies appear to follow a similar distribution (Hes
et al. 1993) but, however, the [OIII] emission line seems to be stronger in quasars
(Jackson & Browne 1990). The luminosity functions of radio-loud quasars and radio
galaxies appear to be in agreement, although their determination is made difficult due
to several adjustable parameters, such as the source evolution.

Even though the unified model is capable of explaining most of the observed
properties of AGN, it still has some persistent problems in addressing, e.g. the large
scale environments, the sizes of the extended radio emission and the outflow velocities.
FR-I radio galaxies are suggested to be the parent population of BL Lac objects but
their environments appear to be different, such that FR-Is are located more frequently
in clusters of galaxies than BL Lacs (Ledlow & Owen 1996, Wurtz et al. 1997). The
Seyfert 1/Seyfert 2 ratio and the equivalent width of the CIV A1549 A emission line
decrease with increasing luminosity, known as the Baldwin effect, contrary to the
predictions of the unified model (Baldwin 1977, Kinney et al. 1990, Veilleux et al.
1999). These may be caused by luminosity-dependent opening angle of the torus (e.g.
Elvis 2000). Perhaps the most obvious incompleteness of unification based on
orientation concerns the radio-loud/radio-quiet quasar dichotomy. It is likely that the
level of radio emission is a fundamental parameter related to the physics of AGN, and
thus to explain the dichotomy, an additional parameter is unavoidable, such as black
hole spin (Blandford 1990, Wilson & Colbert 1995), host galaxy morphology (Smith et
al. 1986), or the nuclear feeding rate (Rees et al. 1982).
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CHAPTER 4

The host galaxies of AGN

Does the nuclear activity depend on the properties of the underlying host galaxy, or
vice versa? Is there a fundamental difference between the host galaxies of radio-loud
and radio-quiet AGN? Although a certain answer to these questions eludes us, it has,
however, recently become clear that the majority, if not all, nearby galaxies contain a
SMBH in their center, indicating a co-evolution of the BH and the galaxy bulge. The
investigation of AGN host galaxies is a crucial ingredient to understand the link
between the evolution of galaxies and that of the nuclear activity. On the other hand,
considering the unification of AGN, it is important to observe properties that are
orientation independent, such as host galaxies. Unfortunately, especially going to
higher redshift objects, it becomes a difficult task to extract and identify the underlying
host galaxy under the bright central point source.

4.1 The extraction of AGN host galaxy

The image of an active galaxy is a superposition of two components, namely the
(usually) luminous nuclear point source (AGN), and the (usually) faint underlying host
galaxy. In quasars, for instance, radiation is dominated by the nuclear source, which
makes it challenging to extract and study the faint host galaxies, especially in the case
of high redshift objects. Since the AGN is always unresolved, it can be modeled by the
point spread function (PSF). It represents the 2D surface brightness profile of a point
source as a function of detector characteristics and atmospheric seeing conditions. The
PSF varies with time and over the field of view of the detector, and can be estimated
from foreground stars in the field.

Resolving the host galaxy is difficult for two reasons. First, at least for distant
objects, the host has only small angular size (typically only slightly larger than the
seeing disc) and, second, there is a strong cosmological surface brightness dimming of
the host, scaling as (1 + z)™. The most reliable host galaxy detection is achieved from
deep imaging with high S/N ratio and low nucleus-to-host luminosity contrast.
Near-infrared observations are preferable over optical observations to achieve the latter
requirement, because starlight from host galaxies peaks there, while AGN have there a
local minimum in their SED, as shown in Fig. 9. Furthermore, as emphasized above,
extinction is much reduced at near-infrared wavelengths.

The host galaxy extraction can be performed in either one or two dimensions.
In the 1D extraction, preferable to use when dealing with low S/N images, an
azimuthally averaged surface brightness profile over all radii is obtained. The
advantage of this method is that it is simple and quite robust, but as a drawback, not all
spatial information in the image is used.
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To exploit all the spatial information, one needs to carry out full 2D analysis which
employ simultaneous fitting of the nucleus and the host (e.g. McLure et al. 1999,
Jahnke et al. 2004, Falomo et al. 2008). There are several 1D and 2D analysis
algorithms employed in the literature (e.g. Peng et al. 2002, Kuhlbrodt et al. 2004). For
the 2D analysis of radio-quiet quasars presented in this thesis (Paper II), the software
package AIDA (Astronomical Image and Decomposition and Analysis: Uslenghi &
Falomo 2007) was used, designed for 2D quasar host galaxy fitting.

For both 1D and 2D extraction procedures, the most critical task is the
generation of a reliable PSF model. It is constructed from an average of both faint
unsaturated star(s), to model the bright central part of the PSF, and bright saturated
star(s), to represent the faint PSF wings. The accurate modeling of the wings is
essential, because most of the signal from the host galaxy will be detected against this
region of the PSF profile. The field stars used for the PSF generation are selected based
on their FWHM, sharpness and roundness. If several stars are used in the modeling,
distributed over the field, it also has to be confirmed that the resulting model is stable,
with no significant variations between the profiles of individual stars.
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The surface brightness of galaxies can be modeled by Sersic '™ model (Sersic 1968)

given as
, 1/n
v

where [/ is the surface brightness of a galaxy, r. is the scale length, i.e. the radius which
encloses half of the total luminosity of the galaxy, and /. is the surface brightness at the
scale length radius. The parameter n gives the surface brightness distribution, varying
from n =1 to n =10, and the parameter b is a function of n. There are two important
special cases derived from the generic Sersic model that are widely used to model host
galaxies, namely a de Vaucouleurs r'* law (de Vaucouleurs 1948), and an exponential
law (Freeman 1970) given as

I(r)=1,exp{—b

1(F)=1,exp —7.67[(%)1/4—1]

e

I(r)=1, exp(—L)
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In the latter equation, the 74 is defined by an equation 7, = 1.687,. The de Vaucouleurs
law is adequate for modeling of elliptical galaxies and bulges of spiral galaxies,
whereas the exponential law is used for spiral galaxies.

