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Zusammenfassung

Wir untersuchen die räumlich aufgelösten kinematischenEigenschaften von Wirtsgalaxien von Typ-
1-Quasaren mit einer Rotverschiebung z< 0.2. Basierend auf der Kombination einer kinematischen
Analyse mit morphologischen Informationen aus optischen Bilddaten detektieren wir Störungen des
Geschwindigkeitsfeldes und der Morphologie, um die Bedeutung großer Verschmelzungen (“major merg-
ers”) für die Auslösung von Quasar-Aktivität zu analysieren.

Wir präsentieren die Ergebnisse der Analyse von 19 Quasar-Wirtsgalaxien, die mit dem VIMOS-
Feldspektrographen beobachtet wurden. Wir entwerfen ein quantitatives Klassifikationsschema für die
Störungen der Geschwindigkeitsfelder und zeigen, dass die Fälle von Störungen in den Geschwindigkeits-
feldern und in optischen Bilddaten im allgemeinen miteinander konsistent sind. Das Vorherrschen
schwacher Störungssignaturen deutet darauf hin, dass sich die Mehrheit der von uns untersuchten Quasare
nicht in dem intensivsten Teil des Verschmelzungsprozesses befindet.

Weiterhin untersuchen wir eine mögliche Beziehung zwischen dem Wechselwirkungszustand der Wirts-
galaxie und dem Grad an Aktivität des supermassereichen schwarzen Loches. Auf Grundlage unseres
Samples finden wir keine Abhängigkeit der Akkretionsrate von der Masse des schwarzen Loches oder
dem Störungszustand der Wirtsgalaxie. Folglich können wir die Hypothese, dass große Verschmelzungen
der dominanteste Mechanismus für die Auslösung von Quasar-Aktivität seien, nicht bestätigen.

Abstract

We investigate the spatially resolved kinematics properties of type 1 quasar host galaxies with redshift z<

0.2. Using combination of kinematic analysis with morphological information from optical imaging data,
we diagnose the existence of disturbances in velocity field and morphology to study the importance of
major merger to ignite quasar activity.

We present results of 19 quasar host galaxies analysis observed with VIMOS integral field spectrograph.
We construct a quantitative distortion classification scheme for the velocity fields and we demonstrate that
the occurrences of distortion in the velocity fields and optical imaging are generally consistent with each
other. The prevalence of mild level of distortion signatures indicates that majority of our quasars are not
in the most intense part of galaxies merger process.

Further, we investigate a possible relation between interaction state of the host galaxy and level of super-

massive black hole activity. Using our sample, we find there is no dependency of accretion rate on neither

black hole mass nor distortion state of the host galaxy and istherefore unable to support the hypothesis

that major merger is the most dominant fueling mechanism to ignite quasar activity.
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1
Introduction

The study of Active Galactic Nucleus (AGN) is one of main science driver for major astronomical
facilities and an extremely active subject in astronomy. The term ”active galactic nucleus” was
introduced byAmbartsumian(1971) to emphasize differences between activity of the central part
of a galaxy (also called nucleus) and in other parts. Physical processes that could occur in the
nucleus are for example: ”the violent motions of gaseous clouds, considerable excess of radiation
in the ultraviolet, relatively rapid changes of brightness, expulsion of jets and condensations”
(Ambartsumian 1971). Brad Peterson classified AGN as ” the existence of energetic phenomena
in the nuclei, or central regions, of galaxies which can not be attributed clearly and directly to
stars” (Peterson 1997).

The energy output of an AGN can reach 104 times the luminosity of a typical galaxy or around
1015L⊙, which makes AGN the most energetic class of objects in the universe and is remarkably
that this energy is produced in a small region (of order∼ 10AU). Various mechanism have been
proposed to explain such energetic nuclear activity. This started with the idea of a supermas-
sive star (with mass 105M⊙ − 108M⊙) as a source for gravitational and thermonuclear energy
(Hoyle & Fowler 1963) and in the same paper they also mentioned the possibility ofgravita-
tional collapse to explain the energetic nature of the nucleus.Zel’dovich(1964) , Salpeter(1964)
andLynden-Bell (1969) followed this with modified ideas, i.e. gravitational accretion onto a
supermassive (M > 106M⊙) collapsed object, for example massive black holes.

The first observational report of an AGN observation was madeby Fath(1909), who reported
their analysis of the spectrum of NGC 1068. He wrote that the spiral nebula1 NGC 1068 has
absorption features produced from a collection of large number of stars and six emission line

1He used term ”spiral nebula” instead of ”galaxy” which is common before the Shapley – Curtis Debate on 26
April 1920 on the nature of spiral nebulae and the size of the universe. William Herschel used the term ”Spiral
Nebula” for the first time when he made his deep sky objects catalogue in 1786.

1



2 CHAPTER 1

features similar to the spectra of planetary nebulae in the Milky Way galaxy. During the following
years,Slipher(1917) confirmed Fath’s analysis of NGC 1068 using better spectra,and Edwin
Hubble in 1926 reported planetary–nebulae–like features for three extragalactic nebulae (NGC
1068, NGC 4051, NGC 4151).Humason(1932) reported emission line studies of two further
extragalactic nebulae, NGC 1275 and Mayall 1934.

Carl Seyfert carried out the first systematic study of 12 known objects at that time. He found that
their nuclei are luminous and have semi-stellar appearance(i.e. point-like), their spectra show
nebular spectra of high ionization emission lines with widths larger than that of the absorption
features.

1.1 State of the art AGN host galaxies study

Since the first observation of AGN byFath(1909), who observed and studied spectrum of NGC
1068, there are so many developments in our understanding about AGN. The rapid develop-
ment also resulted more questions into our current knowledge and understanding about AGN in
particular and galaxies in general.

One important results from that development is about unification of AGN (e.g.Urry & Padovani
1995).

According to the unified AGN model (shown in figure1.1), supermassive black hole in the
center surrounded by accretion disk. The accretion disk emits thermal emission in the form of
UV/optical continuum. The outer part of the accretion disk meets with inner part of the broad line
region (BLR) which produces broad emission lines. The outerpart of the BLR connected with
inner region of so called dust torus structure. The distanceof the inner part of torus characterized
by minimum distance from the center where dust can exist called the dust sublimation radius.
All of the structures which mentioned before are enclosed bynarrow line region (NLR) which
produces narrow emission lines. Additional feature which common but not observed in every
object is jet. In table1.1, we present more quantitative description about AGN structure accord-
ing to the unified AGN model based on Roger Blandford’s lecture note for Saas-Fee Advanced
Courses,Blandford et al.(1990).

1.1.1 Galaxies evolution

In standard structure formation model (e.g.Benson 2010), theory of galaxy formation prescribed
within Λ-cold dark matter cosmological model (ΛCDM). Seeds manifest as matter density per-
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Figure 1.1: AGN unified model complemented with additional labels to point out spe-
cific feature/structure and the differences among different families in he AGN zoo.Source:
http://www.auger.org/news/PRagn/images/agn4 prouza.png

turbations in early universe and Inflation expands to cosmological scale. Through the time, dark
matter density perturbations will evolve and form dark matter halos. Dark matter halo is nearly
stable structure supported by random motion of its components. From smallest scale perturba-
tions, the first dark matter halo generation formed and merging of dark matter halos will produce
later generation. Baryon matter expected to follow dark matter distribution and concentrate in
the center of dark matter haloes.

Galaxies form as baryonic condensations in the center of dark matter haloes. In this picture of
Λ-cold dark matter (ΛCDM) structure formation dark matter haloes and galaxies are build up
hierarchically, larger structure resulting from the merger of smaller structures. As a result, a
diverse set of galaxies with very different masses and ages has formed over time.

We2 follow constraints fromBaldry et al.(2004) to construct Color Magnitude Diagram (CMD)
of galaxies in local universe shown in figure1.2. From the database, we select galaxies with
magnitude 13.5 < r < 17.77, redshift 0.004< r < 0.08 and absolute magnitude−23.5 < Mr <

−15.5. Total number of galaxies from these selection is 152,130 galaxies.Bell et al.(2004) and
Faber et al.(2007) investigate luminosity function of galaxies at z∼1 until present day universe

2We use the term ”We” instead of ”I” in this thesis to show that this thesis is not purely produced by the work
of one single person. During the journey of this thesis, somepeople also contribute (data reduction, discussions,
language checking etc.) to this work with the main work is done by the author.
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Table 1.1: Quantitative description of unified AGN model

Distance from the centerStructure/Properties
∼ 2 AU Supermassive black hole, event horizon
∼ 20 AU Relativistic accretion disk
∼ 200 AU UV accretion disk
∼ 2000 AU Broad line region (BLR)
0.1 pc outer part of BLR
1 pc Star conglomeration with Keplerian orbit
10 pc Inner part of the narrow line region
100 pc Bulge
1 kpc Jet, additional inner structure of galaxy (e.g. inner disk,bar), extended narrow line region (ENLR).
10 kpc Host galaxy, ENLR
100 kpc Jet, companion galaxies, gravitational interaction
1 Mpc Jet, radio lobe and hotspots, interaction with nearby largescale structure

Notes. Source:http://www.astro.virginia.edu/class/whittle/astr553/Topic12/Lecture 12.html

and they found that the number of red galaxies is increasing since z∼1, contrary with the number
of blue galaxies which approximately constant. One possible implication from this finding is that
blue galaxies can provide progenitors to form red galaxies.Faber et al.(2007) proposed three
mechanisms to form red galaxies.

1. Evolutionary scenario started with small blue galaxies.Early star formation quenching
happened to these galaxies hence it will move galaxies to redder color and mass growth
achieved with dry mergers at the red sequence.

2. Second scenario started with late star formation quenching. Mass accumulation occurred
when galaxies still at blue cloud and after that galaxies getting redder and not involved in
any merger processes at red sequence.

3. A combination of the two above.

Independently of which scenario actually applies, the necessary ingredients are merging, aging
and a mechanism to truncate star formation before galaxies can arrive at the red sequence.

1.1.2 Scaling relations

Before mid 1990s, AGN studies are kind of detached with galaxies formation and evolution stud-
ies but since the discovery of possible relation between supermassive black hole in the center of
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Figure 1.2: Distribution of 152,130 SDSS galaxies in color magnitude diagram of galaxies in lo-
cal universe. There are two recognizable distribution, ”red sequence” galaxies and ”blue cloud”
galaxies. The third additional type is ”green valley” galaxy correspond to transition region be-
tween other two types.

galaxies with their host galaxies, those two studies were more closely connected. Supermassive
black hole are also discovered not only in active galaxies but also in inactive galaxies, for example
work byKormendy & Richstone(1992) in NGC 3115 and in our Milky way galaxyGenzel et al.
(1997). A coupled history and potential physical connection of black hole and galaxy growth is
possible, though not yet proven.

A lot of literature was published reporting studies of relation between host galaxy properties and
its supermassive black hole properties. It begun with work of Kormendy & Richstone(1995)
who reported and suggested a correlation between the total blue magnitude of the host spheroids
3 and supermassive black hole mass (MBH). Another relation found byMagorrian et al.(1998),

3Generic term of ”spheroid” refers to spheroid shaped structure from a galaxy, for spiral galaxy this refers to
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suggested a correlation between the supermassive black hole mass and bulge mass. Two inde-
pendent groups (Ferrarese & Merritt 2000; Gebhardt et al. 2000) found a relation between super-
massive black hole mass and stellar velocity dispersion (σ) in the galaxy bulge. Different types
of relation were suggested and found in the following years for example supermassive black hole
mass and infrared luminosity (Marconi & Hunt 2003), supermassive black hole mass and bulge
mass (Marconi & Hunt 2003; Häring & Rix 2004), supermassive black hole mass and number of
globular clusters (Burkert & Tremaine 2010; Snyder et al. 2011).

Tight relation between black hole mass and host galaxy properties indicates possible connection
between black hole growth and host galaxy evolution. The idea of black hole and host galaxy
coevolution also developed by advancement of theoretical study of galaxy formation and evolu-
tion within cosmological structure formation.Peng(2007) andJahnke & Macciò(2011) showed
that MBH and galaxy total mass (Mgal) relation can be produced by random merging events hence
their results support a non-causal relation between black hole mass and galaxy total mass.

1.2 AGN fueling mechanisms

The central and yet not fully solved problem is how to transport gas into the supermassive black
holes in the centers of galaxies let the black hole grows and to ignite an AGN. It requires full
knowledge of what happens on the various scale from Mpc (galaxy environment) until micro
parsec (surrounding the black hole). Different conditions and physical mechanisms exist and are
at work at different scales and we can probe a limited scale with each observation. This has the
consequence for observational studies that a single set of data can only probe part of the picture.
Nevertheless, for single object studies observation for different scale can be used in order to
create a full physical interpretation about what drives thegas from galactic scales to the inner part
of galaxies and fueling the supermassive black hole. An additional dimension is to investigate
large numbers of objects provide statistical significance to a study beyond single objects. AGN
fueling is the reduction of angular momentum of matter (gas or star) relative to the supermassive
black hole. See e.g.Combes(2001), Martini (2004), Jogee(2006) for more detailed reviews.
In general, one can divide the mechanisms responsible for angular momentum transfer into two
broad classes: mechanisms internal to the galaxies and those triggered by external events.

bulge part and for elliptical galaxy case this would be the whole galaxy
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1.2.1 Internal processes

Proposed fueling mechanisms which are based on internal processes inside a galaxy itself are for
example: gravitational torques by large scale bar or nuclear bars, dynamical friction on molecular
clouds can move the cloud toward smaller radius, stellar disruption of stars due to tidal interac-
tion with the black hole and stellar mass loss or supernovae feedback producing low angular
momentum wind. Some of these processes can only provide low rates of fuel (e.g. stellar disrup-
tion) and clearly ruled out as the dominant processes for high-L AGN. Instabilities, however, are
good candidates also for this population (Hopkins & Quataert 2010).

