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Zusammenfassung

Die Kerne der meisten aktiven Galaxien (AGN) - wenn nicht sogar alle - beherbergen in

ihren Zentren ein super-massives Schwarzes Loch (SMBH). Dieses SMBH entwickelt sich

zusammen mit dem Bulge (der zentralen Verdickung einer Spiralgalaxie oder das Innere einer

Elliptischen Galaxie). Die Korrelation zwischen dem SMBH und den Entwicklingsprozessen

der Gastgalaxie ist bisher jedoch noch nicht vollständig verstanden. Das liegt unter anderem

daran, dass bisher in vielen Fällen Beobachtungen eindeutiger Hinweise auf eine solche En-

twicklung fehlen. In dieser Arbeit trage ich einige Teile des grossen Puzzels zur Entwicklung

und der Physik aktiver Galaxien bei.

Diese Arbeit ist in drei Hauptabschnitte unzterteilt:

Erstes Projekt: In diesem Projekt behandele ich eine Doppel-Keulen Radiogalaxie (’Double

- lobe’) die ideal dazu geeignet ist, die Wechselwirkungen der einzelnen Komponenten der

Radiostruktur mit dem intergalaktischen Medium (IGM) und dem Interstellaren Medium (ISM)

der Gastgalaxie zu untersuchen. Die Quelle SDSS J080800.99+483807.7 ist von uns zufällig

bei der Analyse von 18 cm Beobachtungsdaten des MERLIN Radiointerferometers als Doppel-

Keulen Radiogalaxie entdeckt worden.

Da es sich um eine schwache optische Quelle handelt waren Basisinformationen, wie linearer

Duchmesser, Masse des zentralen Schwarzen Lochs, Rotverschiebung und Quellstruktur bisher

unbekannt oder unvollständig. Weiterhin gabe es keine optischen Spektren in zugänglichen

Archiven. Ziel dieser Arbeit war es die grundlegenden physikalischen Eigenschaften der Quelle

SDSS J080800.99+483807.7 zu ermitteln und die Möglichkeit einer Welchselwirking zwis-

chen Radio-Jets (Düsenstrahlen aus dem Kern der Galaxie) und dem ISM der Gastgalaxie zu

untersuchen.

In diesem Projekt habe ich radiointerferometrische und optische Spektroskopiedaten benutzt.

Die optischen Daten wurden mit dem Multi-Objekt Doppel-Spektrographen (MODS) am Large

Binocular Telescope (LBT) gewonnen. Die Radiodaten, bei einer Wellenlänge von 18 cm,

stammen von dem Radiointerferometer MERLIN. Die Rotverschiebung der Galaxie beträgt z =

0.2805±0.0003, und ergibt für den Durchmesser der beobachteten Radiostruktur etwa 26.3 kpc.

Zusätzlich zu dem Infrarot- und Kontinuumsspektrum weisen die opischen Emissionslinien

auf eine hohe Sternentstehungsaktivität hin. Die Masse des zentralen Schwarz Lochs kann als

log (MBH/M�) ≈ 6.9 abgeschätzt werden. Schliesslich ergibt sich aus den optischen Bilder des



Sloan Digital Sky Survey’s sowie aus dem von mir ermittelten optischen Spektrum, dass die

Quelle SDSS J080800.99+483807.7 eine Elliptische Galaxie ist.

Zweites Projekt: In diesem Projekt habe ich auf Abbildungen basierende photometrische

sowie spektroskopische Daten von 18 Galaxien mit AGN von 2 bis 3 Beobachtungsepochen

verglichen. Die Beobachtungen überdecken typischer Weise einen Zeitraum von 5 bis 10

Jahren. Hier wurden die Beobachtungsdaten wieder am LBT genommen oder entstammen

dem SDSS bzw. der Literatur. Für 4 von 8 Quellen mit neuen LBT Beobachtungsdaten

habe ich Anzeichen von Linien- oder Kontinuumsvariabilität festgestellt, die auf eine Zu-

nahme der ionisierenden Strahlung aus den Kernen dieser Quellen hinweist. Diese Objekte

zeigen Flußveränderngen in den Wasserstoff- Rekombinantionslinien und den verbotenen Lin-

ienüberängen unter anderem des Sauerstoffs. Für die verbleibenden 4 Quellen find ich, dass im

Rahmen der Kalibrationsunsicherheiten die Linien- und Kontinuumsvariabilitäten klein sind.

In einer, duch Hinzunahme von Quellen aus der Literatur erweiteren Stichprobe, find ich, dass

die Seyfert 2/NLS1 Quellen im Vergleich zu BLS1 und QSO Quellen grenerell einen kleineren

Variabilitätsgrad in Kontinuums- (∆Lcont.) und in Linienleuchtkraft (∆Lline) aufweisen.

Ich zeige, dass hauptsächlich die zwischen den Stichproben unterschiedliche Masse des zen-

tralen Schwarzen Lochs für der unterschiedlichen Variabilitätsgrad in Kontinuum und Linie

verantwortlich ist. Zusätzlich finde ich, dass für eine, ansonsten konstante Akkretionsrate,

die totale Linienvariabilität (dominiert durch die Beträge der schmalen Linien) die Kontinu-

umsvariabilität mit einer Abhängigkeit ∆Lline ∝ (∆Lcont.)
3
2 widerspiegelt (’reverberation’). Da

sich diese Abhängikeit sehr deutlich in der Emission der schmalen Linen ausdrückt, impliziert

dies, dass der die Linienleuchtkraft dominierende Teil der ’narrow line region’ (NLR) sehr

kompakt sein muß und eine Größe von mindestens 10 Lichtjahrten aufweist. Ein Vergleich

zu Literaturdaten zeigt, dass dieser Schluß das Variabilitätsverhalten von insgesamt 61 AGN

erklärt, die von breiter oder schmaller Linienemission dominiert werden.

Drittes Projekt: In diesem Kapitel behandele ich die Variabilität von Quasaren mit breiten Ab-

sorptionslinientrögen (’Broad Absorption Lines Quasars’ oder BAL QSO). Der Untersuchung

liegen für zwei Beobachtungsepochen mit 5-10 Jahren Abstand spektrophotometrische Daten

(in den optische Bändern u, g, r, i, und z) sowie optische Spektren vom Large Binocular

Telescope (LBT), vom MMT (Multiple Mirror Telescope) und aus dem SSDS vor. Für drei

Quellen habe ich neue LBT-Daten reduziert. Hierbei handelt es sich um die beiden leucht-

starken HiBAL-Quellen SDSS J012412.45-010049.9 und SDSS J093403.96+315331.3 sowie
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um die LoBAL-Quelle SDSS J072831.64+402616.0 mit niederiger Leuchtkraft. Da mir un-

terschiedliche Steigungen in den Spektren der Quellen auffielen, habe ich die Stichproben aus

dem SDSS auf je 50 zufällig ausgewählte HiBAl, LoBAl und intermediäre (in ihren BAL-

Eigenschaften zwischen HiBAL und LoBAl) Quellen erweitert. Ich kann zeigen, dass die

gemittelte wellenlängenabhängige Variabitität der Quellgruppen deutliche Unterschiede aufweist.

Dies ist vermutlich einerseits auf den Unterschied in der mittleren Rotverschiebung der Quellen

und andererseits auf deren unterschiedliche Leuchtkraft zurückzuführen. Ich vermute, dass

sich dieses unterschideliche Verhalten auch in der Linienvariabilität widerspiegelt. Dies ist

Ziel einer laufenden Untersuchung.