Inactive early-type galaxies and bulges of spiral galaxies follow a tight relation
between their scale length 7., stellar velocity dispersion ¢, and surface brightness L,
which is known as the 3D Fundamental Plane of elliptical galaxies (Dressler et al.
1987, Djorgovski & Davis 1987). It is related to a morphological and dynamical
structure of galaxies. Considering only the surface brightness and the scale length, the
projection is known as the Kormendy relation (Kormendy 1977, Kormendy &
Djorgovski 1989), and it is well established for nearby cluster galaxies (e.g. Jorgensen
et al. 1996).

The surface brightness models can also be applied to characterize the host
galaxies of AGN. Although host galaxies span a continuum of morphologies, they are
usually designated as spirals or ellipticals because the quality of data is not sufficient to
determine the morphology at a greater level of accuracy. For the characterization of the
AGN host galaxy, first the image of the AGN is fitted with the PSF model only, to
indicate any deviations from a point source. If the observed profile deviates
significantly from the PSF model, the source is evaluated as resolved and it is then
simultaneously fitted with a scaled PSF (to model the nuclear component) and a scaled
surface brightness model for the host galaxy, using either a de Vaucouleurs (r'*) bulge
model or an exponential disc model. The fitting is performed by using an iterative
least-squares fitting, minimizing its X*value, and main parameters of the host galaxy,
e.g. luminosity, central surface brightness and scale length, are derived from the fitting.
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Figure 10: The azimuthally averaged radial surface brightness profile of the quasar
PG 1259+593 (solid points with error bars) overlaid with the PSF model (dotted line),
an ' de Vaucouleurs model for the host galaxy (long-dashed line), and the best-fit

PSF+host galaxy model profile (solid line).

However, while integrated properties, such as the host galaxy luminosity, are relatively
accurately determined, the scale length and the central surface brightness are often
poorly constrained due to a degeneracy between the two parameters. As an example of
the procedure, the 1D radial surface brightness profile of the resolved quasar
PG 1259+593, overlaid with the PSF and de Vaucouleurs surface brightness models, is
presented in Fig. 10.
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4.2  Low redshift AGN host galaxies

A fundamental issue in the study of AGN and their host galaxies is to investigate the
possible connection between the properties of the host galaxies and the nuclear activity.
The most obvious question is how, if at all, the properties of AGN depend on the host
galaxy morphology or vice versa. Moreover, because the central engine is very
energetic, as manifested e.g. by the presence of outflowing jets in radio-loud AGN, one
might assume that the AGN may induce disturbed morphology within the host galaxy.
Unfortunately, our theoretical understanding of the evolution of galaxies is still limited,
and hence arguments have to be based on empirical relations between the properties of
AGN (e.g. radio emission, variability) and the host galaxies (e.g. luminosity,
morphology, velocity dispersion).

Morphology and luminosity of hosts

Most of the work on AGN host galaxies has focused on determining their luminosities
and morphologies. The first host galaxies of quasars were resolved already by Kristian
(1973), but the next major step forward in the field had to wait until the late 1970's
when the extended nebulosities around quasars were spectroscopically confirmed to be
of stellar origin (Green et al. 1978, Boroson et al. 1982). Ever since, imaging and
spectroscopic observations of low redshift host galaxies have been widely carried out,
first mainly with optical CCD detectors, but nowadays increasingly in the near-
infrared, thanks to the significant improvements in high sensitivity infrared detectors
(e.g. McLeod & Rieke 1994a,b, Bahcall et al. 1997, Falomo & Kotilainen 1999,
McLure et al. 1999, Hamilton et al. 2002, Dunlop et al. 2003, Pagani et al. 2003,
Kotilainen & Falomo 2004, Floyd et al. 2004, Raimann et al. 2005).

Radio-loud AGN are relatively rare (~10% of all AGN) compared with their
radio-quiet counterparts. However, radio emission itself is a fundamental physical
parameter of AGN, and consequently it is important to determine whether there is any
correlation between radio loudness and the host galaxy morphology. This issue was
first studied by Adams (1977) who found that radio-loud AGN (e.g. radio galaxies)
occur most frequently in elliptical galaxies, whereas radio-quiet AGN (e.g. Seyferts)
are mostly found in spiral galaxies (see also e.g. Ho et al. 1997). It is evident, however,
that these early host galaxy studies had biased sample selection. Based on a radio-
selected, unbiased sample, more recently, Martel et al. (1998) showed that a large
majority (~80 %) of nearby 3C radio-loud AGN reside in elliptical galaxies. This is in
stark contrast with the fact the majority of all galaxies are spirals, and clearly indicates
a link between the formation of bulges and the nuclear radio emission.