1.2.2 External processes

External processes can potentially be more violent and can involve large masses. Galaxy mergers
are one expected physical consequence of the bottom–up large scale structure formation in our
universe, supported by vast observational evidence. Merger processes can be classified into two
main types, major mergers and minor mergers with the mass ratio (µ) as a deciding criteria. We
follow the definition used byHopkins et al.(2010), who define mergers of two structures with
mass ratio larger thanµ =1/4 as major mergers and merger with mass ratios less than that as minor
mergers. According toHopkins et al.(2010) definition of mass which is used also important in
studying merger process. There are three alternatives of mass definition, stellar galaxy mass,
baryonic (stellar and gas) mass and halo mass.

There is a lot of observational evidence for galaxy merger processes. For example, our own Milky
Way shows signature of minor mergers with small satellite galaxies, indicating ongoing mass
accumulation processes from smaller structures. The SloanDigital Sky Survey (SDSS) produced
an unprecedented star map which enables scientist to find andmeasure in detail stellar streams
for example the famous Sagittarius stream discovered byIbata et al.(1995) analysed with SDSS
data byBelokurov et al.(2006). Stellar streams are also observed for other nearby galaxies, for
example the Andromeda galaxy/M31 by the Pan-Andromeda Archaeological Survey (PAndAS)
(Mackey et al. 2010), or NGC 5907 (Martı́nez-Delgado et al. 2008). Even for nearby galaxies
detecting and studying streams and minor merger are alreadychallenging tasks and for distant
galaxies it becomes increasingly difficult. Inside the Milky way, a large number of stars make up
confusing foreground or background objects, increasing the difficulties to study a specific stellar
distribution as tracers for stellar streams. Even for nearby objects, faint tidal features can be
found at really low surface brightness (larger than 28.5 magarcsec2) hence we need dedicated
observational strategies to obtain deep images.

AGN host galaxies exist in various conditions and environments. It has been clear for a long
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time that some of AGN host galaxies found to be interacting systems or isolated galaxies with
remnants of gravitational interaction. Advancement of detector and space based telescope tech-
nology complemented with development of data analysis techniques brought a rapid progress for
imaging studies of AGN host galaxies. For 20 quasars with redshift z < 0.3 Bahcall et al.(1997),
found that three quasars are strongly interacting system,McLure et al.(1999) found 14 out of 19
AGN are interacting or shows sign of gravitational interaction andJahnke et al.(2004a) found
9 out of 19 quasars with signs of interactions. These studiessuggest that gravitational interac-
tion could play a role in triggering AGN activity but definiteconclusions could only drawn after
comparison of AGN samples with comparison samples of inactive galaxies with similar prop-
erties. Cisternas et al.(2011) investigated 140 X-ray selected AGN host galaxies and a control
sample of 1264 inactive galaxies at redshifts 0.3 < z < 1.0 and suggest that major merger is not
the dominant process to trigger AGN activity due to an absentsignificant difference between the
distortion fractions for AGN and the inactive galaxies in the control samples.

1.3 Major merger – AGN activity – star formation hypothesis

An extension of the above picture is the suggestion, that major mergers could be responsible
also for other properties and phenomena in the inner region of a galaxy such as formation of the
bulge, starburst and nuclear star cluster. From the study ofUltra Luminous Infra Red Galaxies
( ULIRGs), (Sanders et al. 1988a,b) suggested an evolutionary sequence from ULIRG to optical
quasars and they showed that ULIRG morphologies are often strongly interacting while showing
large amount of gas for fueling starbursts.

Motivated by these observational facts, AGN and galaxy experts developed a model/framework
which connects those three important effects: major merging, AGN activity and star formation.
One of the prominent examples is the work byHopkins et al.(2010), Figure 1.3 shows a pro-
posed schematic framework of the phases from an isolated disk galaxy, through a major merger
to produced a ”dead” elliptical galaxy.

In this picture the first phase is an isolated disk galaxy dominated by internal secular processes
driven by internal structures such as spiral arms, bars and the halo. These secular processes are
claimed to be able already to fuel a supermassive black hole in the center, but with a low accretion
rate to produce Seyfert –galaxy–like luminosity. This galaxy is a member of a larger structure
and only near neighbors can affect this galaxy. Depending on galaxy mass and distance of each
other, possible gravitational interaction are: weak/distant encounters (dynamical friction, tidal
interaction) and strong/close encounters (mergers). For close/strong encounter, two rich gas disc
galaxies can merge and gravitational torques can resultinginflow of gas which can be use for star
formation and fueling of the supermassive black hole. Star formation rate would be increasing.
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Figure 1.3: An example of a proposed theoretical framework connecting galaxies merger and AGN activity byHopkins et al.
(2010). See text for an explanation.
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For the final stage of a merger, the two galaxies coalesce and the gas inflow rate would be larger
than during the initial merger stage, producing starburst activity and a higher AGN luminosity.
Feedback from starburst and black hole activity can disperse the remaining gas (referred to as
”blowout” phase ) during short period of time. For the next stage, star formation and AGN
activity would be decreasing due to lack of fuel and as dust was removed by the blowout. This
shows as an optically quasar phase with an observable host galaxy. Stellar population of the
merger remnant shows post-starburst signature (K+A or E+A). The product in this framework is
a red and dead elliptical galaxy with no star formation. Previous starburst activity decays and the
galaxy changes its color towards red rapidly, moving from blue cloud to red sequence galaxy in
the galaxy CMD.

The main objective of this thesis is to test this merger hypothesis by investigating 19 type 1
quasars4 through data obtained with the VIMOS integral field unit (IFU) mounted on the Very
Large Telescope (VLT). We investigate the kinematic properties of these quasar host galaxies
using emission lines of ionized gas and diagnose disturbances in the velocity fields. These data
also enable us to study the spatially resolved ionization state of the interstellar medium (ISM) as
well as star formation rates. We combine our analysis with a morphology analysis of the same
galaxy sample as presented byJahnke et al.(2004a) plus new high-resolution HST images to test
the importance of major mergers in triggering AGN activity.

1.4 Plan of the thesis

The outline of this thesis is as follows: we motivate and lay out the scientific question on the rele-
vance of mergers to fuel quasars and our approach of using a kinematical analysis in combination
with optical imaging in chapter 1 using kinematics approachcombined with optical imaging in
chapter 1. In chapter 2, we describe our data sample and observations. We then discuss the
non-trivial VIMOS data preparation and data reduction in chapter 3, including our quasar–host
galaxy decomposition method for integral field spectroscopy data. In chapter 4, we describe our
steps of analysis to extract the physical parameters such asemission lines fluxes, velocity, black
hole parameters as well as the approach to kinematics analysis. Results for the physical condi-
tions of the ionized gas and black hole parameters are presented in chapter 5. In chapter 6 we
present results of our kinematics analysis. In chapter 7 we discuss the implications of our results
for answering the scientific question. Throughout this thesis we adopt concordance cosmology
with H0 = 73 km/sec/Mpc,Ωmatter = 0.27,Ωvacuum = 0.73

4The original definition of quasar is a quasi–stellar radio source and the original definition of QSO is quasi stellar
objects. We use the term ”quasar” to refer both ”quasar” and ”QSO” as similar objects.
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1.4.1 Strategy/approach

The most widely used method to probe galaxy structure/morphology with respect to distortions
as signs of post merging is the use of imaging data through galaxy images. We can study the
distribution of stellar components or with narrow-band imaging also of ionized gas, in order
to analyze the galaxy morphology and identify potential additional features marking deviations
from a, e.g. tidal tails or loops. Imaging of quasar host galaxies improved greatly since the onsat
of space based information (Hubble Space Telescope) as wellas the use of adaptive optics for
ground based telescopes. Morphology studies show AGN host galaxies to exist with a wide range
of morphologies and environments, being strongly interacting systems to being smooth isolated
galaxies (e.g.Bahcall et al. 1997; Jahnke et al. 2004a). More detailed studies of AGN host galax-
ies and matching control sample of inactive galaxies find that majority of AGN host galaxies out
to z =1 and for stellar massM∗ . 1011M⊙ do not have mergers signature, and the fraction of
strongly distorted galaxies is similar for AGN host and inactive galaxies (Cisternas et al. 2011).

A completely complementary approach which is more time consuming than imaging is the kine-
matical analysis by studying relative velocities and velocity dispersions of the emission and ab-
sorption across a galaxy. We can infer kinematic propertiesof AGN host galaxies from this ap-
proach, for example systematic deviations from circular velocity, and at the same time in princi-
ple also determine gas properties (ionization states, abundances, metallicities), stellar properties
(stellar populations, star formation history). Spectroscopically studying of AGN host galaxies
is challenging in particular for type 1 AGN because the fainthost galaxy emission coexist with
the bright nuclear emission. Sophisticated techniques to decompose nucleus and host galaxy are
needed in order to study type 1 AGN host galaxy.

1.4.2 Integral field spectroscopy

The transition from aperture spectroscopy to long slit spectroscopy in its time produced a rapid
development in astronomy, in parallel with the advancementof modern detector technology. The
next step is the transition from long slit to integral field spectroscopy (hereafter IFS) also known
as 3D spectroscopy. The common motivation is, to avoiding loss of light because of the narrow
slit geometry and that astronomical objects and regions of interest are often more complex than
a long-slit can accommodate. The main idea for IFS is to divide the telescope focal plane into a
number of elements, which can be achieved using lenslets, fibers, slicers or combination of them
and to create a pseudo-slit to disperse the light and which will be recorded on a two dimensional
detector. Figure1.4 shows an illustration of techniques of integral field spectroscopy adapted
from figure 1 ofAllington-Smith & Content(1998).
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Figure 1.4: Techniques of integral field spectroscopy. Source:
http://www.dur.ac.uk/images/cfai/ifu tech s.jpg

The main objective of IFS is to simultaneously produce a spectrum of every spatial element
(referred to as ”spaxel”) in a field of view (FOV), with the spatial sampling and size of FOV
determined by the instrument. The output for the data reduction process is a datacube with two–
dimensional spatial information and spectral informationas a third axis.

We describe briefly the three most important techniques to resample a telescope focal plane to
be arranged onto the detector:

1. Lenslets
This techniques uses an array of lenslets (small lenses) to sample a FOV. Light will be
dispersed by a number of spectrographs with dispersion angle slightly tilted with respect
to the lenslet array to avoid overlap between spectra of different lenslets. Advantages of
this techniques are a hight throughput and continuous spatial coverage. Disadvantages are
not optimal use of detector space, limited length of spectrum and complex data format. In-
tegral field spectrographs using this technique are OASIS (Optically AdaptiveSystem for
ImagingSpectroscopy) on CFHT (Canada-France-Hawaii Tlescope) and WHT (William
HerschelTelescope), SAURON (SpectrographicArealUnit for Research onOpticalNebulae)
on WHT, and OSIRIS (OH-SuppressingInfrared Integral Field Spectrograph) on the
Keck-I telescope.

2. Combination of lenslet and fibers
This technique uses fibres to rearrange light from each lenslet into ”pseudo slits” which
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will go to the spectrograph. Advantages using this technique are optimal use of detector
space and longer range of spectral bandpass than simple lenslets. Disadvantage are pos-
sible light loss due to a limited fiber throughput. VIMOS (VI sible imagingMulti-Object
Spectrograph) on the VLT (VeryLargeTelescope)-Melipal, PMAS (PotsdamMulti-Aperture
Spectrophotometer) on the Calar Alto 3.5m telescope, and GMOS (Gemini Multi-Object
Spectrographs) on the Gemini telescope use lenslets and optical fibres combined.

3. Image slicers
The last technique is restricted to infrared wavelengths and uses a mirror array to resample
the image to form long pseudo slit. Advantage of this technique is that spatial information
is preserved, and that this is feasible with a compact design. Technologically, it is difficult
to produce image slicers due to the extreme requirement on the optical quality. SINFONI
(the Spectrograph forIN tegralField Observations in theNear Infrared) and in the near
future the Multi Unit Spectroscopic Explorer (MUSE) on the VLT use image slicer tech-
nique.

Integral field spectroscopy can provide spatial and spectral information simultaneously with sub-
stantially less observing time compare with long slit spectroscopy. Until now, most of the integral
field spectroscopy observations were limited by the size of the FOV which can cause problems
to observe a Point Spread Function (PSF) reference star at the same time with the quasar. A PSF
reference is needed for proper quasar–galaxy deblending (section 3.3). Fortunately, the quasar
nucleus itself can used to characterize the PSF of our observation set up (section 3.3).

In the present day, larger IFS surveys are being carried out for example the Calar Alto Legacy In-
tegral Field Area (CALIFA) survey5 (Sánchez et al. 2012) and the ATLAS3D survey6 (Cappellari et al.
2011). Both aim at characterizing the local galaxy population ingreat detail with a total of 600
(CALIFA) and 260 (ATLAS3D) targeted galaxies.

1.4.3 Sign of disturbances in imaging and kinematics

As described, major merging has been proposed as a main mechanism to explain AGN activity
especially or AGN of high luminosity. Unfortunately, for each galaxy one can only observe a
single snapshot in time can not follow the whole evolutionary process due to long time scales.
This is also true for merger of galaxies which only present themselves to us in one single observed
phase. A merger sequence could only be pieced together from numerous galaxies: a pair of close

5http://www.caha.es/CALIFA /public html/
6http://www-astro.physics.ox.ac.uk/atlas3d/
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galaxies, not yet coalesced, a system in the middle of merging process, and a system which is the
end result after coalescence with remaining signs of gravitational interaction.

Qualitatively, a merger process will disturb the initial properties of a galaxy. The Merger can
redistribute stellar and gas components hence alter a galaxy’s morphology. Gravitational interac-
tion can produce a number of characteristic signatures: tidal tails, stellar streams, bridges, rings,
warped disks or shells.

In addition to changing morphological properties, gravitational interaction can also modify the
kinematic structure of the galaxy. We will discuss in more detail in Chapter 4, but the main idea
this thesis is to identify past gravitational interaction signatures in the kinematic properties of
AGN host galaxies, in order to diagnoze the past interactionand potentially link AGN activity
with a merger trigger. Some signatures that can indicate kinematic disturbances and that we are
looking for are:

We will analyze a sample of 19 AGN host galaxies atz, observed with the VLT-VIMOS IFU with
respect to the incidence of such signatures and both compareto an analysis of imaging data, as
well as interpret the joint incidence of distortion signatures regarding past major merging events.