Zusammenfassung: Ich habe eine kurze Zusammenfassung mit Ausblick an das Ende meiner

Arbeit gestellt. Weitaus detailiertere Unter-Zusammenfassungen sind an den Enden der einzel-

nen Kapitel zu finden. Zusammenfassend konnte ich zeigen, dass das supermassive Schwarze

Loch als centraler Kern des AGN weitreichenden Einfluß auf seine Umgebung hat. Durch

Rückflußphänomene in Double - lobe Radiogalaxien can die Sternentstehung in der Gast-

galaxie über viele Kiloparsek hinweg beeinflußt werden. Für die Kernregion selbs, konnte

ich zeigen, dass nicht nur die BLR (‘broad line region‘) sondern auch der mehr compacte Teil

der NLR (’narrow line region‘) die variabilität des Kerns widerspiegelt (’reverberation‘) Diese

aussagekräftigen Ergebnisse konnte ich nur durch Beobachtungen bei mehreren Wellenlängen

und unter Benutzung von mehreren Instrumenten und Beobachtungseinrichtungen erzielen.
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Abstract

Most of the active galactic nuclei (AGN) in active galaxies - if not all of them - host

a super-massive black hole (SMBH) at their center. This SMBH is co-evolving

with the nuclear bulge of the host. However, the correlation between the SMBH

and the evolutionary processes is not yet fully understood. This is due to the fact

that strong observational evidences that may help to understand the processes are

still missing in many cases. In this work I try to add some pieces to the large

puzzle of the evolution and physics of active galaxies.

This work has been divided into three main projects:

First project: In this project, I deal with a Double-lobe radio galaxy that is ide-

ally suited to investigate the interaction of the individual components of the ra-

dio structure with the intergalactic medium (IGM) and the interstellar medium

(ISM) of the host galaxy. SDSS J080800.99+483807.7 has been serendipitously

discovered in MERLIN 18 cm observations to be a double-lobed radio galaxy.

Because it is an optically faint source, basic information like linear size, mass of

the central black hole, redshift, and structure has been incomplete or even miss-

ing until now. Additionally, there were no spectra for this object available in any

databases. The aim of this project is to derive the main physical properties of

SDSS J080800.99+483807.7 and study the possible interaction between the radio

jets and the interstellar medium of the host galaxy. In this project I used data from

optical spectroscopy and radio interferometry. The optical data were obtained by

the Multi-Object Double Spectrograph (MODS) at the Large Binocular Telescope

(LBT), and the radio data were observed by MERLIN at a wavelength of 18 cm.

The redshift of the galaxy calculated to be z = 0.2805 ± 0.0003, resulting in a

linear size of the observed radio structure of ∼ 26.3 kpc. The emission lines of the

optical spectrum in addition to the infrared and radio continuum emission suggest

that this source has high activity of star-formation. Furthermore, the central black



hole mass estimated be log (MBH/M�) ≈ 6.9. Finally, the optical images from

Sloan Digital Sky Survey as well as the optical spectrum of this source suggest

that SDSS J080800.99+483807.7 is associated with an elliptical host galaxy.

Second project: In this project, I compare image-based photometry as well as op-

tical spectroscopy data for 18 galaxies hosting an AGN over 2 to 3 epochs which

span time intervals of typically 5 to 10 years. The data in this chapter has been

taken by LBT and SDSS and from the literature. For 4 out of 8 objects with new

LBT observations I noticed that there are indications of line or continuum vari-

ations that may be elucidated as a result of an increased ionizing radiation field

originating at the nuclei of these objects. I find variations in the hydrogen re-

combination lines as well as in the forbidden oxygen lines of these objects. For

the rest of the four sources I find that within the calibration uncertainties the line

and continuum variability of the sources are very small. Enlarging the sample by

adding additional data from the literature I find that the Seyfert 2/NLS1 sources

if compared to BLS1 and QSO sources, show in general a smaller degree of vari-

ability in the continuum ∆Lcont. and line luminosity ∆Lline. I present that it is

mainly the difference in black hole mass between the samples that is responsible

for the different degrees of continuum variability. In addition I find that for an

otherwise constant accretion rate the total line variability (dominated by the nar-

row line contributions) reverberates the continuum variability with a dependency

∆Lline ∝ (∆Lcont.)
3
2 . Since this dependency is prominently expressed in the narrow

line emission it implies that the luminosity dominating part of the narrow line re-

gion must be very compact with a size of the order of at least 10 light years. A

comparison to literature data exhibits that these conclusions clarify the variability

characteristics of a total of 61 broad and narrow line sources.

Third project: In this part of the thesis I investigate the variability of Broad Ab-

sorption Lines Quasars (BAL QSO). My research is based on spectrophotometric

data in the optical u, g, r, i, and z bands as well as optical spectra. The data cover

two epochs over typically 5-10 years and have been taken with the Large Binocular

Telescope (LBT), the MMT (Multiple Mirror Telescope) and from the SDSS. For

three sources I reduced newly taken LBT. The sources include the two luminous

HiBAL objects SDSS J012412.45-010049.9 and SDSS J093403.96+315331.3 as



well as the low luminosity LoBAL source SDSS J072831.64+402616.0. Since I

noticed that the sources show different spectral slopes I extended the samples us-

ing the SDSS to contain 50 randomly selected objects for each of the subgroups:

HiBal, LoBal, and intermediate class objects. I show that the wavelength averaged

variability properties of these sources exhibit clear differences. Most likely this is

on the one hand due to the different average redshifts of these source classes and

on the other hand this may be due to the different average luminosities. I suspect

that these different properties will also be reflected in the line variability. This is a

subject in my ongoing investigation.

Summary: I attached a brief summary and an outlook at the end of the theis.

More detailed sub-summaries can be found at the ends of the individual chapters.

In summary I could show that the SMBH as the very nucleus of the AGN has

far-reaching influences on its surroundings. Through back-flow phenomena in

double-lobe radio galaxies the star formation in the host galaxy can be influenced

over scales of many kiloparsecs. In the nuclear region itself, I could show that not

only the broad line region (BLR) but also the more compact part of the narrow

line region (NLR) reverberates the variability of the nucleus. This achievement

was only possible through a multi wavelength approach using data from several

instruments and observing facilities.
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Introduction

Astronomy and Astrophysiscs are the sciences of celestial objects and phenomena that may

happen outside the atmosphere of Earth. It includes planets and their moons, asteroids, comets,

nebulae, stars, and galaxies including cosmology. Astronomy was established in ancient times

and is now continued using astrophysical methods. In astrophysics we try to investigate and

understand the physical processes that take place in outer space.

In this present work I will study a type of the celestial objects called galaxies. This is

known to be a very broad topic, therefore, and to be more precise, I will focus on special type

of galaxy named active galaxies. These are galaxies that host an active galactic nucleus (AGN)

in their center. This type of sources is still not fully understood and many aspects of it still

remain mysterious, e.g. dynamic, evolution, morphology ... etc.

The way to study these galaxies is through the electromagnetic emission that come from

these objects. These emission is investigated across the entire electromagnetic spectrum search-

ing for information such as luminosity, mass, gas density, temperature, chemical composition,

morphology etc., to understand how these objects evolved. Many things have been discovered

about the galaxies in the last decades due to the great development of telescopes. Therefore,

many thanks to the creativity spawned by the modern sensitive monitoring instruments, which

help us to observe deep in the sky and explore it. Nevertheless, galaxy formation, evolution,

and other properties still require to be examined and fully understood. Collecting the data,

testing, analyzing, and clarifying it, will help us to write new chapters of the story of galaxies.