Recent imaging studies have established that practically all luminous low
redshift (z <0.5) AGN, independent of their radio loudness, are hosted by luminous
and massive elliptical galaxies (consistent with a de Vaucouleurs r'* surface brightness
law), whereas low luminosity radio-quiet AGN can also be found in early-type spiral
galaxies, following an exponential disc law (Hamilton et al. 2002, Dunlop et al. 2003,
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Pagani et al. 2003). For instance, the absolute R-band magnitude of radio-loud AGN
hosts falls typically between Mz" and My™—2, where Mz ~-21.2 (Gardner et al. 1997,
Nakamura et al. 2003) is the characteristic luminosity of the Schecter luminosity
function. The hosts of radio-quiet quasars appear to be less luminous than those of
radio-loud quasars, with ~0.5 mag difference reported in the literature (e.g. Kirhakos et
al. 1999, Hamilton et al. 2002, Dunlop et al. 2003).

On average, the host galaxies are large, with typical scale length of
re="5—15kpc (e.g. McLure et al. 1999, Dunlop et al. 2003), much larger than that of
inactive ellipticals, where ~3 kpc marks the boundary between normal and giant
ellipticals (Capaccioli et al. 1992). Furthermore, low redshift quasar hosts are
consistent with the Kormendy relation between scale length and surface brightness of
inactive elliptical galaxies (e.g. McLure & Dunlop 2002, Kotilainen & Falomo 2004).
This indicates that the dynamical structure of AGN hosts is similar to their inactive
counterparts, thus suggesting that the AGN has an insignificant influence to the global
structure of the underlying galaxy.

Although quasars are rare in the local Universe, recent observations (e.g.
Ferrarese 2006 and references therein) have confirmed the existence of a (dormant)
SMBH in the center of the large majority (if not all) of low redshift inactive elliptical
galaxies. There is a relatively tight linear correlation between the black hole mass, and
the luminosity and the stellar velocity dispersion of the galaxy bulge (e.g., Kormendy
& Richstone 1995, Ferrarese & Merritt 2000, McLure & Dunlop 2002, Hiring & Rix
2004, Ferrarese 2006). This relation indicates that the formation and evolution of the
bulge and the SMBH are closely linked. The same relation has been found to hold also
for AGN (e.g. Laor 1998, McLure & Dunlop 2002, Wandel 2002). In fact, the most
powerful AGN are found exclusively in the most luminous (massive) galaxies (Falomo
et al. 2003, Kauffmann et al. 2003), suggesting that every massive galaxy may undergo
one or several transient active phases in its evolutionary history, with power that
depends both on the mass of the SMBH (and therefore, on the mass of the galaxy) and
the amount of gaseous material for fueling.

As was stated in the previous chapter, radio emission is a fundamental physical
feature of AGN independent on the viewing angle. There is increasing evidence that
radio-loud AGN contain systematically more massive BHs than their radio-quiet
counterparts (e.g. Laor 2000, McLure & Dunlop 2001b, Dunlop et al. 2003, McLure &
Jarvis 2004, Metcalf & Magliocchetti 2006). Indeed, it has been postulated (Laor 2000)
that radio emission could also depend on the mass of the central SMBH, with a
threshold level of black hole mass for the onset of powerful radio source, and a smaller
threshold mass for sustaining a radio-quiet AGN. These mass thresholds then translate
into bulge luminosities that are ~0.7 mag brighter for radio-loud quasars, in agreement
with imaging results (see references above). The scarcity of massive galaxies in the
elliptical galaxy luminosity function then leads naturally to the observed factor of ten
difference in the number density of radio-loud and radio-quiet quasars (Dunlop et al.
2003). However, it has to be kept in mind that there is a large overlap in the
distributions of radio-loud and radio-quiet AGN, e.g. in their accretion rate and host
galaxy morphology, and that the measurements of black hole masses may suffer from
selection effects (e.g. Ho 2002). Therefore, BH mass alone is insufficient to explain the
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radio-loud/quiet dichotomy, but one or more additional physical parameter(s), such as
the spin of BH or evolutionary effects, are necessary (McLure & Jarvis 2004).

The colors and spectroscopy of host galaxies

While single filter observations are able to derive the host galaxy morphology and
luminosity, they do not tell anything about their SED. The large majority of host galaxy
imaging studies have been traditionally carried out in only in one wavelength, typically
in the optical R-band, while only recently studies have been made in multiple filters,
addressing the colors of the host galaxies (Dunlop et al 2003, Jahnke et al. 2003, 2004,
Kotilainen & Falomo 2004). Stars of different age and metallicity dominate the stellar
populations at different wavelengths, and thus to trace the contribution from various
stellar populations to the observed SED of the hosts, it is crucial to obtain multicolor
imaging both in the optical and near-infrared. While imaging cannot compete with
spectroscopy in terms of spectral resolution, its advantage is its robustness, being less
affected by nuclear contamination to the host galaxy flux than especially low spatial
resolution spectroscopy.