2
Sample and observations

2.1 Sample

In this work, we use a data set which consists of 19 type 1 quasars with redshifts z< 0.2 selected
from the Hamburg/ESO Survey (HES) for bright quasars byWisotzki et al.(2000). The sample
was drawn independent of the host galaxy morphologies and itis flux limited and statistically
complete for intermediate-luminosity quasars in the southern hemisphere.

2.1.1 Hamburg/ESO survey QSO sample

HES (Wisotzki et al. 1996; Reimers et al. 1996) is a southern hemisphere wide angle survey
using an objective prism combined with the ESO 1m Schmidt telescope. Supplemented with
Kodak IIIa-J photographic plates and the 4◦ prism, they provide a wavelength range of 3200Å
– 5400 Å and 10 Å resolution at Hγ. The∼ 380 plates (which cover an area of∼ 10.000 deg2)
have been scanned and reduced in Hamburg using the Hamburg PDS 1010G microdensitometer
(Wisotzki et al. 1996).

The bright quasar catalog derived from HES is produced usingmultiple selection criteria from the
digitized and reduced photographic plates as described byWisotzki et al.(2000). Follow up ob-
servations using long slit spectroscopy were done using ESO3.6 m, 2.2 m and 1.52 m telescopes
during period 1990 – 1994. The quasar selection criteria which they used are morphology, color,
and spectral features. Quasar will most likely have stellar/point source morphology on image
and have a distinct Ultraviolet (UV) excess compared with the bulk of normal stars in inactive
galaxies. From its spectrum, a quasar is an emission line object and the spectra of type 1 quasars
show specifically prominent features from the active nucleus such as broad line emission.

15
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Table 2.1 summarizes some main properties of the sample. Based on the local quasar type 1
luminosity function (e.g.Schulze et al. 2009; Koehler et al. 1997), our sample can be categorized
as typical of intermediate luminosity quasars in the nearbyuniverse. In Figure2.1, we show
that our data are complementary with studies of other samples (Dumas et al. 2007; Letawe et al.
2007) in terms of luminosity. It is thought that different AGN activity triggering mechanisms
produce different mass accretion rates, and that this leads to different AGN luminosities. For
low luminosity objects, secular processes are most likely to provide the physical mechanisms to
ignite an AGN while for high luminosity objects major mergers are expected to provide the fuel
required for triggering the AGN. The combination of our study with the two others illustrated in
Figure2.1can provide a more comprehensive view of AGN triggering mechanisms as it fills the
gap of intermediate luminosity AGN.

Figure 2.1: Plot of absolute magnitude vs redshits for our sample (filled circles) and also for the
two previous best studies of low redshift AGN: Seyfert galaxies (triangle) byDumas et al.(2007)
and long slit spectroscopy ofz ∼ 0.3 QSOs byLetawe et al.(2007).
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Table 2.1: General properties of our VIMOS sample

Name α δ Mv(QSO) Host morphology Redshift Scale Optical Image
(hh:mm:sss) (dd:mm:ss.sss) mag (kpc/arcsec)

(1) (2) (3) (4) (5) (6) (7) (8)

HE 0952–1552 09:54:29.58 –16:06:51.20 –23.3 Disk 0.108 2.177 DFOSC

HE 1019–1414 10:22:24.70 –14:28:58.00 –22.3 Disk 0.078 1.422 DFOSC

HE 1020–1022 10:22:32.82 —10:37:44.20 –23.9 Spheroid 0.197 3.158 WFPC2

HE 1029–1401 10:31:54.30 –14:16:51.00 –24.9 Spheroid 0.087 1.569 WFPC2

HE 1043–1346 10:46:17.00 –14:02:28.00 –22.5 Disk 0.069 1.276 ACS

HE 1110–1901 11:12:50.90 –19:26:23.00 –23.2 Spheroid 0.113 1.974 ACS

HE 1201–2409 12:03:37.70 –24:25:41.00 –23.5 Spheroid 0.138 2.349 DFOSC

HE 1228–1637 12:31:24.70 –16:53:51.00 –23.2 Spheroid 0.103 1.823 ACS

HE 1237–2252 12:40:28.30 –23:09:26.00 –23.0 Disk 0.096 1.735 DFOSC

HE 1239–2426 12:42:37.20 –24:42:40.00 –23.0 Disk 0.083 1.502 ACS

HE 1254–0934 12:56:56.90 –09:50:16.00 –24.7 Disk (Merger)0.139 2.377 DFOSC

HE 1300–1325 13:03:22.23 –13:41:33.71 –22.5 Spheroid 0.047 0.899 DFOSC

HE 1310–1051 13:13:05.78 –11:07:42.40 –21.7 Disk 0.034 0.675 WFPC2

HE 1315–1028 13:18:36.20 –10:44:17.00 –22.1 Disk 0.099 1.775 DFOSC

HE 1335–0847 13:37:39.60 –09:02:28.00 –22.3 Spheroid 0.08 1.46 DFOSC

HE 1338–1423 13:41:12.90 –14:38:40.58 –23.3 Unclear (Disk) 0.042 0.810 DFOSC

HE 1405–1545 14:08:24.50 –15:59:29.00 –24.2 Disk (Merger)0.194 3.116 DFOSC

HE 1416–1256 14:19:03.80 –13:10:44.00 –23.2 Spheroid 0.129 2.232 WFPC2

HE 1434–1600 14:36:49.60 –16:13:41.00 -24.1 Spheroid 0.144 2.451 ACS

Notes. (1) Name from original catalogue; (2) Right Ascension of the object1; (3) Declination of the object1; (4) Absolute magnitude of the
quasar in V band; (5) Host galaxy morphology according to theanalysis byJahnke et al.(2004a); (6) Redshift1; (7) Physical scale at the
quasar’s redshift1 (8) Source of the optical image. DFOSC is theDanish Faint Object Spectrograph and Camera mounted at the Danish
1.54-m telescope, WFPC2 is theWide Field Planetary Camera 2 on Hubble Space Telescope and ACS is theAdvanced Camera for Surveys
also on Hubble. Hubble data are obtained from the Hubble Legacy Archive (HLA)2.
(1) Based on NASA/IPAC Extragalactic Database (NED)
(2) http://hla.stsci.edu
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2.1.2 Aprevious multicolor study of the sample

Our sample objects were also studied byJahnke et al.(2004a) who carried out an analysis of the
optical morphologies and the stellar population properties. This was based on multicolor photo-
metric data and additionally for some objects, added long slit spectroscopic data from ground-
based observations.

Based on the morphology analysis of the nucleus-subtractedhost galaxies,Jahnke et al.(2004a)
classified the objects into three main classes: bulge dominated, disk dominated and composite.
The spectral energy distributions (SEDs) were derived frommulticolor photometric observations
in the optical and near-Infrared using the B, V, R, I, J, H, K filters, and the SEDs fitted with stellar
population models.Jahnke et al.(2004a) found that the quasar host galaxies have bluer colors
compared with a comparison sample of inactive galaxies. Theage of the stellar populations for
the best fitting SSPs is intermediate, ranging from 0.7 Gyr upto 6 Gyr, and they emphasized that
the best fitting models contain intermediately young stellar populations (≤2 Gyr).

2.2 Observations

Observations of our sample were performed during ESO periods 72 and 83 in service mode and
we list our objects and setup information for the observations in table2.2. The technical details
of the instrument and our observing strategy which will be useful for the upcoming analysis are
described in the following section.

2.2.1 VIMOS description

The VIsible MultiObject Spectrograph (VIMOS,Le Fèvre et al. 2003) is an optical wide field
imager and multi-object spectrograph mounted on the Nasmyth B focus of Unit telescope (UT)
3 Melipal of the ESO-VLT. Of the three different modes of VIMOS (imaging, multi-object spec-
troscopy (MOS) and integral field unit (IFU)) we use the VIMOS-IFU capability for this thesis.
The VIMOS-IFU is a fiber-fed spectrograph consisting of 6400fibers coupled with microlenses,
with four 2048× 4096 detectors, spectral resolution ofR ∼ 220 to 3100 and a 27′′× 27′′ field
of view for the high resolution setup with a 0.67′′/fibre spatial sampling. More details of the
VIMOS-IFU characteristics which we used are presented in table 2.3.
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Table 2.2: Summary of the VIMOS-IFU Observations.

Name Grism Sampling (′′/fibre) Exposure time (s) Airmass Seeing

HE0952–1552 HR orange 0.67 2700 1.1 1.2
HE1019–1414 HR blue 0.67 2000 1.0 1.2

HR orange 0.67 3000 1.1 1.3
HE1020–1022 HR orange 0.33 2000 1.1 1.0

HR red 0.33 3000 1.2 1.3
HE1029–1401 HR blue 0.67 900 1.1 1.2

HR orange 0.67 2700 1.2 1.3
HE1043–1346 HR blue 0.67 2700 1.2 1.3

HR orange 0.67 2000 1.2 1.3
HE1110–1901 HR orange 0.67 2700 1.1 1.2
HE1201–2409 HR orange 0.33 1500 1.1

HR red 0.33 1000 1.0
HE1228–1637 HR orange 0.67 3150 1.2 – 1.6 1.3
HE1237–2252 HR orange 0.67 2700 1.6 - 2.3 1.5
HE1239–2426 HR blue 0.67 900 1.5 1.4

HR orange 0.67 2700 1.2 –1.5 1.3
HE1254–0934 HR orange 0.67 2700 1.4 – 1.8 1.3

HR red 0.67 2000 1.2 1.5
HE1300–1325 HR blue 0.67 2000 1.2 – 1.5 1.4

HR orange 0.67 3000 1.2 1.3
HE1310–1051 HR blue 0.67 2000 1.2 1.6

HR orange 0.67 3000 1.3 – 1.5 1.1
HE1315–1028 HR orange 0.67 3000 1.3 – 1.7 1.4
HE1335–0847 HR blue 0.33 2000 1.3 – 1.6
HE1338–1423 HR blue 0.67 2000 1.1 1.3

HR orange 0.67 3000 1.2 – 1.5 1.3
HE1405–1545 HR orange 0.67 2700 1.2 – 1.5 2.3

HR red 0.67 900 1.2 1.5
HE1416–1256 HR orange 0.33 2000 1.3 – 1.5 1.2

HR red 0.33 3000 1.1 1.2
HE1434–1600 HR orange 0.33 1500 1.2 – 1.5

HR red 0.33 1000 1.2
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Table 2.3: VIMOS-IFU characteristics with the high-resolution (HR) grism

Grism Filter Wavelength Coverage Spectral Resolution Dispersion (Å/pixel)

HR blue Free 4150–6200 Å 2550 0.51

HR orange GG435 5250–7400 Å 2650 0.60

HR red GG475 6450–8600 Å 3100 0.60

Notes: For the high resolution grism setup, both field of viewoptions (13′′ × 13′′ and 27′′ ×
27′′) are available using a spatial sampling (magnification) of 0′′.33 per fibre and 0′′.67 per fibre
respectively.

2.2.2 Observing strategy

For our observations, the high-resolution grisms were usedfor all objects. The specific setup
for each object was chosen in order that the wavelength rangewould cover the Hβ and Hα
lines. The data were taken under conditions with seeing estimated between 0′′.8 and 1′′.7 and
the instruments setup used different spatial sampling depending on an object’s angular size. We
chose the spatial sampling which would produce the optimum field of view to cover the object
extension wherever possible.

The observing sequence was arranged as follows. After the initial telescope preset, for each
target we obtained three dithered exposures for object IFU acquisition and another exposure for
blank sky IFU acquisition. This was followed with night timescreenflats and arc calibrations.
Due to wrong coordinate input, two objects (HE 1201–2408 andHE 1434–1600) were not fully
observed by our observations. HE 1020–2022 is also ignored in our subsequent for next analysis
because of bad observing conditions for the spectrophotometry.



3
Data preparation & reduction

3.1 VIMOS Data reduction

This chapter will describe our approach to reduce VIMOS-IFUdata from raw data frames to
reduced science data cubes, which be used to study the quasarhost galaxies. We also describe
our complementary optical imaging data. On the last sectionof this chapter, we describe an
important data preparation step to study type 1 quasar host galaxies, our quasar–host galaxy
decomposition.

We retrieved the VIMOS data of our two programmes from the ESOarchive and we used the data
reduction on the R3D1 pipeline (Sánchez et al. 2006) complemented with customized Python
scripts. There are other pipeline available for VIMOS-IFU data reduction besides R3D, for
example the official ESO pipeline or the VIMOS Interactive Pipeline and Graphical Interface
(VIPGI, Zanichelli et al. 2005) 2 developed by the VIRMOS Consortium. The main goal of the
ESO pipeline is quality assessment during the observation and VIPGI is a semiautomatic and
interactive pipeline built on top of the automatic ESO pipeline as the main program.

While the VIMOS-IFU instrument offers the largest field of view for optical integral field spec-
troscopy with 8-m class telescopes, it also has some disadvantages which make data reduction
more complicated compare to other IFUs. Examples are cross-talk phenomena, contamination
from adjacent spectra caused by the high density of spectra on the detector resulting from 6400
tightly packed fibres and each spectrum being projected ontofive detector pixels. Another com-
plication is caused by mechanical flexures between four quadrants of the detector which affects
spectral positions on the detector. With such complexities, an automatic pipeline will not be op-

1http://www.caha.es/sanchez/r3d/
2http://cosmos.iasf-milano.inaf.it/pandora/vipgi.html
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timal so a flexible pipeline is needed. We prefer to use R3D, a flexible data reduction package for
field spectroscopy data, to carry out the main steps of the data reduction, which will be described
on the following sections.

3.1.1 Raw data description

We obtained raw data together with its respective calibration files. Figure3.1shows four exam-
ples of typical data which we use in this work.