According to the most recent observations of the universe, the number of galaxies is exceed-

ingly high. This number was estimated to be 1.7 × 1011 (Gott et al., 2005), and each galaxy

contains a huge number of stars, up to 1012 (Sparke and Gallagher, 2007). In general, a galaxy
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1. INTRODUCTION

hosts a supermassive black hole (SMBH) in its center. When studied in detail, these galaxies

appear to have a unique set of features. The best way to determine this set of features is to split

these objects into sub-classes in which the physical properties are similar. In the following I

will give a short list of possible subclasses:

1.1 Galaxies

Galaxies mainly consist of stars, interstellar matter, gas, dust, and dark matter. These objects

can be found in groups (clusters) from few galaxies up to thousands, see Fig.1.1(a) , connected

to each other by gravitation, or they can be isolated like NGC 4662 in Fig.1.1(b). These circum-

stances establish the so-called environment which is scientifically confirmed to have an effect

on a galaxy’s morphology, mass, color, and other properties (e.g., Dressler, 1980; Whitmore

et al., 1993). Hubble and Humason (1931) were the first scientists who noted the effect of the

environment on the morphology of the galaxies. In general, the most common interaction be-

tween galaxies known as fly-by leads to a disturbance or an exchange of gas and dust between

the two objects or even to mergers.

(a) (b)

Figure 1.1: galaxies: (a) Galaxy cluster Abell 1689, observed by Hubble’s Advanced Camera for
Surveys. (b) SDSS color images of isolated spiral galaxy NGC 4662, take from isolated galaxies
Catalog Karachentseva (1973).

Galaxies are studied and classified based on different physical properties such as visual

appearance, size, age of the stellar population in the host, nuclear activity, mass, and color
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1.2 Active galaxies

...etc. In the thirties of the last century Hubble proposed a classification for the galaxies (Hub-

ble, 1926a,b, 1927, 1936), depending on their appearance (see Fig. 1.2). Scientists still use

this classification today. Hubbles scheme splits galaxies into into three main groups or types:

ellipticals1, spirals2, and the last type of the classification is intermediate between the ellipti-

cals and the spirals and is named lenticular. Furthermore, there is one more type of galaxies

characterized by a non-regular shape named irregular galaxy.

The first two types of the classification splits into subtypes depending on the visual ap-

pearance as following (see Fig. 1.2): Ellipticals galaxies are divided into 7 subtypes (0 − 7),

depending on the degree of ellipticity (e), where e is interpreted as the ratio between major

(a) and minor (b) axis e = 1 − b
a . As for spiral galaxies the sub-classification is based on bar

that extends from the central bulge (B) or the absence of a bar. For spiral galaxies the letters

“a” through “d” refer to how tight the arms are around the bulge. “S0” referring to lenticular

galaxies. “Irr” referring to irregular galaxy. The masses of these galaxies are3: 109 to 1012 M�

for spirals, 107 to 1013M� for ellipticals, while the masses of irregular galaxies are 108 to

1010. Since the Hubble classification for galaxies is completely depending on visual appear-

ance (morphology), consequently, this classification may miss an important features about the

galaxies like the rate of the star formation in the starburst objects, as well as the activity in the

centers of active galaxies.

1.2 Active galaxies

Active galaxies are galaxies that feature specific properties which are not exhibited in typi-

cal (normal) galaxies, like high luminosity, non-thermal emission (spectra), radiation in most

wavelength bands (radio, microwaves, infrared, optical, ultra-violet, X-ray and gamma ray),

high variability, and radio jets in most cases. These objects are hosting a very compact re-

gion at the center named Active Galactic Nucleus (AGN), where the most energetic activity

is forced. It is usually believed that the active galactic nuclei host a supermassive black holes

(SMBH) located at the center. This SMBH connecting the active galaxies to the non-stellar

phenomena.

1Elliptical galaxies refer to early-type galaxies (Baldry, 2008).
2Spiral galaxies refer to late-type galaxies (Baldry, 2008).
3The masses of the normal galaxies are taken from this site: http://csep10.phys.utk.edu/astr162/lect/index.html.
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Figure 1.2: Hubble scheme. This image organized by Dr. John Kormendy,Department of Astron-
omy, University of Texas at Austin.

As I mention early in this section this kind of sources is characterized by a high luminosity,

where the typical luminosity of active galaxies between (1011L� to 1015L�)1, while the lumi-

nosity of normal galaxies are < 1011L�, with respect that in general quasars are more luminous

than Seyferts as shown in figure 1.3. Additionally, active galaxies exhibit strong (emission and

absorption) lines in their spectra like forbidden lines (e.g. [O ii]) and permitted lines (e.g. Hβ).

It is believed that the strong emission lines and the high luminosity are not caused by the stellar

population of the host. It has been suggested that the strong emissions are caused by the accre-

tion disk that is orbiting around the SMBH. The temperature in the disk can be characterized

by a very high temperature that may reach levels of > 105K because of frictional processes

and non-thermal influences. The large distant of this sources from us adds more difficulties to

spatially resolving and fully understanding them.

The spectral variability is one of the properties that features active galaxies. This variability

can be shown in different wavelength bands (e.g. optical band as I will show in chapter four).

Generally, active galaxies are divided into four main types as shown in figure 1.4.

• Seyfert galaxies.

1The luminosity of the sun L� is 3.846 × 1032erg s−1
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1.2 Active galaxies

Figure 1.3: Several typical spectra of active galaxies and normal galaxy. Plot credit: Brooks/Cole
Thomson learning.

• Quasars.

• Radio galaxies.

• Blazars.

It is believed that some of these types of active galaxies are intrinsically similar and their

appearance is mainly due to the inclination of the galaxies with respect to the line of sight. For

instance, Seyfert 1 and Seyfert 2 are believed to be the same type of galaxies (Choudhuri, 2010;

Rodriguez-Pascual et al., 1993), although the differences in properties, as shown in figure 1.5.

Usually, active galactic nuclei consist of six main regions:

• Broad-Line Region (BLR)

• Narrow-Line Region (NLR)

• Dusty torus

• Jet (in most cases)

• Accretion Disc
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Figure 1.4: Active galaxies scheme. The layout of the scheme was designed by me.

• Super-massive Black Hole

Broad-Line Region (BLR): the BLR is the region that emits highly Doppler broadened

lines. The broadening of these lines are due to the proximity of this region to the central

massive black hole of the host as shown in figure 1.5. Furthermore, because of the radiation

of the photo-ionizing continuum that comes from the AGN, the flux of these emission lines

are variable and strongly correlated with the changes in the continuum intensity (e.g., Peterson

et al., 1984; Rosenblatt et al., 1992; Wanders and Peterson, 1996). The variability of the

recombination lines also suggest that the BLR is composed of optically dense clouds which are

ionized by the nuclear radiation. The responding time of the BLR to the continuum variation

is fast, implying that the mean distance of BLR clouds to the nucleus is determined to be

approximately between light-days to light-weeks. The temperature in BLR can be estimated

from the permitted lines to be T ∼ 35000 K (e.g., Osterbrock, 1991, and references therein).

The radius of the BLR approximately is (1011 km) and the speeds of clouds in this region are

about 5000 km s−1 (Jones and Lambourne, 2004). This is consistent with the small distances

at which the clouds orbit the SMBH.

Narrow-Line Region (NLR): is the area which is situated in the outer region of the torus.