Although Dunlop et al. (2003) found quasar R — K host colors to be similar to
those of massive ellipticals, there is nowadays increasing evidence that AGN hosts
appear to be bluer with a wider dispersion than inactive early- and late-type galaxies
(Schade et al. 2000, Jahnke et al. 2004, Kotilainen & Falomo 2004, Sanchez et al.
2004), and furthermore they do not follow the color-magnitude relation of inactive
ellipticals (Peletier et al. 1990). For example, Fig. 11 shows the R — H colors of AGN
hosts as a function of their H-band absolute magnitude, compared with the color-
magnitude relation of inactive early-type galaxies. The blue colors most likely indicate
that the host galaxies have undergone a relatively recent star formation episode, while
the wide color dispersion suggests large object-to-object variations in time since the
latest star formation episode. Recent spectroscopic observations support this multicolor
view, that a significant fraction of AGN hosts contain two stellar population
components, namely the old stellar component that dominates the integrated
luminosity, and an additional intermediate age (~2 Gyr) stellar component (Raimann et
al. 2005).

Especially for tracing the young stellar population, optical spectroscopy in the
blue domain is useful, whereas near-infrared spectroscopy, containing many diagnostic
stellar spectral absorption features (see Section 2.6), is advantageous for tracing RGB
(Red Giant Branch) stars that dominate the luminosity at 2 gum. Unfortunately,
currently there are no self-consistent near-infrared synthetic spectral models for
interpretation of the near-infrared absorption features, but instead one has to rely on the
comparison of observed spectra with stellar atlases (e.g. Wallace & Hinkle 1996).

Spectroscopy of host galaxies is much more difficult than photometry, because
one has to place the slit optimally in an off-nuclear position where there is enough flux
from the host galaxy to perform stellar population analysis, and which is at the same
time not overwhelmingly contaminated by the bright nuclear emission. The pioneering
spectroscopy of quasar hosts was carried out by Boroson et al. (1985), while more
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Figure 11: The R—H vs. My color-magnitude relation of AGN host galaxies. Filled and
open circles and squares represent BL Lac host galaxies, crosses represent quasar
hosts (Jahnke et al. 2004), filled, open and inverted triangles represent early-type
galaxies from Virgo and Coma clusters (Bower et al. 1992a,b). The solid line is the
best-fit regression of early-type galaxies. (Adapted from Kotilainen & Falomo 2004)

recent work in the field includes Hughes et al. (2000), Nolan et al. (2001), Jahnke
(2002), Raimann et al. (2005), and Letawe et al. (2007). Hughes et al. (2000) and
Nolan et al. (2001) found evidence from off-nuclear spectroscopy that quasar hosts
were dominated by old stellar populations. On the other hand, Jahnke (2002) modeled
on-nuclear spectra simultaneously into nuclear and host galaxy spectra, using
information of the PSF shape and host galaxy parameters, and found predominantly
young host galaxy ages. Together with results from broad-band colors (e.g. Kotilainen
& Falomo 2004, Jahnke et al. 2004), this disagreement suggests the existence of two
populations of quasar host galaxies, one blue and gas-rich, the other red and gas-poor.

Large scale environment and triggering
Another orientation-independent property of AGN, in addition to their radio emission,

is their large scale environment. In general, galaxies reside in a large range of
environments, from isolated galaxies via poorly clustered groups to large dense
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clusters. The majority of luminous elliptical galaxies are found within clusters, while
spirals are typically found in the outskirts of clusters (Dressler 1980, Balogh et al.
1998). It has been suggested that the radio loudness of AGN is a function of their
environments (e.g. Yee & Green 1984, Ellingson et al. 1991). However, the role of the
large scale environment to the evolution of AGN is still controversial, and it appears
that it plays only a minor role in determining the radio luminosity. In fact, AGN seem
to prefer poor groups of galaxies rather than the centers of high density clusters (Best
2004, Sochting et al. 2004), and no significant differences have been found between
the environments of radio-loud and radio-quiet AGN (Wold et al. 2001, McLure &
Dunlop 2001a).

The most likely triggering mechanism for the nuclear activity is either a major
or minor merger of or milder interaction between gas-rich galaxies that drives gas into
the central region where it can feed the SMBH. While interaction is expected to induce
disturbed morphology within the galaxies, such as tidal tails, asymmetries and
extended emission, the majority of AGN hosts appear to be ellipticals with smooth
morphology (e.g. Jahnke et al. 2004, Villforth et al. 2008) indicating a significant time
delay (several 100 Myr) between the merging event and the onset of the nuclear
activity. On the other hand, there is some evidence for starbursts induced by tidal
interactions (Canalizo & Stockton 2001) indicating a link between circumnuclear star
formation and nuclear activity. Furthermore, Bennert et al. (2008) have found shells
and tidal tails in some early type AGN host galaxies.

4.3 High redshift AGN hosts and their evolution

The evolution of galaxies can be probed by spanning their observations up to redshifts
that cover the major part of the history of the Universe. Currently, the most distant
galaxy has a redshift of z=6.96 (Iye et al. 2006) corresponding to an age of the
Universe of only ~0.8 Gyr. Note that the most distant quasar known is at very similar
redshift, z=6.427 (Willott et al. 2007). By observing galaxies within a large redshift
range, it is possible to follow the evolution of galaxies e.g. in their luminosity,
morphology, size, and activity level, giving a valuable insight also to the origin of the
AGN phenomenon.