Figure 3.1: Example of raw data and calibration files from high resolution grism red (HR red) of
quadrant 4. Each VIMOS CCD quadrant’s dimension is 2048× 4096, vertical axis is dispersion
axis with wavelength is redder toward the top. First panel: science frame frame. Second panel:
spectrophotometric standard star frame. Third panel: arc lamps frame. Fourth panel: screen flat
frame with significant fringing.

The following steps have been carried out in order to preparethe data for it can be use with R3D:
bias subtraction of science and calibration frames and thencosmic ray hit removal from single
image usingdcr3 written by Wojtek Pych (Pych 2004). dcr is simple and faster and produces
comparable results to other existing cosmic ray removal codes. An example of the cosmic ray
hit removal showed in Fig.3.2.

3http://users.camk.edu.pl/pych/DCR/index.html
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Figure 3.2: Example of cosmic ray removal from a single imageusingdcr. The top panel shows
the original science frame. Due to the large size of detector, we show only a subfield to emphasize
the result. The middle panel is the cosmic ray image constructed by the code and in the bottom
panel is the cleaned science frame is shown.

3.1.2 Spectra tracing

The first step with R3D to reduce VIMOS-IFU data is identify positions of the spectra on the
detector as a function of wavelength. We use a high signal to noise ratio frame screen flat field to
trace the peak intensities. Inside R3D the main process is a comparison of pixel’s intensity with
its neighboring pixels and finding peak criterium set by the user. In R3D we have to specify and
adjust dispersion axis direction, minimum distant betweenneighboring spectra and a threshold
to define peak intensity. Using R3D we can do visual inspection during the tracing process as
shown in figure3.3.

3.1.3 Distortion and dispersion corrections

After we achieved optimal peak identification and its position as function of wavelength mea-
surement, we extract flux for each spectrum across the dispersion axis, by co-adding flux within
an aperture and save it into a 2 dimensional image known as rowstacked spectra (RSS). An
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example of a part of a RSS image is shown in figure3.4 and the dispersion axis is X axis. In a
RSS frame each fibre spectrum now contained in a single row, aswe can see from RSS image,
the dispersion of light of the spectrograph is not homogeneous across the dispersion axis. This
distortion is called the ”C distortion”, where the dispersion is larger in both edges compared to
the center. To correct for this distortion, we choose one emission line from the RSS image and
trace its location across dispersion in R3D, then shift all spectra to the same reference using a
polynomial correction. We applied the same type of correction to the other lines to produce a
distortion corrected RSS image as shown in right panel of Fig. 3.4. As the final steps for data
reduction using R3D, we have to find the wavelength solution by transforming the distortion
corrected image to a wavelength system using arc lamp frames.

3.1.4 Building the data cube (DAR correction)

We did conversion of the RSS to data cube using a Python script. The goal is to map the RSS
image into the field of view of our observation for each wavelength. To do this, we need a position
table provided by ESO, a table which relates the position of each fiber with its corresponding
position in the sky. Due to the refractive characteristic ofEarth’s atmosphere we have to take into
account the effect of Differential Atmospheric Refraction (DAR). The incoming lightexperiences
refraction by Earth’s atmosphere, which is wavelength dependent, hence the image position of
the object will be different in the focal plane at different wavelengths. To correct for this, we
shifted each image slice per wavelength to a common reference center position after we estimated
the shift using a polynomial fit to the center coordinates andthe reference center position. The
shifting process was done using a sub–pixel resampling technique. In addition to the science data
cube, we also produced a variance data cube by combining read–out noise from the detector and
poisson noise from incoming photons and co-registered thiscube astrometically with the science
cube..

3.1.5 Sky subtraction

During the observations in ESO period 83 we were taking blanksky IFU observations to be used
to subtract sky contribution from the science frames. For period 72 we did not have blank sky
images hence sky subtraction was done, using sky estimated from the science frames themselves
in regions without object emission.
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3.1.6 Flux calibration

Last part of the data reduction is flux calibration using standard spectrophotometric star. The
goal is to convert the count rate which detected and read by the detector into flux density. To
do this we have to know the sensitivity function which takes into account atmosphere effect to
the amount of photon from the celestial objects to the telescope and detector. We compare our
quasar observation with standard star observations to calculate the sensitivity function for each
pointing.

3.2 Optical imaging

For this work, we also incorporate existing data, specifically optical imaging data. All of our
objects were observed with DFOSC (Danish Faint Object Spectrograph and Camera) mounted
on the Danish 1.54-m telescope and, as mentioned in table 1.1, we also use publicly available
Hubble observations which were provided by the Hubble Legacy Archive (HLA) for 9 objects.

3.3 Quasar – host galaxy decomposition

Recently,Jahnke et al.(2007) andLetawe et al.(2007) developed algorithms to decompose nu-
cleus and host galaxies in on-nucleus long slit spectroscopic observation of AGN.Jahnke et al.
(2007) used the spatial information of the long slit on PSF and hostgalaxy morphology to model
the spatial component of nucleus and host galaxy spectra in 2D simultaneously andLetawe et al.
(2007) used formal deconvolution of the spectra in 2D.

For our analysis, we use an iterative nucleus and host galaxies decomposition in integral field
spectroscopic data developed and applied byJahnke et al.(2004b), Sánchez et al.(2006), Christensen et al.
(2006), andHusemann et al.(2008). From the quasar’s position, we extracted a nucleus spec-
trum. The nuclear emission comes from an unresolved region within our observations and we
assume that the nuclear spectrum, representing a point source object, is the same across the field
of view, only with varying amplitude of the point spread function, created by Earth’s atmosphere
and our optical system configuration.

We defined spectral broad line and continuum regions for the nucleus spectrum and host galaxy
spectra and use the ratio of broad line flux to rescale the nucleus spectrum to construct a nuclear
template data cube, which is then subtracted from the original data cube, to get a host galaxy
data cube. This steps is adequate if there are negligible contributions from the stellar component
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of the host galaxy to the nucleus emission. Otherwise, we have to take into account contribution
from the scattered stellar component of host galaxy which requires an iteration map. In this case
we extracted a new nucleus spectrum from nucleus subtracteddata cube (first iteration) and de-
termine host galaxy contribution from its surrounding. Thedifference will be a new ”cleaner”
nucleus spectrum and we iterate these same steps to produce asubtracted data cube until the
nucleus spectrum converges during iteration. we find that inthis process, the nucleus spectrum
is not changing after the third iteration. We illustrate howour QSO host galaxy decomposition
works on figure3.6. The nucleus-subtracted host galaxy spectra produced fromthis decomposi-
tion method will be used for next steps of analysis in this work and the results for the remaining
objects other than HE 0952–252 will be presented in AppendixA.

We also present the flow chart of our quasar–host galaxy decomposition algorithm in Fig.3.5and
we describe the main idea of our decomposition method with following mathematical approach:

1. First step, we use ideal approach where we assume that the flux of specific wavelength
range of broad line emission line for each spaxel is only the nuclear spectrum of the same
wavelength range modified by the scale factor.

Fspaxel = s × Fquasar (3.1)

s =
Fspaxel

Fquasar
, (3.2)

whereFspaxel is the flux in the spaxel,Fquasar is flux from the nuclear spectrum within
wavelength range of broad line emission ands is the scale factor for each spaxel. Two
dimensional scale factor images produced from scale factorfrom every spaxels and it can
also extend to data cube.

2. Second step, we assume that there is possibility that hostgalaxy spectrum contaminates the
nuclear spectrum. We subtract host galaxy spectrum produced from spaxels surrounding
the nuclear spaxel to get more cleaner nuclear spectrum.

F1st
quasar = Fquasar − Fhost (3.3)

Fspaxel = s1st
× F1st

quasar (3.4)

Fspaxel = s1st
× (Fquasar − Fhost) (3.5)

s1st =
Fspaxel

(Fquasar − Fhost)
. (3.6)

F1st
quasar is the new nuclear spectrum,Fhost is the host galaxy spectrum and produced from

ands1st is scale factor resulted from this second step.
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3. Third step, we repeat second step but using nucleus-subtracted data cube from the second
step.

F2nd
quasar = F1st

quasar − F1st
host (3.7)

Fspaxel = s2nd
× F2nd

quasar (3.8)

Fspaxel = s2nd
× (F1st

quasar − F1st
host) (3.9)

s2nd =
Fspaxel

(F1st
quasar − F1st

host)
(3.10)

s2nd =
Fspaxel

(Fquasar − Fhost − F1st
host)

(3.11)

(3.12)

4. Fourth step, the next iteration using nucleus-subtracted data cube from the third step.

F3rd
quasar = F2nd

quasar − F2nd
host (3.13)

Fspaxel = s3rd
× F3rd

quasar (3.14)

Fspaxel = s3rd
× (F2nd

quasar − F2nd
host) (3.15)

s3rd =
Fspaxel

(F2nd
quasar − F2nd

host)
(3.16)

s3rd =
Fspaxel

(F1st
quasar − F1st

host − F2nd
host)

(3.17)

s3rd =
Fspaxel

(Fquasar − Fhost − F1st
host − F2nd

host)
(3.18)

(3.19)

5. Fifth step. We repeat the same step using the latest nucleus-subtracted data cube until
contribution of surrounding host galaxy spectrum is negligible hence the nuclear spectrum
converges.
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Figure 3.3: Example of visual inspection during identification of spectrum positions of VIMOS-
IFU data using R3D. X axis is position across the chip and Y axis is intensity. We have to modify
our input parameters in order that three points (yellow, redand blue) are correctly identifying
peak positions. From this visual inspection plot we also cansee low fibre transmission and even
broken fibress in our data.
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Figure 3.4: The left panel shows row stacked spectra (RSS) and right panel shows same part of
the image after distortion correction applied. The dispersion axis is X-axis.
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Figure 3.5: Algorithm of our quasar–host galaxy decomposition. We use spectra division tech-
nique added with host galaxy subtraction from quasar nuclear spectrum. More detail explanation
provided in the text.
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Figure 3.6: A demonstration of our quasar – host galaxy decomposition method for Hα + [N II]
complex using spectrum of HE 1237–2252. Top panel shows (A) spectrum from coadded region
within 1′′ radius of the center, constructed from the original data cube and (B) spectrum of the
nucleus template, constructed by multiplying the nucleus spectrum, extracted from the central
spaxel, with a specific scale factor for each spaxels. The corresponding scale factor is computed
by scaling the strength of the broad Hα broad line in every spaxels with respect to the quasar’s
spaxel. The bottom panel shows the host galaxy spectrum (C) from the same region as above
after we subtracted nucleus template from original data cube. We can see from this figures that
after nucleus subtraction, all broad line feature, produced by nucleus, are not present any more.
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(a) Spectrum of HE0952–1552 shows Hβ and [OIII] complex.

(b) Spectrum of HE0952–1552 shows Hα + [N II] complex.

Figure 3.7: For further example we show quasar – host galaxy decomposition method for HE
0952–1552. Results for the remaining objects will be presented in the Appendix. (a) Spectrum
with Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum,
red: scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission.



4
Extraction of physical parameters

From the final nucleus subtracted data cubes produced by our quasar–host galaxy decomposition
method, we continued with the next step, data analysis, which will be described in this chap-
ter. Our main aim here is the extraction of physical parameters relevant to the science goals,
mainly by emission line fitting to enable emission line kinematic analysis and an investigation
of the physical conditions of the ionized gas and broad line modeling for black hole parameter
measurement. The result will be presented in the two subsequent chapter 5 and 6.

4.1 Emission line fitting

As mentioned before this study will improve over previous studies by its vast amount of spatial
information for quasars at good signal to noise ratio. This enable us to measure in very much
detailed and spatially resolved a number of diagnostic emission lines. From the wavelength
range covered by by our observations, we have all lines from from Hβ to [SII]λ6731 available
for each object. We modelled all prominent emission lines inthis range using our IDL script with
gaussian profiles to determine four line parameters centroid, width, flux, velocity dispersion. Our
IDL script built mainly using IDL routines MPFIT, MPFITFUN and MPFITPEAK written by
Craig Markwardt (Markwardt 2009) 1. For black hole parameters determination, we modelled
Hβ and [OIII]λλ4959, 5007 system of the nuclear template with multiple gaussiansusing an IDL
fitting package called XGAUSSFIT2.

For this thesis, our main objectives is to utilize the kinematic properties of the host galaxies
based on emission line centroid which are not strongly affected by continuum determination.

1http://purl.com/net/mpfit
2http://fuse.pha.jhu.edu/analysis/fuse idl tools.html
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Hence our emission line fitting procedure does not take into account contribution of the stellar
component to the continuum, we only fit the continuum with linear profile which can lead to
mild overestimations of the measured line fluxes as emphasized bySarzi et al.(2006).

4.1.1 Velocity fields

For extracting line parameters, we fitted at each spaxel we fitted Hβ and [OIII]λλ4959, 5007 si-
multaneously as one and Hα, [NII] λλ6548, 6584 as second system. We reduced the number of
free parameters during the fitting process by fixing the flux ratio of [OIII] λλ4959, 5007 to its the-
oretical value of 2.98 and the flux ratio for [NII]λλ6548, 6584 to 2.96. We obtained spatial maps
of emission line fluxes, centroid wavelength and full-width-at-half-maximum (FWHM) for each
emission lines of the host galaxy. From this information we produced flux maps, relative velocity
map and velocity dispersion maps, respectively, which we present in chapter 6. Uncertainties for
our velocity maps are∼ 25 km/s for worst fit.

4.1.2 BPTdiagram

Baldwin et al.(1981) andVeilleux & Osterbrock(1987) proposed a method to classify galaxies
based on their excitation mechanisms using emission line intensity ratios of their spectra. This
two dimensional classification well known as Baldwin, Phillips and Terlevich (hereafter BPT)
diagram uses intensity ratios of lines which have to fulfill these requirements:

1. Clearly observable, which means it should be strong emission lines and not blended with
other lines.

2. Emission lines with small wavelength separation to Balmer lines in order to minimize
reddening effect.

3. HIgh-ionization potential on one axis, low-ionization potential on the other, both normal-
ized by Hydrogen lines.

The standard BPT diagram uses [OIII]λ5007/ Hβ versus [NII]λ6584/ Hα, while other versions
use [OIII]λ5007/ Hβ versus [OI]λ6300/ Hα or [OIII] λ5007/ Hβ versus [SII]λ6717+ λ6731/
Hα.