Narrow (forbidden and permitted) emission lines are be generated in this region. NLR is extend

from a few hundred parsecs to few kpc depending on the type of the active galaxies as shown
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1.2 Active galaxies

Figure 1.5: Structure of active galaxies Beckmann and Shrader (2012).
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in these formals:

Seyferts Bennertet al. (2002) : RNLR ∝ L0.52±0.06
[O iii] . (1.1)

Quasars S chmittet al. (2003) : RNLR ∝ L0.33±0.04
[O iii] . (1.2)

where L[O iii] is the luminosity of [O iii]. In general, the forbidden emission lines (e.g.

[O iii], [O ii], and [O i]) originate gas much lower in density than the BLR clouds. To explain

this difference in the densities in more details: the collision rates of atoms in the forbidden

lines are low and the excited states can de-excite via radiation. Also the orbital velocities in

this region are much smaller. This leads us to the concept of that there are commonly no broad

components in the forbidden and permitted emission lines in the NLR.

The gas temperature in the NLR is ≈ 104K. The NLR gases are excited by shocks and the

nuclear continuum emission. The torus is partly covering the clouds of gas, but the clouds that

are directly below or above the level of the torus have a straight line of sight to the nucleus,

consequently, the clouds in the NLR are ionized. Finally, for the closest active galaxies the

outer parts of NLR are spatially resolvable, unlike the BLR (please check figure 1.5).

Torus: The accretion disc of the active galaxies are surrounded by dust and warm molecular

gas in a shape of a “doughnut” as presented in figure 1.5. This region is named torus and it’s

wide enough to cover the BLR and obscure it. However, the torus is not wide enough to cover

all the NLR, which makes the NLR is resolvable for us in both types of Seyferts. The torus

contributes effectively in the AGN activity: First, it’s stores the material for the accretion disc

into the SMBH, to be more precise, torus is the active operator feeding the accretion disc

towards the BH (Hopkins et al., 2012). Second, the central engine of the host is obscured by

the torus: when the orientation is face-on, the observer will have a view of the central engine.

This type of sources are AGN of Type I. When the orientation is edge-on, the view across the

center is obstructed by the torus. In this case the sources are AGN of Type II (Villarroel and

Korn, 2014).

Jets: Jets are fast highly collimated and energetic outflows from the center of the active

galaxies spanning a few kilo-parsecs to a few mega-parsecs. It is connected with the central

massive black hole and the accretion disk. The observing angle of the jets are not only impor-

tant to explain the variability differences between the two kinds of Seyferts. It can explain the

appearance of the Blazars. Depending on the unified model, AGN may appear as Blazars if the
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jet of the galaxy is very close to the line of sight. This is illustrated in the results of studies of

the polarization, the high luminosity, as well as the rapid variability of Blazars.

Accretion disc: An accretion disk is a flattened structure of material rapidly orbiting the

SMBH at the center of the host. Signs of relativistic rotation close to the center give give us an

indication that strong gravity is at work there. This is the direct influence of the supermassive

black hole at the center of the host. If the isotropic luminosity increases the isotropic infall

of new material to be accreted is blocked. The maximum amount of luminosity that can be

produced by isotropic accretion is therefore limited. This limit is named Eddington luminosity

and given by this formula (Rybicki and Lightman, 1979):

LEdd =
4 × π × G ×M × mH × c

σT
, LEdd u 1.26 × 1031

(
M

M�

)
W (1.3)

where G is the gravitational constant, M is the mass of the gravitating object, c is the

speed of light, mH is the mass of the hydrogen atom1, σT is the Thomson cross section2. The

Eddington limit is linked to the accretion efficiency and connects the observed AGN isotropic

radiation output with that generated by maximum spherical accretion.

Super-massive black hole (SMBH): An SMBH is an important part of the central engine

of the galaxies. This area exhibits a very strong gravitational attraction, which will not allow

any particles or electromagnetic radiation to escape from it. One of the best cases for the

existence of a SMBH at the center of a galaxy is Sagittarius A* with a total mass of about 4

million solar masses (A∗) (e.g., Eckart and Genzel, 1996; Eckart et al., 2004, 2013). In general

masses of the SMBHs are & 105M� (Reis et al., 2012).

1.2.1 Seyfert Galaxies

Seyfert galaxies are one of the main kinds of active galactic nuclei (AGNs) in which the nuclei

are dominated by a very powerful SMBH. Seyfert nuclei are 10 to 100 times brighter than their

own host galaxies they are residing in. Consequently, these nuclei are responsible for most

activities that occur within the central 10-100 pc of these hosts.

Seyferts classified as Type I or II in 1943 by Carl Seyfert, based on the appearance of the

emission lines in their spectra (Seyfert, 1943). In 1987 Osterbrock develop the Seyferts classi-

fication into subclasses such as Seyfert 1.8 and 1.9, depending on the intensity of the emission

1mH = 1.6727 × 10−24kg.
2σT = 6.65 × 10−25cm2.
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lines of Balmer series in the optical spectrum (e.g., Osterbrock, 1987, and references therein).

Depending on the width of the emission lines, one distinguishes between two main categories,

Seyfert-1 (S1) and Seyfert-2 (S2): S2 galaxies show only narrow lines (. 1000 km s−1), while

S1 show additional broad components (. 10 000 km s−1) in the permitted lines as shown in

Fig. 1.61. As I presented above, there is a large variety in the forbidden and permitted emission

lines of active galaxies, which can have widths up ∼ 10 000 km s−1 that are caused by Doppler

broadening. The emission lines are commonly believed to stem from the “broad line region”

(BLR) and the “narrow line region” (NLR), that are gas clouds orbiting a central super-massive

black hole (SMBH) at very high velocities. The gas clouds are excited by continuum radiation

that is produced by an accretion disk of material infalling the central SMBH. According to the

unified model (e.g., Antonucci, 1993; Urry and Padovani, 1995), the existence of S1 galax-

ies which show broad and narrow lines and S2 galaxies which show only narrow lines can be

attributed to inclination effects. One possible scenario to explain the differences between S1

and S2 galaxies is a dusty torus which surrounds the accretion disk and the BLR. It obscures

the emission from the BLR if the galaxy is observed with a viewing angle parallel to the torus

plane.

Narrow-line Seyfert-1 (NLS1) galaxies are S1 galaxies that show broad components with

comparably narrow widths (. 2000 km s−1). From an observational point of view it appears

that there are two main differences between S2 and narrow line S1 galaxies (NLS1). The first

one is that NLS1 objects have Fe ii in their spectra (which originate in the BLR) and are ab-

sent in the S2 spectra (Giannuzzo and Stirpe, 1996). The second difference is that some NLS1

sources show strong lines of highly ionized iron in their spectra e.g. [Fevii]λ5721 Å and

[Fex]λ6375 Å (Osterbrock, 1985; Osterbrock and Pogge, 1985), these lines are rare and not

typical for the S2 spectra.

1.2.2 Quasars

Quasi-stellar (QSO) radio sources (Quasars) belong to the most powerful, energetic, luminous,

and remote members of the AGN sources. Due to the large distances towards the QSOs they

look similar to stars (point source) in contrast to more extended objects like galaxies. For this

reason they are called “quasi-stellar”. They redshifts of these sources are high and they are

1Figure credit: http://www.uni.edu/morgans/astro/course/Notes/section3/new13.html.
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Figure 1.6: Optical spectra for the two types Seyferts: (Top) shows a spectrum for Seyfert 1
with broad and narrow emission lines, (Bottom) shows a spectrum for Seyfert 2 with just narrow
emission lines.
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Figure 1.7: A typical QSO spectrum.

mostly distributed at z ∼ 2 (Hewitt and Burbidge, 1993). Their spectra present very broad

emission and absorption lines as shown in Fig. 1.7. This figure shows a typical QSO spectrum.