The morphology of high redshift AGN hosts

At high redshifts, resolving the host galaxy beneath the bright nuclear source is even
more challenging than at low redshifts, due to the strong cosmological surface
brightness dimming of the host in contrast to the nucleus, and requires very deep
observations at very high spatial resolution. Thanks to recent improvements in
telescope and detector technology, such as the large collecting area provided by the
10 meter class telescopes equipped with adaptive optics, have made it possible to
extend the host galaxy observations up to considerably high redshifts.
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The first high redshift AGN host galaxy studies were performed in the optical (e.g.
Romanishin & Hintzen 1989, Hutchings et al. 1989), but currently, the emphasis is in
the near-infrared, corresponding to rest-frame optical wavelengths (Falomo et al.,
2004, 2005, 2008, Ridgway et al. 2001, Kotilainen et al. 1998a,b, 2006, 2007,
Kotilainen & Falomo 2000, Kukula et al. 2001, Kuhlbrodt et al. 2005, Peng et al. 2006,
Villforth et al. 2008, Schramm et al. 2008).

From the quoted studies, it has become clear that the host galaxies of both
radio-loud and radio-quiet quasars at high redshift, similarly to their lower redshift
counterparts, are luminous, large and massive galaxies, usually well consistent with a
de Vaucouleurs luminosity profile. Furthermore, they are consistent with the Kormendy
relation of ellipticals indicating that their structure is similar to the low redshift hosts.
However, accurate determination of the morphology of the hosts is extremely difficult,
because elliptical and disc profiles show largest difference at small radii and in the tail
of the wings, that require very high quality data at high redshift to uncover.

The evolution of radio-loud and radio-quiet AGN hosts

The modern theory for galaxy formation is based on the widely accepted ACDM (Cold
Dark Matter) model where CDM halos provided initial seeds for the structure
formation. According to this model, gas falls into the dark matter halos, forming dense
molecular clouds and finally stars. This model is considered as a hierarchical model
(e.g. Kauffmann & Charlot 1998, Kauffmann & Héhnelt 2000, Di Matteo 2004), in
which the smallest structures were formed first, and SMBHs in the centers of galaxies
grew up due to major mergers. It provides a natural link between the mass growth of
the SMBH in the galactic nucleus and the nuclear activity. It also indicates a strong
decrease in the number density of bright AGN from z =2 to present epoch due to the
decrease of gas supply and the merger rate and, in addition, increase in the time scale
of gas accretion. This is consistent with the observed strong peak in the density of
AGN at redshifts 2 <z <3 (e.g. Dunlop & Peacock 1990, Boyle 2001, Nandra et al.
2005). Furthermore, according to the hierarchical model, the luminosity of galaxies
increases towards lower redshifts due to merging.

The star forming history as a function of redshift modeled by hydrodynamic
N-body simulations (Springel & Hernquist 2003) is presented in the left-hand panel of
Fig. 12. The precise epoch of the peak in the star formation rate depends on the exact
parameters of the model (e.g., Somerville et al. 2001, Nagamine et al. 2001, Ascasibar
et al. 2002), but it occurs at the redshift range 3 <z <6. The increase of the star
formation rate profile at very high redshifts is due to structural growth in the dark
matter halos, whereas the decrease at low redshifts is caused by the decreasing density
of cold gas.

This star formation model implies that half of the stars have formed before
redshift z ~ 2 corresponding to an age of the Universe of only a few Gyr, while recent
star formation is suppressed such that only ~25% of stars have formed at redshifts
z < 1. The right-hand panel of Fig. 12 presents the mean and the median ages of stars
compared with the age of the Universe. The mean age of stars increases very rapidly as



4.3 HIGH REDSHIFT AGN HOSTS AND THEIR EVOLUTION 49

0.100
= =
oy =
S &)
[5] htt
= 0.010 =
= E
|
7

0.001 Lt | [ I I I |
012345678 10 12 14 16 18 20

“ z

Figure 12: Left panel: Theoretical star formation rate density (thick line) derived by
N-body simulation compared with analytical model (thin line). Right panel: Mean
(solid) and median (dashed) ages of star shown together with age of the Universe
(dotted) (Springel & Hernquist 2003).

the star formation rate decreases, and at the present epoch an old stellar population
should have a mean age of ~9 Gyr. This scheme is, however, complicated by feedback
from supernovae and AGN, which enriches the gas with heavier metals, and may even
produce strong winds to sweep up the gas beyond the potential well of the nucleus. The
original hierarchical model has difficulties to interpret the observed evolution of
galaxies, and thus several modified models have been presented which include AGN
feedback (Granato et al. 2004, De Lucia et al. 2006, Bower et al. 2006).

Currently, observations of AGN hosts have been carried out over a wide
redshift range, from the present epoch up to z~3 and even beyond. As was stated
above, the co-moving space density of AGN peaks at z ~ 2 — 3, which agrees well with
the star formation history in the Universe (e.g. Franceschini et al. 1999, Yu & Tremaine
2002, Marconi et al. 2004), suggesting a strong link between the formation of luminous
galaxies and AGN activity. Therefore, host galaxy observations at redshifts near and
beyond the AGN peak are crucial (Falomo et al. 2008).