Baldwin et al.(1981) andVeilleux & Osterbrock(1987) used an empirical line in the diagnostic
diagram to classify emission line galaxies into two main classes, star forming galaxies, which
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have emission line ratios like HII region and AGN-ionized galaxies. Star forming galaxies are lo-
cated in region lower than the demarcation line and to the left (BPT figure)Kewley et al.(2001)
define a maximum limit for massive stars ionization in starburst galaxy by using photoioniza-
tion models with MAPPINGS III code and stellar population models shown with dashed lines.
Kauffmann et al.(2003) define the demarcation lines (solid line) empirically based on 55 757
objects from SDSS with signal to noise larger than 3 for four emission lines.

Figure 4.1: BPT diagram from SDSS data release 2.

From SDSS BPT diagram (Figure4.1) we can see that Kewley demarcation line is a lower limit
for the AGN number because we can see objects nearly below andto the left of Kewley line with
different distribution compare with star forming galaxies sequence.

Based on excitation mechanisms we can distinguish between star forming galaxies and AGN
where the latter can be classify into two sub groups, Seyferts and LINERS. Kewley line, mod-
eled a maximum theoretical limit for massive stars ionization in the BPT diagram. Kauffmann
determine delineation line empirically from SDSS galaxies.

We construct BPT diagrams, based on our wavelength coverageand signal to noise consideration
we will use ratio of [OIII]λ5007/Hβ4861 and [NII]λ6584/Hα 6563, hence the ”classical” line
set. investigate type of of the emission lines spectra. which can explained nature of the emission
line objects. provides a guide to diagnose excitation mechanisms for ionized gas in astrophysical
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objects in order to understand the physical condition of theionized gas. For our BPT diagram
construction, we will use co-added spectra and apply our emission line fitting routines to it hence
we will not have spatial information until spaxel scale. Based on to construct the classical BPT
diagram.

4.1.3 Black hole parameter measurements

One of the key parameter for characterizing an AGN is the central black hole mass, which we
require for inferring the accretion rate as the central diagnostic fpr the activity state of the AGN.
We can estimate black hole masses for our quasar sample from the available single epoch spectral
observation using the so called ”Virial method” where we assume that the Broad Line Region
(BLR) is virialized in Keplerian motion and the black hole mass can be estimated using the
relation (Kelly & Bechtold 2007):

MBH =
f RBLR∆V2

G
, (4.1)

whereMBH is the black hole mass,f is a scale factor,RBLR is the BLR size,∆V is width of the
broad line andG the gravitational constant. There are two options that one can use for determine
the width of the broad line, the first is the FWHM and the other uses the line dispersion, i.e.
second moment of the line profile. We decided for our measurements to use line dispersion, be-
cause it lower sensitive to the strong narrow line componentand because it can be measured with
smaller uncertainties than the FWHM (Peterson et al.(2004), Collin et al.(2006), Decarli et al.
(2008)).

We construct the quasar spectrum from the nuclear template which we used for the quasar–host
galaxy decomposition. We subtracted the best fit for the Hβ (narrow component), [OIII]λλ4959, 5007
and Fe IIλ4924 andλ5018 from the quasar spectrum and we determine the second moment from
the resulted spectrum. The first moment of emission line profile F(λ) is:

λ0 =

∫

λF(λ)dλ
∫

F(λ)dλ
. (4.2)

The variance or mean square is the second moment of the profile,

σ2
line =

〈

λ2
〉

− λ2
0 =




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
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

∫

λ2F(λ)dλ
∫

F(λ)dλ















− λ2
0. (4.3)

the square root ofσ2
line is the line dispersion,σline or root mean square width of the line.
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We use scaling relation between continuum luminosity and BLR size which is readily available
in the literature, in our case fromBentz et al.(2009),

log(RBLR) = −21.3+ 0.519log(L5100), (4.4)

whereL5100 is the continuum flux at 5100Å. We usef = 3.85 for the case of taking the line
dispersion as width followingCollin et al.(2006).

In order to calculate the accretion rate as an Eddington ratio (ǫ)

ǫ =
Lbol

Ledd
, (4.5)

with Ledd = 1.3× 1038(M/M⊙)erg s−1, we require the Bolometric luminosity can be estimated
from the continuum luminosity assuming bolometric correction factor (fL), .

Lbol = fLL5100, (4.6)

we choosefL = 9 as suggested byKaspi et al.(2000). An example of the fitting process shown
in Figure4.2and results of this measurement are again presented in the next chapter 5.

4.2 Kinematic analysis

4.2.1 Harmonic expansion

After producing velocity fields (see section 4.1.1.) we madea qualitative assessment of their
quality which we express as a quality flag for each velocity field. Flag ”0” for bad and unusable
velocity field for the purpose of kinematical analysis and Flag ”1” for good velocity field which
will be used for the next steps. Our decision is mainly based on the extension of the velocity
fields, i.e. on S/N of the emission lines.

For analysis we use a harmonic expansion of the observed velocity fields and combine this with a
visual inspection to determine whether an observed velocity field is regular or distorted. With this
approach we attempt to provide a more qualitative and minimize the effect of subjectivity in this
classification. Another advantage is that we can also immediately detect non-circular motions
from the observed velocity field and then can be followed up with a more detailed analysis, e.g.
of spiral or bar structure and inflow/outflow motions.

For the quantitative analysis of our observed velocity field, we follow the method byvan de Ven & Fathi
(2010) which is similar to the approach ofKrajnović et al.(2006) who developed the Kinemetry.
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Figure 4.2: Example of fitting gaussians for black hole parameters determination from Hβ,
[OIII] λλ4959, 5007 system of HE 1029–1401. Black line is nuclear spectrum,gaussian profiles
in blue color are best fit for Hβ narrow line components, [OIII]λλ4959, 5007 lines and possible
Fe complex. The straight line is continuum determination and black filled circle shows the con-
tinuum flux at 5100Å. We determine the line dispersion of Hβ line from the green spectrum,
produced from subtraction of gaussian profiles from the original nuclear spectrum.

In the Cartesian coordinates we can describe the velocity field as a set of ellipses with center
(x0, y0) and angle (ψ0):

x′ = x′0 + R cosψ cosψ0 − q R sinψ sinψ0,

y′ = y′0 + R cosψ sinψ0 + q R sinψ cosψ0. (4.7)

If we choose thatx′ is oriented North andy′ oriented West, the position angle of the kinematic
major axis (Γ) is defined byΓ = ψ0 − π/2, measured from North to East. We fit the circular
model to the velocity field by adjusting the ellipse parameters, center (x0, y0), position angle (Γ),
inclination (i), and systemic velocity ((vsys).
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We can expand the velocity along each of the ellipses with a harmonic expansion:

Vlos = c0(R) +
n
∑

m=1

cm(R) cosmψ + sm(R) sinmψ, (4.8)

whereVlos is the observed line-of-sight velocity, R is the semimajor axis, n is the order of the fit,
ψ is the azimuthal angle,c0 is the systematic velocity, andcm and sm are the coefficients of the
harmonic expansion.

Using this approach, we assume that the gas disk is infinitelythin and we fit the harmonic ex-
pansion to the best fitted ellipses using a stepwise and iterative processes. Steps of our method
to obtain the kinematics parameters are:

1. We determine concentric ellipses with the number of spaxels and signal to noise ratio as
input constraints.

2. We perform a non-linear least squares fit of the circular rotation (Vlos = c0 + c1 cosψ sini)
along the ellipses and treat the ellipse parameters (x0, y0, Γ, i, vsys) as free parameters for
the first iteration. For the second iteration, we fit circularvelocity with fix values for the
center position, the position angle and systemic velocity.The best value for those three
parameters are measured using the mean value over the radiuscalculated with bi-weight
formalism. We fix all five parameters for the third iteration.

3. We fit harmonic expansion terms along the ellipses.

We present plots of harmonic expansion parameters in Chapter 6 which can be used to analyze
the velocity field. Thec1 coefficient is related to circular motion so if there is only circular
motion then all other coefficients will be zero, and non-zero if there are non-circular motions (e.g.
inflows/outflows). The coefficientc1 is related, as mentioned, with the rotation velocity curve,s1

to the radial velocity component andc2, s2, c3, c3 are related to the non circular motion if existing
in the residual. Every coefficient will be divided by sini for inclination correction. Uncertainties
for the harmonic expansion parameters are computed by meansof Monte Carlo simulations. We
repeat this same analysis on 500 randomized velocity fields,assuming that the velocity errors are
gaussian. The resulting distributions provide the uncertainty for the parameters.

4.2.2 Velocity field classification scheme

Classifying galaxies, to learn about the underlying physics of the classification, is one of the
main diagnostics of galaxy research. Various galaxy properties have already been used for such
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classifications, for example structure or morphology, colors, stellar populations, star formation
and also kinematics. Kinematic classification is only an emerging technique compared to other
galaxy properties, due to the difficulties to produce two dimensional velocity field (before the
current rapid development of integral field spectroscopy).Kinematic classification also can be
carried out using one dimensional rotational curves, for example in studies byRubin et al.(1999),
Sofue et al.(1999), Swaters et al.(2009), or as in our case, using integral field spectroscopy data
for exampleFlores et al.(2006), Emsellem et al.(2007) .

One of the central aim of this thesis is to study merger signatures as diagnosed from integral field
spectroscopy data and compare them with optical morphologyindicators. Stellar and gaseous
components behave differently during the merger process, hence can show differences in their
post merger distribution. As a comparison, we use morphological information from the study of
Jahnke et al.(2004a) and for some objects where data is available using Hubble imaging data.

We divide our velocity fields into three main classes:

1. Regular: velocity field with regular rotation pattern andthe axis for rotation being the same
with major axis from optical image. The velocity dispersionmap shows a clear peak near
the center of the galaxy from the optical image and velocity field.

2. Distorted: deviation from a regular velocity field can be:asymmetrical features, peculiari-
ties in the inner region or suddenly decreasing velocity in the outer part. The rotation axis
is not the same with the major axis from optical image or the position of velocity disper-
sion peak has an offset from the center of the galaxies. Within this classification we also
differentiate whether the distortion is mild or strong depending on the quantity of the dis-
tortion (e.g. offset of kinematic center and optical center, decreasing velocity at the outer
part). We measure the kinematic center in the spatial XY plane of the image and we set a
threshold for the distortion level. We decided to declare offsets which less than our spatial
sampling (0.33” and 0.67”) to be considered as mild distortions.

3. Unclear: velocity field with not so much structure, the signal for few emission lines being
rather faint, we previously assigned a ”bad” flag for this velocity field.

Using this main idea we construct a quantitative classification scheme using measurable param-
eters for our velocity fields and we use it for decision matrixto classify our velocity fields into
those three main classes.
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Results: Black hole parameters and physical conditions of

the ionized gas

In this and next chapter 6 we will present the results of the analysis described in the previous
chapter 4. We divide the results into information derived from emission line strengths (chapter
5) and kinematic properties (chapter 6).

For these results we can fully exploit our integral field spectroscopy data, allowing us to truly
analyze the spatially resolved physical conditions, e.g. of the ionized gas over the full extent of
a galaxy, as a difference to e.g. SDSS, which only covers the central 3′′

5.1 Black hole parameters

Using the broad line fitting procedure for the Hβ system which we described in chapter 4, we
determine black hole parameters as a baseline to characterize the mass scale of the galaxies
in our analysis. We summarize the derived black hole parameters (line dispersion, bolometric
luminosity, mass and Eddington ratio) of our quasars in table 5.1.

5.2 BPTdiagrams

By tracing the physical condition of the ionized gas throughits emission line ratios we can
investigate the dominating photoionization source. Usingthe BPT diagram we can distinguish
whether the ionized gas is ionized by hot young massive starsin HII regions, shocks, or an AGN.
In figures 5.1 - 5.12 we show BPT diagrams of extended emissionline regions for quasar host
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Table 5.1: Black hole parameters.

Name Hβ Continuum Log Bolometric Log BH mass Eddington
line dispersion luminosity at 5100 Å luminosity ratio

(km/s) (erg/s)
HE0952-1552 2862 2.88×1040 45.12 8.47 0.04
HE1019-1414 1612 7.10×1039 44.51 7.65 0.06
HE1020-10221 - - - - -
HE1029-1401 2500 1.56×1041 45.85 8.73 0.11
HE1043-1346 1791 7.56×1039 44.54 7.76 0.05
HE1110-1910 2145 2.98×1040 45.14 8.22 0.06
HE1201-24092 - - - - -
HE1228-1637 1479 1.74×1040 44.90 7.78 0.10
HE1237-2252 2507 1.40×1040 44.81 8.19 0.03
HE1239-2426 1435 1.46×1040 44.83 7.72 0.10
HE1254-0934 2674 1.38×1041 45.80 8.76 0.09
HE1300-1325 2321 6.91×1039 44.50 7.96 0.03
HE1310-1051 1790 4.25×1039 44.29 7.63 0.04
HE1315-1028 1970 7.87×1039 44.56 7.85 0.04
HE1335-0847 1092 6.76×1039 44.49 7.30 0.12
HE1338-1423 1300 1.18×1040 44.73 7.58 0.11
HE1405-1545 1445 5.53×1040 45.40 8.02 0.19
HE1416-1256 2225 2.68×1040 45.09 8.23 0.06
HE1434-16002 - - - -

Notes: 1 We cannot determine black hole parameters for HE 1020–1022 because bad
spectrophotometry condition during the observation. 2 We cannot determine black hole
parameters for HE 1201–2409 and HE 1434–1600 due to bad positioning during the
observations hence we cannot cover the quasar extension optimally.
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galaxies in our sample. We identified for each object distinct knots/regions of emission in Hβ and
Hα flux maps and show the line ratios for these regions. At this moment we only able to show
BPT diagram for 12 objects, the reason where we cannot present for all objects for example due
to bad spectrophotometry, low signal (either for Hβ and Hα system or only one) so we cannot
construct the BPT diagram for those objects.