It represents a mean spectrum of 700 QSO taken by the Large Bright Quasars Survey (Francis

et al., 1991), presented by Peterson (1997). Generally, quasars split into two class: Tpye-I

quasars, with soft X-ray nuclei and broad lines in their spectra. This type splits again into two

subtypes: Radio-loud and Radio-quiet. Tpye-II quasars, which appear as hard X-ray absorbed

nuclei. This type is not yet studied very well. The luminosities of quasars ranges approximately

between 10 to 105LMW
1. The quasars luminosity can be calculate using the apparent brightness

of the quasar and the distance through this formula (Greenstein, 2013):

f =
L

4 × π × R2 (1.4)

where L is the luminosity of the quasar, f is the apparent brightness, R is the distance.

1.2.3 Radio galaxies

Radio galaxies are active galaxies that are highly luminous in the radio part of the electromag-

netic spectrum: up to > 1045 erg s−1, while our Milky Way radiates up to 1037 erg s−1 and the

1LMW is the luminosity of the Milky way, where the luminosity of the Milky way is 25 × 1012L�
http://www.astronomy.ohio-state.edu/˜ryden/ast162_8/notes36.html
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1.2 Active galaxies

usual luminosities for starburst galaxies or Seyferts are up to 1040 erg s−1 (Burke and Graham-

Smith, 1997). The radio radiation from these objects is synchrotron emission. It is a broadband

and highly polarized spectra characteristic of these sources. These sources generally are typical

elliptical giant galaxies with a jet linked to the supermassive black hole and an accretion disk

at the center (e.g., Cao, 1995; Coroniti, 1985; Lovelace et al., 1991). Sometimes, a special

back-flow phenomenon can happened along the jet, causing radio galaxies (XRGs) with an

X-shaped appearance. These are a special type of radio galaxies with two pairs of lobes, one

is active and bright pair and the second is fainter and more diffuse pair (Leahy and Williams,

1984). For a radio galaxy to be classified as an XRG, it needs to have the two pairs of jets

strongly misaligned and flowing from the center of the source as shown in figure 1.8; the minor

pair must flow in another direction as the major pair, otherwise it would be double-double radio

galaxy (DDRG; e.g., Brocksopp et al., 2011, and references therein).

Mainly, the structure of radio galaxies consists of:

• Lobes: the large-scale shapes look like lobes. They are double and mostly symmetrical

located away from the core and often contain hot-spots;

• Jets :a beam out-flowing from the center of the galaxy, produced by the accretion disk

and the massive black hole at the center;

• Plume: a low luminous structure extended from the jets;

• Core : is the nucleus of the host and is often (frequency dependant) the brightest part of

the source coinciding with the location of the SMBH.

Later I will clarify the existence of Lobes and Plumes in radio galaxies, depending on the

type of the object. In the 1974 two scientists, Bernie Fanaroff and Julia Riley, divided the radio

sources into two types depending on their appearance, structure, and luminosity. These source

classes are known now as Fanaroff and Riley Class I (FRI), and Class II (FRII) (Fanaroff and

Riley, 1974). The FR-II sources can be split like Seyferts objects into two types depending on

the broadening of the emission lines in their spectra. They are called broad line radio galaxies

(BLRGs) because of the broad components in their spectra, and they are called narrow line

radio galaxies (NLRGs) because of ther emission lines in their spectra that are narrow like in

Seyfert 2 galaxies (Véron-Cetty and Véron, 2000). Generally, the morphology of BLRGs are

N type, with bright nuclei surrounded by diffuse and faint envelopes. Most of these NLRG

13



1. INTRODUCTION

Figure 1.8: X-shape radio galaxies (3C403 and 3C223.1) observed by NRAO VLA, presented by
Dennett-Thorpe et al. (2002).

sources are giant elliptical galaxies (Osterbrock and Ferland, 2006). with morphologes of cD,

D, or E types.

1.2.3.1 Fanaroff-Riley type I (FR-I)

In this type of radio galaxy the low luminous regions are remote from the brightest region

which is the center of the source as shown in figure 1.9. About 80% of the FR-I show jets

(Kembhavi and Narlikar, 1999), and almost the same percentage is present in FR-II sources

(Hardcastle et al., 1998). These jets are expansions towards the two sides of the core. They

get very quickly broader towards larger distances from the core forming a plume. As I mention

before the brightness in this area is the lowest, but the spectra here are very steep, due the old

relativistic particles that radiate in this region (Kembhavi and Narlikar, 1999). Furthermore,

near to core of host, at distances of < 1 kpc - jets can by just one-sided (Bridle and Perley,

1984; Laing et al., 1999; Parma et al., 1987, 1994), but at larger distances (a few kpc) they

have the tendency to become two-sided and extended.

Radio galaxies are associated with different radio luminosities. Fanaroff and Riley (1974)

found that FR-I objects are less luminous than FR-II, where the typical luminosity of FR-I at

(178 MHz (Kembhavi and Narlikar, 1999) and 1.4 GHz (Schneider, 2006)) are:

14



1.2 Active galaxies

Figure 1.9: FR-I radio galaxies, where the left one is (3C 296) taken by VLA 20cm Leahy and
Perley (1991), and the right one is Radio map of FR-I (M84) obtained by VLA at 4.9 GHz Laing
and Bridle (1987).

L178MHz 6 2 × 1025h100
−2 W Hz−1 Str−1

L1.4GHz . 1032erg s−1 Hz−1 .

1.2.3.2 Fanaroff-Riley type II (FR-II)

What distinguishes this type of radio galaxy from the FR-I sources is the existence of the

hotspots in their lobes as shown in figure 1.10, as well as the presence of a one-sided jet. This

one-sided jet is typical and a noticeable characteristic feature for FR-II sources. In 80% of

FR-II galaxies one detects jets close to the core Hardcastle et al. (1998). The jets and the cores

in FR-II are brighter than those of FR-I sources. These objects are also called edge brightened

and the luminosities of these sources are higher than for FR-I sources. The radio luminosity Lv

of FR-II sources at (178 MHz (Kembhavi and Narlikar, 1999) and 1.4 GHz (Schneider, 2006))

are:

L178MHz > 2 × 1025h100
−2 W Hz−1 Str−1

L1.4GHz & 1032erg s−1 Hz−1 .
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1. INTRODUCTION

Figure 1.10: FR-II radio galaxies, where the left one (3C 219) taken by VLA at 1.4 GHz Clarke
et al. (1992), and the right one is Radio map of FR-II (3C 175) obtained by VLA at 4.9 GHz Bridle
et al. (1994).

Regarding the large variety of environments of FR-I and FR-II objects and their host galax-

ies, this implies that there are essentially two different kinds of galaxies that are not connected

via an evolutionary sequence (e.g., Gendre et al., 2013, and references therein). The FR-II en-

vironment does not present an enhanced clustering of galaxies within the environment of these

elliptical host galaxies if randomly selected (Best, 2000; McLure and Dunlop, 2001; Prestage

and Peacock, 1988).

1.2.4 Blazars, OVVs, and BL Lac objects

Some active sources show strong and faster variability in their spectra (radio and optical).