The evolution of the host galaxies of both radio-loud and radio-quiet quasars at
redshifts 0 <z <3 has been studied by Falomo et al. (2008) and their results are shown
in Fig. 13. The hosts of radio-loud AGN are ~1.5 mag more luminous at z ~ 3 than the
hosts at the present epoch. On average, their absolute magnitudes are in agreement
with those of M2 inactive galaxies undergoing simple passive evolution of massive
spheroids. The evolution of the radio-loud AGN hosts over a wide redshift range
follows a very similar trend to that of radio galaxies (Willott et al. 2003) suggesting
they have a shared origin. Numerous imaging studies have shown that radio-loud and
radio-quiet AGN hosts have similar morphology (e.g. Bahcall et al 1997, Dunlop et al
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2003, Pagani et al. 2003, Kotilainen et al. 2007), and thus it is interesting to compare
their evolution. Because of the correlation between the masses of the bulges and the
SMBHs, such a comparison may give insight to the fundamental cause for their
different radio emission properties. This comparison, presented in Fig. 13, has recently
been performed by Falomo et al. (2008), and Kotilainen et al. (2009). Low redshift
radio-quiet AGN hosts are ~1 mag fainter than those at redshift z ~ 2. The evolution of
the radio-quiet AGN hosts appears similar to that of radio-loud AGN hosts, but the host
galaxies of radio-quiet AGN appear to be systematically ~0.5 mag fainter than their
radio-loud counterparts over the whole redshift range 0 <z < 3, and are consistent with
the luminosity of inactive elliptical galaxies at redshifts z ~ 1.4 and z ~ 1.8 (Longhetti
et al. 2007, Daddi et al. 2005).

The evolution of both radio-loud and radio-quiet AGN hosts is in agreement
with passive evolution of massive early-type galaxies, suggesting that their stellar
population was formed at high redshift (z > 3) and evolved passively ever since. This
scenario of old dominant stellar population is supported by spectroscopy of low
redshift AGN (Nolan et al. 2001). However, it is inconsistent with the hierarchical
model which predicts an increase of luminosity towards lower redshift due to merging
events, while the current observations suggest that the hosts have experienced their
last major merger at very high redshifts and are already fully assembled beyond the
peak of the AGN activity (Kotilainen et al. 2009). Merging events at lower redshifts
have insignificant contribution to the host luminosity.
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Figure 13: The luminosity evolution of the host galaxies of radio-loud (upper panel)
and radio-quiet (lower panel) quasars, compared with passive evolution of massive
M*, M*~1, and M*-2 inactive ellipticals (solid, dotted and long dashed lines; Bressan
et al. 1998). Upper panel: radio galaxies are shown as asterisks. Lower panel:
Massive inactive early-type galaxies at z = 1.4 and z = 1.8 are shown as crosses. For
the symbols of the various quasar samples, see Falomo et al. (2008). Symbols have
been plotted at the average redshift of the sample. (Adapted from Falomo et al. 2008).



CHAPTER 5

Future work

Recent imaging observations have shown that a significant fraction of AGN host
galaxies are bluer than their inactive counterparts and, in addition, clearly do not obey
the color-magnitude relation of ellipticals (e.g., Govoni et al. 2000, Kotilainen &
Falomo 2004; Paper III). The blue host galaxy colors suggest that AGN hosts have
experienced a relatively recent star formation episode, resulting in a
young/intermediate age stellar population. In order to have a closer insight into their
star formation history, spectroscopic observations are needed (c.f. Paper IV). To
accomplish this goal, my next project is to characterize the stellar content and star
formation history of the BL Lac host galaxies and, together with stellar population
synthesis models, to estimate the ages of the stellar populations. These results will be
used to assess whether the AGN hosts have experienced a relatively recent star
formation episode, and whether the observed blue colors of the AGN hosts indeed are
due to a young/intermediate age stellar population. This has important implications for
understanding the connection between the star formation and the nuclear activity.

In fact, a pilot study of the BL Lac object PKS 2005-489 has shown the
capability of such spectroscopic observations (Bressan et al. 2006). High signal-to-
noise (S/N ~ 300) optical long slit spectra were obtained with the ESO VLT/FORSI1
instrument, revealing an extended star forming region surrounding the nucleus.
However, a larger sample is needed to reach any statistical conclusions. Towards this
goal, our group has been granted observing time with the ESO VLT/FORS2 instrument
to obtain optical (3300 — 8450 A) spectra, covering wavelengths from the Balmer
discontinuity up to the Ho emission region for five low redshift (z <0.1) BL Lac host
galaxies. Furthermore, we have recently been granted observing time for additional six
BL Lac objects at the Palomar Observatory 5m Hale telescope and the DBSP
spectrograph, to complete the sample.