Figure 5.1: Ionization state of HE 1019–1414.Left : flux map in Hβ and regions where spec-
tra were coadded before applying our emission line fitting procedure to extract line fluxes to
construct the BPT diagram.Left : The BPT diagram of the region to the left. The solid line
is demarcation line to distinguish between AGN and star forming galaxies fromKewley et al.
(2001) and dotted line based on empirical data from the SDSS (Kauffmann et al. 2003). Region
A contains the AGN flux which also ionizes the ”complete region”.
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Figure 5.2: Ionization state of HE 1029–1401, for explanation see Fig. 5.1. The ionized gas of
this elliptical galaxy is ionized by AGN in the center but we still cannot ruled out contribution
from young and hot stars.

Figure 5.3: Ionization state of HE 1043–1346, for explanation see Fig. 5.1. For this galaxy all
regions are dominated by radiation from star formation.
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Figure 5.4: Ionization state of HE 1237–2252, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are a mix of the AGN (in the center, region A)
and some parts of its surrounding, as well as star formation.

Figure 5.5: Ionization state of HE 1239–2426, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are a mix of the AGN as well as star formation.
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Figure 5.6: Ionization state of HE 1254–0934, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are the AGN including at the outer region (region
F).

Figure 5.7: Ionization state of HE 1310–1051, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are the starformation and possible AGN in the
center part.
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Figure 5.8: Ionization state of HE 1315–1028, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are the AGN based on combined flux from region
A and B.

Figure 5.9: Ionization state of HE 1338–1423, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are the AGN for every region shown in the left
figure.
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Figure 5.10: Ionization state of HE 1405–1545, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are mixed between the AGN surrounding the
center of this system and star formation in one region (E) faraway from the center.

Figure 5.11: Ionization state of HE 1416–1256, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are mixed between the AGN and star formation.
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Figure 5.12: Ionization state of HE 1434–1600, for explanation see Fig. 5.1. Here the ionization
sources for the extended emission lines regions are the AGN.
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Results: Kinematics properties of quasar host galaxies

The central analysis and diagnostic of this work is the interpretation of the kinematic properties
of the quasar host galaxies in our sample. We put specific emphasis on the presence of mild
or strong distortions, as we summarize in section 6.2. Before this, we present the results of the
individual kinematical analysis for our sample objects.

6.1 Optical images and Velocity fields

In the following, we present our emission lines gas velocityfields and velocity dispersion maps,
as well as circular velocity and harmonic decomposition models as described in section 4.2.
Optical images are also shown as reference. For each object we highlight key properties and
features. We summarize information on offset of the kinematic models in table 6.1. in this
section.

6.1.1 HE0952− 1552

In general, the velocity map (Figure6.1c) shows symmetric rotation structure except for the
region with two velocity components at 2′′ to the north of the image center. We categorized this
as ”mildly disorted” in Table6.2.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6.1: Kinematical analysis for HE 0952–1552. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e) best
circular velocity model and (f ) residuals after subtracting the observed velocity field with circular
velocity model, (g) full harmonic decomposition velocity model and (h) residuals after subtract-
ing the observed velocity field with harmonic decompositionvelocity model. North is up, East
is left.
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6.1.2 HE1019− 1414

A disk galaxy with a clear tidal tail feature to the North and acompanion within the tidal tail.
Unfortunately, the data is not good enough to traces the tidal tail on our maps. The velocity field
shows ordered rotation in the main body of the host galaxy. Wesee some mild distortions in the
velocity field.

6.1.3 HE1020− 1022

Data for this host galaxy were insufficient for kinematical analysis. We omit this object from
further analysis after the quasar–host galaxy decomposition.

6.1.4 HE1029− 1401

Inner region shows a rotational profile (Fig.6.3c) and for the harmonic expansion analysis we
exclude the tidal tail. The best circular velocity model produces a residual where we can see
two arm-like velocity structures structure with opposite velocities. The one which is blueshifted
with respect to the center extents from the South-West to theNorth-West direction of the quasar
position and the other one, which is redshifted extents fromthe North-East to the South-East.
The redshifted arm seems to be connected with the outer tidaltail.

The rotational curve is regular for the inner part and there is a tendency to decreasing velocities
toward the outer regions. Since the kinematic center is not offset from the optical center, we still
classify this galaxy as being kinematically mildly distorted.

6.1.5 HE1043− 1346

Very regular velocity field (Fig.6.4c). Our best circular velocity model suggests some low level
decoupled center, but nothing pointing to distortions froma recent interaction.

6.1.6 HE1110− 1910

An elliptical galaxy with a confirmed companion to the North-West. The host galaxy spectrum
produced from our quasar–host galaxy decomposition methodis really faint hence we cannot do
kinematic analysis for this object. We summarized as ”Unclear class”.
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Figure 6.2: Kinematical analysis for HE 1019–1414. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e) best
circular velocity model and (f ) residuals after subtracting the observed velocity field with circular
velocity model, (g) full harmonic decomposition velocity model and (h) residuals after subtract-
ing the observed velocity field with harmonic decompositionvelocity model. North is up, East
is left.
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(g) (h)

Figure 6.3: Kinematical analysis for HE 1029–1401. Shown are (a) optical broad-band image,
(b) [OIII] λ5007 flux map from VIMOS, (c) [OIII] λ5007 velocity field, (d) [OIII] λ5007 velocity
dispersion map, (e) best circular velocity model and (f ) residuals after subtracting the observed
velocity field with circular velocity model, (g) full harmonic decomposition velocity model and
(h) residuals after subtracting the observed velocity field with harmonic decomposition velocity
model. North is up, East is left.
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Figure 6.4: Kinematical analysis for HE 1043–1346. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e) best
circular velocity model and (f ) residuals after subtracting the observed velocity field with circular
velocity model, (g) full harmonic decomposition velocity model and (h) residuals after subtract-
ing the observed velocity field with harmonic decompositionvelocity model. North is up, East
is left.
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(a) (b)

(c) (d)

Figure 6.5: Kinematical analysis for HE 1110–1910. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map. North is
up, East is left.
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6.1.7 HE1201− 2409

A symmetric elliptical galaxy. Even though our observationcovers only half of the host galaxy,
the flux map shows no additional structure and the velocity field indicates purely rotational mo-
tion (Fig.6.6c).

6.1.8 HE1228− 1637

The velocity field shows rotation motion in the inner part andstarting from∼ 6.4 kpc, further
outside it deviates from pure rotation motion. We classify this as mildly distorted.

This quasar shows both in the image and velocity field ((Fig.6.8a) and (Fig.6.8c) respectively)
an extra structure to the south. The fit is reasonably well with one component for the other part of
the host galaxy except this region. A fit with multiple Gaussians provides two separate velocity
components in this region. Kinematically this is still classified as mildly distorted according to
our scheme.

6.1.9 HE1237− 2252

6.1.10 HE1239− 2426

This host galaxy is one of the best example for kinematic modeling in our sample(Fig.6.9). The
velocity map and rotation curve indicate a simple rotating disk and the velocity dispersion is
large (∼ 150 km/sec) in the inner region and in the brightest spot in the spiral arm in North-East
direction. Both these regions of the host galaxy The latter are two regions of the host galaxy are
actually dispersion dominated.

The residual map after subtracting circular velocity field model from the observed velocity map
shows only∼ 20 km/sec residuals along the spiral structure. This is clearly kinematically undis-
torted galaxy.

6.1.11 HE1254− 0934

The velocity field (Fig.6.10c) exhibits complex structures with a rotational profile for the first
companion to the West, and a tidal tail which is also detectedin the optical image. Surprisingly
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Figure 6.6: Kinematical analysis for HE 1201–2409. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e) best
circular velocity model and (f ) residuals after subtracting the observed velocity field with circular
velocity model, (g) full harmonic decomposition velocity model and (h) residuals after subtract-
ing the observed velocity field with harmonic decompositionvelocity model. North is up, East
is left.
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Figure 6.7: Kinematical analysis for HE 1228–1637. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e) best
circular velocity model and (f ) residuals after subtracting the observed velocity field with circular
velocity model, (g) full harmonic decomposition velocity model and (h) residuals after subtract-
ing the observed velocity field with harmonic decompositionvelocity model. North is up, East
is left.
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Figure 6.8: Kinematical analysis for HE 1237–1552. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e) best
circular velocity model and (f ) residuals after subtracting the observed velocity field with circular
velocity model, (g) full harmonic decomposition velocity model and (h) residuals after subtract-
ing the observed velocity field with harmonic decompositionvelocity model. North is up, East
is left.
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Figure 6.9: Kinematical analysis for HE 1239–2426. Shown are (a) optical broad-band image,
(b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e) best
circular velocity model and (f ) residuals after subtracting the observed velocity field with circular
velocity model, (g) full harmonic decomposition velocity model and (h) residuals after subtract-
ing the observed velocity field with harmonic decompositionvelocity model. North is up, East
is left.
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we detect another tidal tail in the opposite direction whichis not detected in the optical image.
This galaxy is kinematically very strongly distorted galaxy.

(a) (b)

(c) (d)

Figure 6.10: Kinematical analysis for HE 1254–0934. Shown are (a) optical broad-band im-
age, (b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e)
best circular velocity model and (f ) residuals after subtracting the observed velocity field with
circular velocity model, (g) full harmonic decomposition velocity model and (h) residuals after
subtracting the observed velocity field with harmonic decomposition velocity model. North is
up, East is left.

6.1.12 HE1300− 1325

The velocity field (Fig.6.11c) reveals only some coordinated rotation in the host galaxy and it
deviates from circular rotation immediately outside the center based from our modeling. Basi-
cally, any rotation model is a very poor fit, hence we also classify this galaxy as very distorted.
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Figure 6.11: Kinematical analysis for HE 1300–1325. Shown are (a) optical broad-band image,
(b) [OIII] λ5007 flux map from VIMOS, (c) [OIII] λ5007 velocity field, (d) [OIII] λ5007 velocity
dispersion map, (e) best circular velocity model and (f ) residuals after subtracting the observed
velocity field with circular velocity model, (g) full harmonic decomposition velocity model and
(h) residuals after subtracting the observed velocity field with harmonic decomposition velocity
model. North is up, East is left.
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6.1.13 HE1310− 1051

From our kinematic modeling, this host galaxy has coordinated rotational motion only inside 4
kpc from the center, outside of this substantial peculiar velocities dominate. This galaxy also
qualifies as strongly distorted, fulfilling (”yes”) 3 out of 4distorted kinematic criteria.

6.1.14 HE1315− 1028

We classify this galaxy as unclear class due to low signal host galaxy (see Fig.6.13).

6.1.15 HE1335− 0847

Similar with HE 1315–1028, due to low signal of the host galaxy we classify this object as
unclear class.

6.1.16 HE1338− 1423

The residual from our best circular rotation model (Fig.6.15f) shows two velocity structures
with different velocities. One, in the Eastern part of the host galaxy, being clearly a peculiar
extra component. apart from this there is substantial twisting of the velocity field but no strong
indicator for substantial distortions.

6.1.17 HE1405− 1545

Surprisingly for an obviously interacting system, the whole system shows only rotational motion
(see Fig.6.16c), except that the residual shows a second distinct velocitystructure. with different
velocity. It lies East-Wesr and shows velocities of∼ + 40 km/sec and∼ − 50 km/sec, respec-
tively, with respect to the quasar. From kinematics alone, this system is only mildly distorted.

6.1.18 HE1416− 1256

The velocity field (Fig.6.17c) exhibits rotation in the host galaxy plus a tidal tail, blueshifted near
the host galaxy with velocity∼ 40 km/sec. The inner region has circular motion until distance∼
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Figure 6.12: Kinematical analysis for HE 1310–1051. Shown are (a) optical broad-band image,
(b) [OIII] λ5007 flux map from VIMOS, (c) [OIII] λ5007 velocity field, (d) [OIII] λ5007 velocity
dispersion map, (e) best circular velocity model and (f ) residuals after subtracting the observed
velocity field with circular velocity model, (g) full harmonic decomposition velocity model and
(h) residuals after subtracting the observed velocity field with harmonic decomposition velocity
model. North is up, East is left.
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(a) (b)

(c)

Figure 6.13: Kinematical analysis for HE 1315–1028. Shown are (a) Hα flux map from VIMOS,
(b) Hα velocity field, (c) Hα velocity dispersion map. North is up, East is left.



68 CHAPTER 6

(a) (b)

(c)

Figure 6.14: Kinematical analysis for HE 1335–0847. Shown are (a) [OIII] λ5007 flux map from
VIMOS, (b) [OIII] λ5007 velocity field, (c) [OIII] λ5007 velocity dispersion map. North is up,
East is left.



RESULTS: KINEMATICS PROPERTIES OF QUASAR HOST GALAXIES 69

(a) (b)

(c) (d)

(e) (f)
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Figure 6.15: Kinematical analysis for HE 1338–1423. Shown are (a) optical broad-band im-
age, (b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e)
best circular velocity model and (f ) residuals after subtracting the observed velocity field with
circular velocity model, (g) full harmonic decomposition velocity model and (h) residuals after
subtracting the observed velocity field with harmonic decomposition velocity model. North is
up, East is left.
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(a) (b)
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(e) (f)

(g) (h)

Figure 6.16: Kinematical analysis for HE 1405–1545. Shown are (a) optical broad-band im-
age, (b) Hα flux map from VIMOS, (c) Hα velocity field, (d) Hα velocity dispersion map, (e)
best circular velocity model and (f ) residuals after subtracting the observed velocity field with
circular velocity model, (g) full harmonic decomposition velocity model and (h) residuals after
subtracting the observed velocity field with harmonic decomposition velocity model. North is
up, East is left.
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6.7 kpc from the center. The South-East tail consists of two velocity structures, blueshifted near
the host galaxy and redshifted in the remaining part. we consider this system as mildly distorted
based on our classification scheme.