Because of the synchrotron influences, the radiation of these objects have high degree of linear

polarization. These types of sources are named “blazers” and it is thought that they are a very

compact, radio-loud subtype of quasars. A rare subclass of Blazars is called optically violent

variables quasar (OVVs) OVVs are strongly variable sources up to & 0.5 mag in few days

(Schramm et al., 1994). Bl Lacertae objects (or BL Lac objects) are a class of active galaxies

lacking any strong emission or absorption lines in their optical spectra (Peterson, 1997). There

are some mutual properties in BL Lac objects and OVV objects, and that give us an impression

that both of these sources are linked to Blazars.
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1.3 Broad absorption line quasars (BALQSO)

1.3 Broad absorption line quasars (BALQSO)

Many quasars show broad absorption lines (BALs) in their spectra. The percentage of these

sources is approximately 15%, with highly ionized ions such as N v λ1238, C iv λ1544, Si iv

λ1396, Lyα λ1213 (Zhang et al., 2010). This is indicative for a strong UV radiation field. These

kinds of sources have high velocity outflows that seem to be present in all quasars and could

be the main reason of feedback for galaxy evolution (Capellupo et al., 2011). Also these high

velocity outflows gases are responsible for creating the broad absorption lines (troughs)(Trump

et al., 2006). BALs in the spectra of quasars are thought to be generated by material in a wind,

which is mostly created near the central accretion disk and shows radially growth at some

position at top of an optically thick torus (e.g., Chiang et al., 1994; Higginbottom et al., 2014;

Proga and Kallman, 2004). These lines by definition exhibit velocity widths determined to be

> 2000 km s−1 at absorption depths > 10 per cent from the continuum of spectra (Weymann

et al., 1991). These absorptions and exist at shorter wavelengths than the emission lines of the

same species. These absorption lines likely exist in 10-15 % of quasars (Gibson et al., 2009;

Reichard et al., 2003; Trump et al., 2006). BALQSOs have similar properties comparable

to typical BLS1, but the last type have rather high X-ray to optical flux ratios
(

S 1KeV
S 2500Å

)
≈ 10

(Elvis et al., 1994), while BALQSOs are typically rather faint in the X-ray domain (Green and

Mathur, 1996).

In general, BAL quasars have been classified into two types, high-ionization, low-ionization.

But sometimes the low-ionization quasars present a strong character of iron emission-lines fea-

tures in their spectra. Consequently, these objects are named iron-low-ionization quasars, as I

will explain in details in the next three subsection.

1.3.1 HiBAL

The high-ionization BAL (HiBAL) quasars are related to highly ionized species like C ivλλ1548, 1550,

N vλλ1238, 1242, and Si iv+O ivλ13981 (Montenegro-Montes et al., 2008). This type is the

most common QSO subtype in the universe, where the percentage of HiBAL quasars is 10%

(Becker et al., 2000) (see Fig1.11(a)).

1All wavelengths are in Å
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1.3.2 LoBAL

The second type of BALQSOs is named low-ionization BAL (LoBAL) quasars, and is related

to low ionized species like Mg ii λ2799 and Al iii λ1856 (Montenegro-Montes et al., 2008; Voit

et al., 1993). They exhibit the above high-ionization absorptions in addition to absorption in

Mg ii and another low-ionization emission lines (Hall et al., 2002). These types of objects are

rarer and less common in the universe. They account for about 1% of the QSOs (Becker et al.,

2000) (see Fig1.11(b)).

1.3.3 FeLoBAL

FeLoBAL objects are subclass of LoBAL. This type of QSO has the same lines like LoBALs

but it presents (low & high) ionization troughs in their spectra. In addition they show absorp-

tion lines of excited states of Fe ii, Fe iii or both lines (Becker et al., 1997) (see Fig.1.11(c)).

Moreover, FeLoBALs are also rare in universein and account for about 1% of the QSOs, and

that makes this particular type of objects very interesting for detailed investigations.
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Figure 1.11: BALQSOs spectra for different types.

1.4 LINERs

Low-ionization nuclear emission-line regions (LINER) are galaxies that have spectra similar

to those of Seyferts 2 (narrow component), but with bright low ionized lines. This type of

sources has been recognized by Heckman (1980). The classification of this type of galaxies

it not fully clear so far. The connection between an AGN (cenrral SMBH) and the LINER

spectrum is not understood enough to put the LINERs in the section of active galaxy. In figure
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1.5 variability

Figure 1.12: An optical spectrum for the LINER galaxy NGC 7213.

1.12 I present an optical spectrum for the LINER NGC 7213 (Filippenko and Halpern, 1984).

One of the difference between the LINERs optical spectra and the spectra of Seyferts is: the

line ratio of
(

O iiλ3727 Å
O iiiλ5007 Å

)
≈ 1, while for Seyferts 1 this ratio is 6 0.5. Furthermore, the emission

line [O i]λ6300 Å is very strong, while the emission lines Ne v and Fe vii are not detectable in

the LINERs spectra (Blandford et al., 1990). Finally, LINERs hosts are though to be spiral

galaxies.

1.5 variability

Active galaxies exhibit a very prominent variability at different wavelengths such as (optical,

radio, and X-ray). Investigating this variability will help us to have an initial estimate of the

size and structure of the regions that generating this variable radiation. Additionally, study-

ing the variability of active galaxies is a very beneficial approach to understand the evolution

of these sources. One of the benefits of the analysis of the spectroscopic variability of active

galaxies is to outline the differences between different Seyfert source classes. Furthermore,

variability will give us an indication about how the AGN influences the surrounding regions

(BLR and NLR) and how these regions vary with time. Many important results have been

obtained from AGN samples of different types and sizes. A famous one is anti-correlation

between the continuum luminosity and variability, which was first mentioned by Angione and

Smith (1972). Additionally, variability has been attracting attention of the astronomers since
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Figure 1.13: Long time scale spectroscopic variability of BLS1 PKS 2349-14. These spectra have
been taken between 1990 till 2004. From 1990 − 1994 observed by Calar Alto Observatory, The
2004 spectrum stems from a monitoring program with the Hobby-Eberly Telescope (Kollatschny
et al., 2006a).

the sixties of the last century. Such studies are always limited by the capabilities of astronom-

ical instruments. Smith and Hoffleit (1963) found that there is weak variability in the radio

galaxy 3C273. Finally, short time scale variability can happened in hours or days in some

sources such as OVVs, or variability can happened on longer time scales of months or years

such as Seyferts or Quasars. In Figure1.13 I show an example for long time scale spectroscopic

variability of BLS1 PKS 2349-14 (Kollatschny et al., 2006a).

1.6 Diagnostic Diagrams

In general diagnostic diagrams play an important role in astrophysics. A three astronomers in

1981 (Baldwin, Phillips, and Terlevich) put forwards the concept of three diagnostic diagrams

depending on emission lines ratios, to determent the dominant excitation in emission lines

galaxies. Such an analysis helps to distinguish between the emission lines that are produced in

star formation regions and other objects like AGN (Baldwin et al., 1981). These diagrams are

usually known as Baldwin, Phillips, and Terlevich diagrams (“PBT diagrams”), and depend on

optical emission lines ratios of four lines: ( [O iii] λ5007
Hβ , [N ii] λ6583

Hα , [O i] λ6300
Hα , and [S ii] λ6716,λ6731

Hα ).
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In 2006 Kewley an others developed these diagrams to be more precise about the classifica-

tion of galaxies, by adding a theoretical ”maximum starburst line” on the BPT diagrams by

utilizing a collection of stellar population combination samples and detailed self-consistent

photo-ionization samples, as presented in figure 1.14 (Kewley et al., 2006).
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2

Instrumentation and Data Reduction

In this chapter, I will talk about three main points:

• Radio and Optical instruments.

• Data reduction and calibration.

• Public astronomical Survey.

2.1 Radio and Optical instruments

In this section I clarify the instruments (radio and optical) that I used to study the astrophysical

objects in this thesis.