The observed correlation between the mass of the central black hole, and the
luminosity and stellar velocity dispersion of the host galaxy bulge (e.g., Ferrarese &
Merritt 2000, McLure & Dunlop 2002, Héring & Rix 2004) suggests that the formation
and evolution of galaxies and supermassive black holes are closely linked. A recent
study of low redshift (z < 0.6) quasars (Labita et al. 2006) found that active galaxies
obey a similar Ly, - Mpy relation as inactive galaxies. However, this relation has only
been studied for low redshift quasars, whereas the evolution of the relation over cosmic
time is still largely uncertain. Actually, such a study has so far only been attempted by
Peng et al. (2006) for a small sample of high redshift gravitationally lensed quasars.
They found that the ratio between the masses of the black hole and the bulge
significantly increases with redshift. It is essential to expand the study of the relation to
higher redshifts and to larger samples. To this end, our group has projects underway to
study the evolution of the relation in the redshift range 1 <z <2.5 (Decarli et al., in
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prep.) and, in addition, to enlarge the amount of studied low redshift quasars to
improve the statistics over the results of Labita et al. (2006). Mgn can be dynamically
measured only for a limited number of nearby luminous galaxies, where the sphere of
influence of the BH can be resolved. Fortunately, Mpy of even distant active galaxies
can be estimated from the virial theorem using the equation: Mgy = v’ rReirG”, where
vpir and Rpir are the velocity and the radius of the BLR, respectively (Wandel et al.
1999, Vestergaard 2002). The velocity can be derived from the FWHM of the broad
emission lines, assuming a specific geometry for the BLR, vgir = fx FWHM where f'is
a geometrical factor. As was stated above, for nearby galaxies Rpir can be estimated
from the reverberation mapping, while the relation of Rpr and AGN luminosity is
assumed to hold for all luminosities and redshifts (Kaspi et al. 2000, 2005).



CHAPTER 6

Discussion of the papers

This chapter presents a short discussion of the results of the papers included in Thesis.

6.1 Near-infrared observations of quasar host galaxies

Paper I: The luminous host galaxies of high redshift BL Lac objects: Kotilainen,
J.K., Hyvonen, T., Falomo, R., Astron. Astrophys., 440, 831-843 (2005)

In this paper we present the first sizable sample of near-infrared K,-band imaging of 13
intermediate redshift (0.6 <z <1.3) BL Lac objects to characterize the properties of
their host galaxies. The dataset allows us to study the evolution of BL Lac host
galaxies from the present epoch up to z ~ 1.

Our near-infrared imaging supports previous results obtained in optical
wavelengths, that the host galaxies of BL Lac objects are large (7.~ 7 kpc) and
luminous galaxies, which are well represented by a de Vaucouleurs r'* surface
brightness law. Their average bulge scale length is similar to that of low redshift
BL Lac hosts indicating lack of evolution in the structure of the galaxies. On the other
hand, the host galaxies at intermediate redshifts were found to be very luminous with
average K,-band absolute magnitude My,= —27.9+0.7, ~3 mag brighter than
L* galaxies, and ~1 — 1.5 mag brighter than low redshift brightest cluster galaxies.
Furthermore, the luminosities are in agreement with those of flat spectrum radio
quasars at similar redshift range. The intermediate redshift BL Lac host galaxies appear
to be ~2 mag brighter than the hosts at low redshift indicating strong luminosity
evolution. They are inconsistent with passive evolution of the host galaxy, requiring a
contribution from a relatively recent star formation episode at z > 0.5. However,
intermediate redshift BL Lac objects are more luminous than their low redshift
counterparts over a wide wavelength range, from radio to X-rays, indicating that it is
not possible to directly compare the properties of objects at different redshift. Because
they belong to different regions of the BL Lac luminosity function, and because of
flux-limited surveys, only the brightest objects are observed at higher redshifts, thus
inducing a strong selection effect. Unlike in their low redshift counterparts, the nuclear
luminosities of intermediate redshift BL Lac objects correlate with the host luminosity.
This correlation, combined with selection effects, suggests that the most luminous
BL Lac objects are preferentially found in the most luminous galaxies and,
consequently, no strong luminosity evolution would be needed.

The nuclear brightness and the nuclear-to-host luminosity ratio of the studied
BL Lac hosts are much higher than those of low redshift BL Lac hosts, but similar to
flat and steep spectrum radio quasars at the same redshift. The high nuclear brightness
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indicates selection effects in the sample originating either from high luminosity of the
nucleus or from strong Doppler boosting. Intermediate redshift BL Lacs appear to
radiate with a wide range of power with respect to their Eddington luminosity, that is
intermediate between the low level observed in nearby BL Lac objects, and the higher
level found in luminous radio-loud quasars.

Paper II: The host galaxies of radio-quiet quasars at 0.5 <z <1.0:
Hyvonen, T., Kotilainen, J.K., Orndahl, E., Falomo, R., & Uslenghi, M.
Astron. Astrophys., 462, 525-533 (2007)

This paper presents the first reasonably sized sample of 15 intermediate redshift
(0.5 <z<1) radio-quiet quasar (RQQ) host galaxies imaged in the near-infrared
H-band. The host galaxies of RQQs were found to be luminous (the average H-band
absolute magnitude My,=-26.3+0.6) and large elliptical galaxies (scale length
r.~ 11 kpc) represented by de Vaucouleurs r'* surface brightness law. This supports the
previous results that, despite of their radio emission properties, bright quasars are
mostly hosted by elliptical galaxies. The hosts of intermediate redshift RQQs appear to
be ~1 mag brighter than low redshift L* galaxies, but they are ~0.5 mag fainter than the
hosts of radio-loud quasars (RLQ) at similar redshift range. Furthermore, by comparing
the luminosities of the RQQ and RLQ hosts from present epoch up to z ~ 2, our result
confirms that RQQ hosts are systematically ~0.5 mag fainter over a wide redshift
range. However, they are consistent with the model in which the stellar population has
been formed at high redshifts and evolved passively since that. Moreover, intermediate
redshift RQQs appear to have fainter nuclear luminosity than FSRQs and SSRQs at
similar redshift range indicating that the central engines of RQQs are less powerful
than those of RLQs.