6.1.19 HE1434− 1600

Unfortunately, our observation cannot covers the whole object extension. The velocity field
shows rotation motion of the ionized gas (Fig.6.18c) .

6.2 Velocity classification results

Here we describe our classification in more detailed. We use these parameter to analyze the
velocity fields and to classify the distortion level:

1. Interaction signatures: galaxies interaction can change original morphology of velocity
fields and produce additional features for example tidal tail, bridge etc.

2. Kinematics center: interaction also can produce an offset between center of the optical
image and center of the velocity field from emission line.

3. Rotation curve irregularity: deviation from regular rotational velocity curve can be a dip
or decreasing rotation velocity at the outer part.

4. Dispersion map profile irregularity: distorted dispersion map will not shows a clear peak
of dispersion velocity near the kinematic center.

Using those parameters which we describe in section 4.2.2 weclassify the state of each host
galaxy kinematic as already stated in the description of each object above. We summarize this
in Table 6.2 in the shape of a ”decision matrix” to classify our velocity fields. The optical
classification comes fromJahnke et al.(2004a), who provide a classification for morphological
type (disk-, spheroid-dominated) and distortions. We update the latter for those objects with new
HST imaging data, which largely confirms the previous classification. If a velocity field does not
(”no”) satisfy any parameters we classify it as ”regular” velocity field. For ”distorted” class we
divide into two sub-classes: strongly distorted and mildlydistorted. If a velocity field 3 or all of
the criteria (”yes”) then we classify it as ”strongly distorted”, and one or two of the criteria as
”mildly distorted” velocity field. Table6.2summarizes our final kinematical classification.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6.17: Kinematical analysis for HE 1416–1256. Shown are (a) optical broad-band image,
(b) [OIII] λ5007 flux map from VIMOS, (c) [OIII] λ5007 velocity field, (d) [OIII] λ5007 velocity
dispersion map, (e) best circular velocity model and (f ) residuals after subtracting the observed
velocity field with circular velocity model, (g) full harmonic decomposition velocity model and
(h) residuals after subtracting the observed velocity field with harmonic decomposition velocity
model. North is up, East is left.
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Figure 6.18: Kinematical analysis for HE 1434–1600. Shown are (a) optical broad-band image,
(b) [OIII] λ5007 flux map from VIMOS, (c) [OIII] λ5007 velocity field, (d) [OIII] λ5007 velocity
dispersion map, (e) best circular velocity model and (f ) residuals after subtracting the observed
velocity field with circular velocity model, (g) full harmonic decomposition velocity model and
(h) residuals after subtracting the observed velocity field with harmonic decomposition velocity
model. North is up, East is left.



74 CHAPTER 6

Table 6.1: Summary of the kinematics parameters.

Name Offset of the kinematics center Position Angle (PA) Inclination Quality Flag
(arcsec) (Degrees) (Degrees)

(1) (2) (3) (4)

HE 0952–1552 0.243+0.005
−0.038 0.16+0.25

−0.21 50.31+5.35
−0.36 1

HE 1019–1414 0.449+0.046
−0.301 138.43+21.83

−1.39 49.56+2.48
−9.93 1

HE 1020–1022 – – – 0

HE 1029–1401 0.038+0.041
−0.048 160.00+0.00

−0.00 36.96+5.21
−2.77 1

HE 1043–1346 0.150+0.171
−0.195 206.68+1.30

−9.44 41.80+0.67
−0.74 1

HE 1110–1901 – – – 0

HE 1201–2409 0.292+0.182
0.062 −188.74+5.12

−2.92 38.15+0.96
−2.66 1

HE 1228–1637 0.298+0.023
−0.235 −80.00+0.00

−0.00 57.10+0.00
−1.62 1

HE 1237–3352 0.249+0.193
−0.041 −136.33+3.91

−3.70 41.78+0.63
−1.04 1

HE 1239–2426 0.205+0.034
−0.084 −30+0.00

−0.00 36.24+1.11
−2.33 1

HE 1254–0934 2.661+0.251
−0.209 −105.69+4.08

−4.74 51.65+1.77
−2.73 1

HE 1300–1325 0.639+0.009
−0.521 40.00+0.00

−0.00 65.18+0.11
−0.10 1

HE 1310–1051 0.913+0.146
−0.096 −110.00+0.00

−0.00 39.32+2.82
−0.41 1

HE 1315–1028 – – – 0

HE 1335–0847 – – – 0

HE 1338–1423 0.234+0.097
−0.458 −89.59+2.91

−0.43 57.06+0.21
−0.38 1

HE 1405–1545 0.278+0.018
−0.023 20.00+0.00

−0.00 27.72+1.90
−0.91 1

HE 1416–1256 0.281+0.118
−0.114 90.14+6.69

−13.95 52.73+9.80
−10.44 1

HE 1434–1600 0.911+0.219
−0.197 161.29+10.32

−9.88 49.28+3.52
−2.47 1

Notes. (1) Name from original catalogue; (2) Offset of the kinematic center of the host galaxies
relative to the QSO position; (3) Position angle of the ellipses for the kinematics model,
measured from North to East; (4) Inclination of the the ellipses for the kinematics model; (5)
Quality flag of the observed velocity field (0= bad and 1=good)
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Table 6.2: Summary of velocity field classification.

Name Interaction Kinematic Rot. curve Disp. map Kinematics Optical
signatures center irregularity irregularity classification classification

HE0952–1552 no no yes no Distorted (mild) Disk - undistorted
HE1019–1414 no no yes yes Distorted (mild) Disk - distorted
HE1020–1022 - - - - Unclear Spheroid - undistorted
HE1029–1401 yes no yes no Distorted (mild) Spheroid - distorted
HE1043–1346 no no no no Regular Disk - undistorted
HE1110–1901 - - - - Unclear Spheroid - undistorted
HE1201–2409 no no yes yes Distorted (mild) Spheroid - undistorted
HE1228–1637 no no yes yes Distorted (mild) Spheroid - distorted
HE1237–2252 no no yes yes Distorted (mild) Disk - distorted
HE1239–2426 no no no no Regular Disk - undistorted
HE1254–0934 yes yes yes yes Distorted (strong) Disk - distorted
HE1300–1325 yes no yes yes Distorted (strong) Spheroid - distorted
HE1310–1051 yes yes yes no Distorted (strong) Disk - distorted
HE1315–1028 - - - - Unclear Disk - distorted
HE1335–0847 - - - - Unclear Spheroid - undistorted
HE1338–1423 no no yes no Distorted (mild) Disk - distorted
HE1405–1545 yes no no no Distorted (mild) Disk - distorted
HE1416–1256 yes no no yes Distorted (mild) Spheroid - undistorted
HE1434–1600 no no yes yes Distorted (mild) Spheroid - distorted





7
Discussion and Conclusions

Galaxy merger has been proposed as one of the effective way to ignite AGN activity due to its
efficiency in reducing angular momentum and bring gas to the center region. In this thesis we
want to explore and investigate the importance of major merger for quasar fueling mechanism. A
galaxy’s morphology records the history of the galaxy, fromthe early time of formation until we
observed it today and as a result of how the galaxy was affected by internal and external factors.
The optical morphology represents only the distribution ofstars within a galaxy. In order to
study the gaseous par of the galaxy we have to either use very expensive radio observations
for the cold gas or narrow band imaging or spectroscopy to study the warm gas components.
With the presented integral-field spectroscopy data we didithe latter. Galaxy interactions can
change the distribution of stars and gas. Stars and gas behave differently during an interaction
because gas can respond to the pressure and friction not onlyto gravity as the stars. In order to
get a complete picture of a galaxy’s (recent) interaction history, it is advised to use imaging and
spectroscopy data as two complementary approaches.

Building on our VIMOS IFS data, we complement this spectroscopy with imaging data collected
from ground based observation (already analyzed byJahnke et al.(2004a)) and also new Hubble
telescope observations drawn from the HST archive. Main goal of this work is to investigate how
to ignite quasar activity and importance of major merger as one of quasar fueling mechanism.

Our results provide preliminary answer to one of the main question on quasar fueling mechanism:
Does major merger is the most dominant physical mechanisms to ignite quasar activity? We use
advantages of spatially resolved capability of integral filed spectroscopy. We reported our data
sample and observation in chapter 2. Data reduction and preparation to produce nuclear data
cube and host galaxy data cube separately summarized in Chapter 3. We applied quasar – host
galaxy decomposition method by previous study which is usedfor long slit spectroscopy to our
integral field spectroscopy data. We added modification withiterative subtraction of host galaxy

77
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contribution to the quasar spectrum. We checked our decomposition results using quasar host
galaxy broad band photometry and examined whether broad line feature still left from quasar host
galaxy spectrum. The results enable us to study spatially resolved quasar host galaxy properties
for type 1 quasar and determine black hole parameters from quasar data cube.

We summarized our method to determine black hole parameters, physical conditions of the ion-
ized gas and kinematics in chapter 3 and we reported our results into two chapters, black hole
parameters and physical conditions of the ionized gas in Chapter 5 and kinematics properties of
quasar host galaxies in Chapter 6. In this last chapter, we will elaborate our results and connect
with main question which we would like to addressed as motivation for this work.

7.1 Linking together all results

To summarize, some important results from this work are:

1. We applied a quasar–host galaxy decomposition method to asample of 19 type 1 quasars
observed with the VIMOS IFU on the VLT. This enables us to study their spatially resolved
host galaxy properties. We have also measured their supermassive black hole properties
(such as black hole mass and Eddington ratio). For this we useas ingle epoch observation
method with the Hβ broad emission line and optical continuum. This allows a proper
analysis and interpretation of distortion signatures as a function of black hole mass.

2. We characterized the kinematic properties of the host galaxy velocity field derived from
their emission lines. We quantify distortion signatures onvelocity field and construct clas-
sification scheme to distinguish between distortion classes respectively. Then, we com-
pared distortion signatures between the imaging and kinematic parts of our study. We
found that both generally consistent.

3. Fraction of distorted galaxies in our sample is large.Based on morphological study
by Jahnke et al.(2004a), 62.5 % of our host galaxies classified as distorted galaxies and
from our kinematics analysis, 68.75 % classified as distorted galaxies. According to our
classification, majority are mildly distorted class and only three objects can be categorized
strongly distorted class.

4. Consistency of imaging data and integral field spectroscopydata. Our conclusion
drawn from comparing numbers and cases of undistorted/mildly/strongly distorted on kine-
matic side and imaging side. Ionized gas and stellar distribution can be different even
though they located in the same gravitational potential. Wefound a good agreement for
that both distributions. For some objects their distribution can be different for example
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HE1029-1201 and HE 1416–1256 where from Hubble imaging datausing WFPC2 camera
we see only elliptical galaxies but from ionized gas maps we can see strong tidal tails.
Possible explanations are stellar tidal tails are really faint hence not detected in imaging
data. Both information are complementary for large scale perturbation. The difference also
manifests on the classification of distorted or undistortedgalaxy. As one of main goal of
this thesis we construct a classification scheme for kinematics properties of or quasar host
galaxies as described in chapter 4 and 6.

5. With the incidence of merger signatures now established,we test a possible relation be-
tween interaction state of the host galaxy and level of blackhole accretion. We found
no significant impact of a galaxy’s interaction state on the quasar activity in our sam-
ple based on both imaging and kinematics analysis, as shown in Fig. 7.1. We plot
Eddington ratios as function of black hole mass with state and level of distortion as third
parameter both from imaging and kinematics analysis. We found that in general there is no
relation between black hole activity and host galaxies level of distortion within our quasar
sample. Two objects at high mass end with high accretion rateare HE1029–1401 and
HE1254–0934. HE1029–1401 is most luminous quasar in our sample and has shell-like
structure at the outer part. Ionized gas distribution showscomplex structure with bi-conic
structure and arc structure in the outer part. One possible explanation is this host galaxy
experienced minor merger. HE1254–0934 is clearly an ongoing major merger system with
tidal features both in the imaging and ionized gas distribution and it has really complex
velocity structure.

Comparison with two previous studies we mentioned before shows a difference. First,
Letawe et al.(2007) used imaging data and radial velocity curves to characterize gravita-
tional interaction for their sample and they reported that there were difference of quasar
activity level due to gravitational interaction. Second study by Dumas et al.(2007) used
imaging and a kinematical analysis of 2D velocity field from ionized gas and stellar com-
ponents. Our quasars sample is located between the samples of Dumas et al.(2007) and
Letawe et al.(2007) (in terms of redshift and AGN luminosity, see Fig.2.1).

Dumas et al.(2007) investigated 7 pairs of Seyfert galaxies and a matched comparison
sample inactive galaxy. From their kinematical analysis they reported that two out of seven
Seyfert galaxies does not have phase angle misalignment between ionized gas and stellar
component, indicates co-rotation behavior for majority. Some distortion features were also
detected from velocity fields.

Letawe et al.(2007) sample consists of 20 bright low-redshift quasars. They conclude that
the accretion rate is larger for the interacting system. It could be an over interpretation if we
compare the accretion rate for interacting and non-intearcting system from their sample.
We also compare the accretion rates for the three samples. Accretion rate is one indication
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(a) Optical distortion and Eddington ratio. (b) Kinematical distortion and Eddington ratio.

Figure 7.1: Accretion rate vs. distortion state and black hole mass for optical from images (left)
and kinematical classification (right ). Left panel: Squares represent disk dominated galaxies,
circles represent bulge dominated galaxies and triangles for galaxies with unclear morphology.
Filled symbols are for host galaxies with distortion signature and empty symbols for undistorted
host galaxies.Right panel: Squares represents regular velocity fields, triangle distorted velocity
fields, where ordinary triangles stand for mildly distortedgalaxies and upside down triangles for
strongly disturbed galaxies and circles for unclear cases.It is obvious from both classifications
that there is no dependency of accretion rate on neither black hole mass nor distortion state. All
quasars, independent of their distortion state accrete at afew percent of their Eddington rate.
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Distorted/Interacting Undistorted/Non-interacting
Dumas et al.(2007) 1.94× 10−3

± 3.78× 10−6
±

This work 0.34± 0.12 0.09± 0.03
Letawe et al.(2007) 1.11± 0.77 0.67± 0.39

Table 7.1: Comparison of accretion rates for interacting and non-interacting system based on our
work with Dumas et al.(2007) andLetawe et al.(2007) results.

of black hole activity and we can determine using the following formula:

Ṁ =
Lbol

ηc2
, (7.1)

Where Ṁ is mass accretion rate,Lbol is bolometric luminosity,c is speed of light and
η is efficiency factor. We assume efficiency factor 0.1 same with other two works. We
summarize mass accretion rate which we already computed in Table7.1. Within the error
bars accretion rates forLetawe et al.(2007) sample are comparable, the same case also
with our sample. Hence, implies there is no dependency of black hole activity with state
of interaction of the host galaxy.