2.1.1 MERLIN Radio telescopes

Radio interferometry is an essential technique that allows us to obtain high angular resolution

images of radio sources. For studies of arcsecond to arcminute scale structures ’local’ inter-

ferometers are important. Here the stations are linked via cable, microwave-link, or optical

fiber. The Multi-Element Radio Linked Interferometer Network (MERLIN) is an interfero-

metric array of seven radio telescopes (Mark II, Lovell Telescope, Defford, Darnhall, Cam-

bridge, Knockin and Pickmere) distributed across England with baselines up to 217 km length

as present in Fig. 2.1. MERLIN observes at frequencies between 151 MHz and 24 GHz. The

MERLIN observation allow for an angular resolution of less than one arcsecond. MERLIN

was upgraded to e-MERLIN by adding new instrumentation and fiber links (replacing the pre-

vious radio links) at Jodrell Bank Observatory (JBO). This upgrade is prepared to improve the
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2. INSTRUMENTATION AND DATA REDUCTION

sensitivity and data quality of MERLIN by more than an order of magnitude. This is achieved

by involving the new instrumentation together with an optical fiber network connecting all

telescopes with a bandwidth of 30 Gb/s. The capabilities of the new array are: the resolution

will be up to 150 milliarcseconds, the sensitivity will be ≈ 1µJy. This array will be used in

astrometry, polarimetry, and spectroscopy1. One of the achievements of the MERLIN array is

the co-discovery of the first Einstein ring with the Hubble Space Telescope.

2.1.2 The Large Binocular Telescope and Multi-Object Double Spectrograph

In order to observe faint extragalactic objects it is essential to have as much collecting area as

possible. Therefore the 8-10m diameter class optical/infrared telescopes are important for this

kind of research. The Large Binocular Telescope (LBT) is an optical observatory placed in

Mount Graham, southeastern Arizona, USA, at an altitude of 3200m. LBT is designed to have

two identical telescope mirrors placed side-by-side as shown in Fig. 2.22, the diameter of each

mirror is 8.4 m. If they are independently used as a binary instrument, the effective aperture

will increase to 11.8 m. With these capabilities LBT can be considered to be one of the world’s

most developed optical telescopes.

Spectroscopy allow us to obtain wavelength dependant information of the sources under

investigation. hence we can study emission and absorption line of atoms and molecules and

learn about the composition and temperatures etc.. In addition to this - via the Doppler effect

- important information on the velocity structure of the sources can be obtained - both the

redshift (i.e. the distance to the source) as well as the internal motions within the source can

be studied. Each of these two telescope have a spectrograph named the Multi-Object Double

Spectrograph (MODS1 and MODS2). In September 2011 MODS1 began the routinely perform

service operation for astrophysical observations. While MODS2 started its science service at

the end of 2014. In my study I used MOSD1. In the following I give more information about

this Spectrograph. It operates between 3200 and 10500Å at a nominal spectral resolution of

λ/δλ ≈ 2000 (i.e., ∼ 150 km s−1). Its field of view is about 6 × 6 arc-minutes2. Furthermore,

imaging, long-slit, and multi-object spectroscopy can be used in this instrument, with a slit

1http://www.jodrellbank.manchester.ac.uk/e-merlin/.
2The Figures credit

Left http://http://www.jpl.nasa.gov/news/news.php?feature=4450;
Right http://news.bbc.co.uk/2/hi/in_depth/629/629/7068860.stm.
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2.1 Radio and Optical instruments

Figure 2.1: Merlin array. Image credit: http://www.merlin.ac.uk/.
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Figure 2.2: LBT telescope.

aperture with of 0.′′6. The MODS charged-coupled device (CCD) detector is an e2vCCD231-

68 8k × 3k with a 15 µm pixel pitch. For the grating spectroscopy, the full spectral range was

split into a blue and red channel, which cover 3200-6000 Å (blue) and 5000-10500 Å (red)

(Pogge et al., 2010, 2012).

2.2 Data reduction and calibration

In the next chapters I describe how I made use of the optical spectroscopic data provided by the

LBT telescope. Therefore, in the data reduction section I report on the different data reducing

data steps that are specific for LBT spectroscopic observations. This includes the wavelength

and flux calibration.

2.2.1 Data Reduction

To reduce the LBT data I used the python software modsCCDRed, which is provided by the

instrument team. This software package gives us the possibility to create bias correction, flat

fielding, normalization, and other standard steps of data reduction. First I create normalized

spectral flat field frames for each channel (blue and red) through the following steps1:

• corrected the bias and trimmed the flat fields images;

1The user manual can be found at http://www.astronomy.ohio-state.edu/MODS/Manuals/MODSCCDRed.pdf.
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• median combination of the bias-corrected flats;

• repaired the bad columns using the bad pixel lists for the detector;

• eliminated the color term to produce a normalized “pixel flat”.

After creating the normalized frame (flat field), I will apply this frame to all raw science

images using the software “modsCCDRed”. Finally, I will have two-dimensional corrected

science images (see Fig. 2.3(a), 2.3(b), and 2.3(c)), but not completely ready to extract the

one-dimensional spectrum, because still there are sky emission lines in frame as shown in Fig.

2.3(c). To remove the sky emission lines, I subtracted two corrected frames for the same source

and the same channel from each other, and do this step for the rest of my data. Finally, I will

have science frame ready to extract the one-dimensional spectrum (see Fig. 2.3(d)), and here I

used Iraf to extract the spectrum.

2.2.2 Wavelength calibration

The wavelength calibration is essential to extract accurate spectroscopic information, i.e. spec-

tral lines of the source - and hence information on the physics and the velocity structure and

distance of the sources. From the data reduction process I will have two-dimensional (X and Y)

science frames. Here I need to convert the X-axis pixel values to the corresponding wavelength

values. To do this step, I will created a wavelength-calibration map using a lamp (containing

argon, neon, xenon and krypton gas) as provided by the instrument. Here, I used the reduction

package Iraf to identify the lamp lines and then transformed the science frames accordingly.

Furthermore, I tested the last calibration by applying another method of wavelength-calibration

using an OH-skyline atlas (Osterbrock et al., 1996, 1997) and found that both calibration meth-

ods (skylines and lamp) are in good agreement with an uncertainty 6 3Å. Finally, by using

Iraf I will extract the one-dimensional spectra of the objects from the two-dimensional science

frames wavelength-calibrated.

2.2.3 Flux calibration

The flux calibration is essential in order to learn about the total energy output of the source,

both in continuum as well as in line flux. After the wavelength calibration process, now I

will have one-dimensional spectra ready to be flux calibration. Briefly, flux calibration is a
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technique to calculate the observed continuum flux F0
λ, from the measured continuum counts

Ic
λ, through a e sensitivity function Sλ1:

Ic
λ = Sλ × F0

λ (2.1)

These spectra will flux-calibrated using two standard stars: G191B2B and Feige67 for

which data was taken under 1.′′3 seeing conditions. Both standard stars result in a consistent

and independent calibration. For the final data product I used both stars for calibration. I used

reduction routines on two different software platforms: IDL and IRAF. In the beginning, I

extract the one-dimensional spectra from the two-dimensional science frames of the two cal-

ibration star using routines in the Iraf package. Calibrating the two stars with each other

and comparing the results with published data is an essential step in for test purposes. I also

downloaded spectra of these two standard stars from the European Southern Observatory 3 and

compared them with my results (check Fig. 2.4).