The black hole masses of RQQs were also estimated by using the relation
log(Mpu/Ms) = —0.5(£0.02)Mr— 2.96(x0.48) (McLure & Dunlop 2002, Marconi &
Hunt 2003). The average black hole mass for RQQs was found to be log(Mpy/
Me)rgo = 8.92 £0.29 that is consistent with those of low redshift RQQs, but smaller
than the average black hole mass of RLQs (log(Mpw/Me)rio=9.22 £0.61). The
difference in black hole masses may reflect a fundamental difference between the
central engines of RQQs and RLQs, supporting the view that the black hole mass may
be a crucial parameter to the triggering of radio emission.

6.2 Multicolor imaging of low redshift BL Lac objects

Paper III: The stellar content of low redshift BL. Lacertae host 'galaxies from
multicolor imaging: Hyvonen, T., Kotilainen, J.K., Falomo, R., Orndahl, E. &
Pursimo, T., Astron. Astrophys., 476, 723-734 (2007)

In this paper we present multicolor UBV-band imaging of low redshift (z < 0.3) BL Lac
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host galaxies. B-band imaging was obtained for 18 objects together with a subset in the
U- and V-band. The hosts were previously resolved in the R- and H-bands allowing us
to use UBVRH-multicolor data to derive the blue-red-near-infrared colors and color
gradients of the BL Lac host galaxies, and compare them with the ellipticals with and
without nuclear activity.

The host galaxies were found to be luminous and large ellipticals represented
well by de Vaucouleurs r'* surface brightness law with average B-band absolute
magnitude Mg=-21.6 £0.7, and the scale length r.~ 7 kpc. The B-band Kormendy
relation of BL Lac hosts is in agreement with that of inactive ellipticals and radio
galaxies indicating structural and dynamical similarities between all massive bulges.
This suggests that all massive bulges can experience nuclear activity without
significant perturbations of their dynamical structure. However, BL Lac hosts do not
follow the integrated blue/near-infrared color-magnitude relation for inactive
ellipticals, but their B—H color distribution is significantly wider (average
B — H=3.5%0.5) with steeper color gradients than those of inactive ellipticals. Blue
colors are most likely caused by a young stellar population component indicating a link
between star formation, induced possibly by an interaction or merging event, and the
onset of the nuclear activity. The existence of the young stellar population is also
supported by stellar population modeling which indicates a presence of intermediate
age (~2 Gyr) stellar population in the majority of the BL Lac hosts. This is consistent
with the intermediate age stellar component of low redshift radio galaxies obtained by
a recent optical spectroscopic study. However, the BL Lac hosts are smooth ellipticals
without any peculiar morphologies, such as tidal tails, indicating a recent interaction.
The lack of strong signs of interaction suggests a significant time delay between the
star formation event, and the start of the nuclear activity.

6.3 Near-infrared spectroscopy of low redshift radio galaxies

Paper IV: The stellar content of low redshift radio galaxies from near-infrared
spectroscopy: Hyvonen, T., Kotilainen, J.K., Reunanen, J.,Falomo, R.
Astron. Astrophys., accepted

We observed near-infrared HK-band spectra of low redshift radio galaxies to compare
the near-infrared properties of radio galaxies with those of inactive ellipticals, and
furthermore, to produce the first HK-band spectra for low redshift radio galaxies. To
study the stellar populations of host galaxies, the analysis of spectral indices is the
most suitable way to proceed. In fact, near-infrared region contains many diagnostic
stellar absorption features, namely Sil(1.589 pm), CO(6-3)(1.619 um) in the H-band,
and Nal(2.207 ym), Cal(2.263 pum) and CO(2-0)(>2.29 um) bandhead in the K-band,
that are especially useful for tracing a relatively recent star formation in galaxies. For
instance, CO(2-0) bandhead is very strong in young (10 —100 Myr) giant and
supergiant stars and strong in cool asymptotic giant branch stars (100 Myr — 1 Gyr),
while it is weaker in older stellar population. To characterize their stellar properties, the
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five near-infrared stellar absorption features were measured for both radio galaxy and
inactive elliptical galaxy samples.

It was found that on average the EW of CO(2.29) feature of radio galaxies is
somewhat greater than that of inactive ellipticals. Most likely, EW(C02.29) is not
significantly affected by dilution suggesting that the ellipticals containing AGN are
actually in a different evolutionary stage than their inactive counterparts. This is also
supported by comparing other indices, such as Cal and Nal, with each other.

Furthermore, to characterize the age of the populations, the theoretical time-
evolution curves of the EWs were calculated by a stellar synthesis model, and fitted
with the observed ones. The measured indices are in agreement with two-component
stellar population, containing both old and intermediate age components. However, it is
worth to note that the age estimates may also be affected by metallicity effect. The
results are consistent with previous optical spectroscopic studies, which have shown
evidence on the intermediate age (~2 Gyr) stellar populations of nearby radio galaxies,
and also in some of the inactive ellipticals. Radio galaxies, however, appear to contain
a slightly older stellar population that are found in late-type starburst galaxies
suggesting that radio galaxies have undergone an enhanced star formation earlier than
starburst galaxies.
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