The complementary approach to interpret our results is to compare to numerical simulations.
Unfortunately we are limited by only a small number of available galaxy merger simulations.
This approach in principle requires a large number of simulations which can be modified and
followed over cosmological time scales. An example of how successful this approach can be is
work by Green et al.(2010) who required to perform∼ 200 simulations to achieved a suitable
match for observational data of a binary quasar. From their comparison they can derive the
properties of the progenitor galaxies for that particular merging system and followed all physical
processes during the merging sequence such as star formation and black hole growth.

For our work, we set a less ambitious goal thanGreen et al.(2010). We would like to utilize an
existing numerical simulation to determine in which phase of a merger sequence our quasar host
galaxies could be situated. We adopt the quantitative merger phase classification byLotz et al.
(2008) with their six merger steps: pre-merger, first pass, maximal separation, final merger, post-
merger, merger remnant, defining all important phase of the merger process. For this work, It
will be impossible to make a direct quantitative assessmentof time scales at the moment, hence
we divide merger process only into three phases: pre-merger(where two galaxies still separate),
final merger (two nuclei merge) and post-merger (relaxationprocess).

We compare imaging data and kinematic properties which we presented in Chapter 6 with a
representative numerical simulation of major merger of twogas rich disc galaxies shown in
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Fig. 7.2below. Under the assumption, that all or quasar would be in a merger process, 18% host
galaxies would be classified from their visual and kinematical appearance as pre-merger, 29%
as final merger and the remaining 53% as in post-merger phase.This suggests that most of our
quasar host galaxies are not in the situation where their nuclei merge to form a more massive
black hole and where the simulation claims the quasar activity to be in its most active phase.
Most of our quasar host galaxies show less signature of distortion and would be in pre-merger
phase or post merger phase. For this interpretation, we haveto consider gravitational interaction
signature lifetimes. Signature of gravitational interaction can disappear after a few rotation cycles
< 1 Gyr (Kronberger et al. 2006), which is long compared to typical quasar life times, henceour
interpretation would be unaffected by this disappearance.

Figure 7.2: One example of matching experiment by (Green et al. 2010). Crosses indicates QSO
position. First column displays gas distribution and second column stars distribution. Of this
four panels, first row and second row are different in orientation. The last column shows star
formation rate, black hole mass and accretion rate as a function of time. Red diamond symbols
represent phase where snapshots of previous columns happened.

However, galaxies merging is a complex physical mechanism and observational data only take a
”snapshot” image. Ideally, we would like to know the historyof a merging or also non-merging
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galaxies and how its physical properties change with time. Numerical simulation can in prin-
ciple provide this insight and there have been rapid development in this field since the famous
paper byToomre & Toomre(1972) . Here we list some parameters which centrally shaping the
progression of the merger process:

1. Mass ratio of the progenitor galaxies. This defines a merger process as a major merger
(mass ratio larger than 1:3) or minor merger (mass ratio lessthan 1:3).

2. Gas content of progenitor galaxies. Gas is a major component of a galaxy and is dissipa-
tional. Gas behaviour during a major merger will be different to pure dark matter and stars
which are both collisionless, resulting different physical processes.

3. Progenitor galaxy structure (pure disk galaxy or disk galaxy with bulge).

4. Orbital geometry (prograde or retrograde encounter)

5. Orbital parameters, such as eccentricity

Some caveats of our approach:

1. Merger history of a galaxy. We do not have the record how many merger a galaxy experi-
ence since its formation. Merger history and fraction papers.

2. End results of this numerical simulation is an early type galaxy. Disk survival

3. Different regimes of black hole mass and mass accretion rate.

4. Finally, on the empirical side, the available imaging data quality.

Regarding the big picture about how to ignite nuclear activity, our results provides pieces of puz-
zle because our observation only probe kpc scale whereas to have better understanding of what
and how physical mechanisms which can fuel nuclear activitywe have to probe until smaller
scale (event horizon of the supermassive black hole). Nevertheless, there are (possible) connec-
tion for what we observed at large scale with smaller physical scale.Hopkins & Quataert(2010)
showed self sustained structure (structure within structure) from numerical simulation. This
structure within structure mechanisms can bring gas from kpc scale until 0.1 pc. The ultimate
goal is to probe various physical scale and every possible physical mechanisms and following
with time if it is possible.

In summary, even the comparison with this single numerical simulations shows that it is highly
unlikely that all or majority of our quasars is currently in the most intense part of merger induced



84 CHAPTER 7

black hole accretion, making a merger-triggering unlikely. Again, this is fully consistent with
our finding in number 5 mentioned before. We draw the conclusion: Major mergers are not the
dominating trigger for black hole growth in our sample.

7.2 Concluding remarks and Future Outlook

We have presented the analysis of a spatially resolved kinematics study of quasar host galaxies
at redshift< 0.2. We also designed a classification scheme in order to classify velocity field of
the host galaxies to distinguish between distorted and regular velocity fields. The study shows
that the majority of the sample type 1 quasar host galaxies have distorted velocity field, though
mostly mildly distorted, and in general the classification is consistent with the impression from
a morphological study for the same objects. But, for some objects there are partially substantial
features which are not exist in the optical imaging when compared with emission line flux maps
and its velocity fields.

The work presented here immediately suggests future followup for further investigation and
improvement. On the observation side, we suggest to construct a comparison sample of inactive
galaxies with similar properties (z, L, M) also to be observed with integral field spectroscopy.
Our conclusion here are based only on quasar host galaxies and we still do not know whether
the frequency of mergers as indicated by distortion signatures, based on imaging and kinematics
data, is similar for a matched inactive galaxy sample. Conclusion drawn from a comparison
between quasar host galaxies and inactive galaxies will have a substantially stronger foundation
compared to quasar host galaxies studies alone. A beautifulexample is shown by (Cisternas et al.
2011) who present a study of type-1 AGNs and their matched comparison sample, using imaging
data. They found that there is no significant difference of the merger fractions for active and
inactive galaxies with similar physical properties. Theirresult has an important implication for
the physics of AGN fueling mechanism because they showed that major mergers is not the main
mechanism to ignite nuclear activity at 0.3 < z < 1.0. If we only use the merger fraction from
active host galaxies alone we cannot directly conclude whether major mergers are an important
physical process to ignite AGN or not. In order to achieve firmer conclusions, we suggest to
construct our own comparison sample, if publicly availableintegral field spectroscopy data sets
are not sufficient as we assume.

From the numerical simulation side regarding matching experiments of observational data and
simulations of merging galaxies. We referred before to the work by (Green et al. 2010) who did
a quantitative analysis of galaxy merger and potential black hole growth. At the moment, this
would be ideal as the type of comparison data we could use but we have limited resource for our
own major merger simulations. In the future, we suggest to use dedicated matching simulations
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for every single host galaxy, if it possible, in order to investigate also the time evolution of
merging system and the history of our sample objects – at least a potential history.

This work is not yet complemented with spatially resolved stellar population information. Stellar
population analysis can be important diagnostic for the pasdevelopment of our galaxies. In
theory, age dating of pas starburst episodes concurrent with a major merger is possible, however
a detailed analysis was, given the data quality and volume, beyond the scope of this work.

Adding and combining the knowledge obtained from this and past work with future studies will
allow to contribute for answering some questions which we addressed in the: how do black hole
grow inside galaxies and how do the impact to the galaxy evolution? In this work, we have at
least shown introduction chapter in order to have a good and better knowledge of active galactic
nuclei in particular and galaxies in general.





A
Appendix A: Results of the quasar – host galaxy

decomposition

The following figures document the quality and level of decomposition of quasar and host galaxy
light for our sample, as a result of the method described in section 3.3. For each object the
coadded spectrum of spaxels within 5 pixels radius is shown.Black: total spectrum, red: nu-
clear/quasar, blue: host galaxy. The host galaxy is shown again as zoomed-in version in the
bottom of each plot.
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(a) Spectrum of HE1019–1414 shows Hβ and [OIII] complex.

(b) Spectrum of HE1019–1414 shows Hα + [N II] complex.

Figure A.1: Quasar – host galaxy decomposition method for HE1019–1414. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1020–1022 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1020–1022 shows Hα + [N II] complex.

Figure A.2: Quasar – host galaxy decomposition method for HE1020–1022. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1029–1401 shows Hβ and [OIII] complex.

(b) Spectrum of HE HE 1029–1401 shows Hα + [N II] complex.

Figure A.3: Quasar – host galaxy decomposition method for HE1029–1401. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1043–1346 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1043–1346 shows Hα + [N II] complex.

Figure A.4: Quasar – host galaxy decomposition method for HE1043–1346. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1110–1910 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1110–1910 shows Hα + [N II] complex.

Figure A.5: Quasar – host galaxy decomposition method for HE1110–1910. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1201–2408 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1201–2408 shows Hα + [N II] complex.

Figure A.6: Quasar – host galaxy decomposition method for HE1201–2408. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1228–1637 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1228–1637 shows Hα + [N II] complex.

Figure A.7: Quasar – host galaxy decomposition method for HE1228–1637. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1237–2252 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1237–2252 shows Hα + [N II] complex.

Figure A.8: Quasar – host galaxy decomposition method for HE1237–2252. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1239–2426 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1239–2426 shows Hα + [N II] complex.

Figure A.9: Quasar – host galaxy decomposition method for HE1239–2426. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1254–0934 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1254–0934 shows Hα + [N II] complex.

Figure A.10: Quasar – host galaxy decomposition method for HE 1254–0934. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE1300–1325 shows Hβ and [OIII] complex.

Figure A.11: Quasar – host galaxy decomposition method for HE1300–1325. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1310–1051 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1310–1051 shows Hα + [N II] complex.

Figure A.12: Quasar – host galaxy decomposition method for HE 1310–1051. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1315–1028 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1315–1028 shows Hα + [N II] complex.

Figure A.13: Quasar – host galaxy decomposition method for HE 1315–1028. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1335–0847 shows Hβ and [OIII] complex.

Figure A.14: Quasar – host galaxy decomposition method for HE 1335–0847. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1338–1423 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1338–1423 shows Hα + [N II] complex.

Figure A.15: Quasar – host galaxy decomposition method for HE 1335–0847. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1405–1545 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1405–1545 shows Hα + [N II] complex.

Figure A.16: Quasar – host galaxy decomposition method for HE 1405–1545. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1416–1256 shows Hβ and [OIII] complex.

(b) Spectrum ofHE 1416–1256 shows Hα + [N II] complex.

Figure A.17: Quasar – host galaxy decomposition method for HE 1416–1256. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.
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(a) Spectrum of HE 1434–1600 shows Hβ and [OIII] complex.

(b) Spectrum of HE 1434–1600 shows Hα + [N II] complex.

Figure A.18: Quasar – host galaxy decomposition method for HE 1434–1600. (a) Spectrum with
Hβ and [OIII] complex. (b) spectrum with Hα + [N II] complex. Black: original spectrum, red:
scaled nucleus spectrum, blue: host galaxy spectrum without broad-line emission. We show the
host galaxy spectrum alone in the bottom panel for each figurefor clarity.





B
Appendix B: Black hole parameter measurements

We describe the fitting method for black hole parameters determination from Hβ and [OIII]
system for our quasar sample in Chapter 4 section 1.1.3. We present the best fit for each object in
this Appendix. Black line is the original spectrum, Gaussian profiles in blue color are the best fit
for Hβ narrow line components,, [OIII]λλ4959, 5007 lines and possible Fe complex. Gaussian
profiles are different for each object depending on the shape of [OIII] lines and strength of the
Fe complex. ack line is nuclear spectrum, gaussian profiles in blue color are best fit for Hβ
narrow line components, [OIII]λλ4959, 5007 lines and possible Fe complex. The straight line is
continuum determination and red filled circle shows the continuum flux at 5100Å. As mentioned
in section 1.1.3. we determine the line dispersion of Hβ line from the green spectrum, produced
from subtraction of gaussian profiles from the original nuclear spectrum.
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Figure B.1: Gaussians fitting for black hole parameter determination: HE 1019–1414.

Figure B.2: Gaussians fitting for black hole parameter determination: HE 1029–1401.
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Figure B.3: Gaussians fitting for black hole parameter determination: HE 1043–1346.

Figure B.4: Gaussians fitting for black hole parameter determination: HE 1110–1910.
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Figure B.5: Gaussians fitting for black hole parameter determination: HE 1228–1637.

Figure B.6: Gaussians fitting for black hole parameter determination: HE 1237–2252.
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Figure B.7: Gaussians fitting for black hole parameter determination: HE 1239–2426.

Figure B.8: Gaussians fitting for black hole parameter determination: HE 1254–0934.
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Figure B.9: Gaussians fitting for black hole parameter determination: HE 1300–1325.

Figure B.10: Gaussians fitting for black hole parameter determination: HE 1310–1051.
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Figure B.11: Gaussians fitting for black hole parameter determination: HE 1315–1028.

Figure B.12: Gaussians fitting for black hole parameter determination: HE 1335–0847.
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Figure B.13: Gaussians fitting for black hole parameter determination: HE 1338–1423.

Figure B.14: Gaussians fitting for black hole parameter determination: HE 1405–1423.
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Figure B.15: Gaussians fitting for black hole parameter determination: HE 1416–1256.
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