After following the described calibration procedure and processing the science objects with

the two reference stars independently resulted in spectra that agreed very well with each other

within an uncertainty of 2% and 3% in the blue and red channel, respectively. I performed

that calibration for each source for the red and blue channel and combine these spectra to a

single spectrum per source using Iraf. In this process, I found that there are no significant

continuum offsets in the overlay area between the red and blue side. While this confirms the

consistency of my calibration, the uncertainties in comparing data between different telescopes

and instruments is more of the order a few percent, (see e.g., Peterson et al. 2002) i.e. of the

same order as reached for the SDSS data releases.

2.3 Public Survey

In this section I will talk about the public survey that I used to complementary my samples, and

later on I will analysis this data and test it as described in upcoming chapters. Public Survey are

an essential source of information for the astronomical community. depending on the nature

of the survey (observing wavelength, provision of imaging and/or spectroscopy, single or multi

epoch information, fully calibrated or raw data with calibration information etc.) one can obtain

initial or complementary data on specific sources of interest. Work with public survey data was

very important for this thesis.

1http://ganymede.nmsu.edu/cwc/Teaching/ASTR605/Lectures/fluxcal.pdf.
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2.3.1 The Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) is one of the more complete and often used optical

surveys. It is a sensitive optical imaging and spectroscopic public survey of about 104 square

degrees of the northern sky (York et al., 2000). It provides a photometric images in 5 different

bands (u, g, r, i, and z) at an average seeing of 1.′′5 and down to a limiting magnitude of

∼ 22.2 in r band. This survey used optical telescope 2.5 m wide-angle, which is located at

Apache Point Observatory in New Mexico, US as present in Fig. 2.5. This telescope can attain

a very wide angle 3◦ distortion-free range using a big secondary mirror and two corrector

lenses.In addition to this telescope, the survey used other three secondary instruments: (1)

a photometric telescope 0.5 m provided with CCD camera and filter set of the SDSS. The

task of this interment is to calibrate the photometry. (2) a seeing monitor. (3) cloud scanner

(Hull et al., 1994). The R ∼ 2000 spectroscopy covers a wavelength range from 3800-9200

Å. Additionally, in this same wavelength range a high resolution spectroscopy is taken. The

SDSS was a great revolution in optical astronomy in plenty aspects. For example, in the topic

of active galaxies: a great set of homogeneous data ( sensitivity and high quality) helped the

astronomers to discovery a large number > 104 of AGN subclass, such as quasars (Schneider

et al., 2010), and Seyferts and LINERs (Kewley et al., 2006).

The (photometric and spectroscopic) data can be download through this website1, where

you need to proved the website with a key information such name or coordinates of the as-

tronomical object, in contrast, the website will give you the possibility to download all the

available information about the sources, if the source has been observed in the survey (check

Fig. 2.6). Finally, SDSS began its operation in May 2000, and now the survey publish the 12th

data release since July 2014. In the next chapter, I used the seventh data release of the SDSS

(Abazajian et al., 2009), to obtain the magnitudes for SDSS J080800.99 + 483807.7 (in the

following J0808) in the five SDSS bands.

2.3.2 The Wide-field Infrared Survey Explorer

Infrared surveys are important as they provide information in a wavelength band in which

nuclear activity as well as general star formation activity can be traced and combined with

data obtained at other wavelengths. The Wide-field Infrared Survey Explorer (WISE) was a

NASA infrared-wavelength astronomical space telescope a shown in Fig. 2.72, which was
1http://skyserver.sdss.org/dr12/en/tools/chart/Navi.aspx.
2Figure credit:http://photojournal.jpl.nasa.gov/jpeg/PIA17254.jpg.
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operated between December 2009 to February 2011 (Wright et al., 2010). It performed an

all-sky astronomical survey with images in wavelength bands at 3.4 µm, 4.6 µm, 12 µm, and

22 µm, using a 40 cm diameter infrared telescope in Earth orbit. In the next chapter I will

used this survey to gain some information about flux densities of J0808 at different wavelength

bands. The goal of this survey is to generate an infrared frames of 99% of the sky, with at

least 9 frames per location on the sky to improve the accuracy. The spacecraft was in height

of 525 km orbiting around the earth, which during the mission 1.5 million frames has been

taken, and that mean 1 frame per 11 seconds. Each taken frame cover about 47′field of view.

Among the achievements of WISE survey is discovering 33,500 asteroids and comets were

unknown before, as well as explored the first Earth Trojan asteroid (2010 TK7)1. Finally this

survey providing us with images to the milky way galaxy, the local solar system, and the remote

universe.

1http://www.space.com/12443-earth-asteroid-companion-discovered-2010-tk7.html.
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(a) Normalized spectral flat field frame.

(b) Raw science frame.

(c) Flat fielded science frame.

(d) Flat fielded science frame without the sky emission lines.

Figure 2.3: Data reduction steps.
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Figure 2.5: SDSS telescope.

Figure 2.6: The SDSS website.
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Figure 2.7: WISE space telescope.
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3

High-resolution observations of SDSS
J080800.99+483807.7 in the optical
and radio domains

3.1 Introduction

Based on radio surveys (e.g. the Cambridge surveys in the meter and decimeter wavelength

bands) we now know that the typical structure of an extragalactic radio source consists of a

core, jets and radio lobes, that are connected to the core via the jets. The first observations of

radio galaxies have provided very strong evidence that there are extended jets flowing from the

center of some of these sources, spanning a few kilo parsec to a few mega parsecs (e.g., Bridle

and Perley, 1984, and references therein). The jets appear to be associated with the central

massive black hole and the accretion disk (e.g., Begelman et al., 1984; Blandford and Payne,

1982; Blandford and Znajek, 1977). It has been widely speculated about the mechanisms for

fueling the central massive black hole with matter from the host galaxy and the impact of

nuclear activity on the host (i.e., radiation field, outflows, jets, etc.). Fabian (2012) reports

on observational evidence for feedback between the radio jet and the interstellar/intergalactic

medium, especially in the radio/kinematic mode in which a significant back-flow of material

along the periphery of the jet or outflow onto the host occurs (Silk, 2013; Wagner et al., 2013).

Wagner et al. (2013) use three-dimensional grid-based hydrodynamical simulations to show

that ultrafast outflows from active galactic nuclei (AGN) result in considerable feedback of

energy and momentum into the interstellar medium (ISM) of the host galaxy. Silk (2013)
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shows that the AGN-induced pressure, which is caused by jets and/or winds that flow back

onto a gas-rich host, can lead to pressure-regulated star formation with significantly enhanced

star-formation rates. Especially in the case of X-shaped radio galaxies (XRGs), the back-flow

phenomenon is essential and has been discussed. The XRGs are a special type of radio galaxies

with two pairs of lobes (one active, bright pair and a second fainter, more diffuse pair; Leahy

and Williams, 1984). For a radio galaxy to be classified as an XRG, it needs to have the two

pairs of jets strongly misaligned and flowing from the center of the source; the minor pair

must flow in another direction as the major pair, otherwise it would be double-double radio

galaxy (DDRG; e.g., Brocksopp et al., 2011, and references therein). One finds that 5%-

10% of Fanaroff-Riley type II radio galaxies are X-shaped galaxies (Fanaroff and Riley, 1974).

There are several competing interpretations of the physical nature of the radio morphology,

e.g., black-hole spin reorientation, plasma back-flows from the lobes, binary black holes, and

jet interstellar-medium interaction (cf. Gopal-Krishna et al., 2012, for a review). The nuclei

of XRGs, which presumably represent the transition population that lies between FR I and

FR II radio sources (e.g., Landt et al., 2010), are valuable probes of the interaction between the

black hole, its jet, and the host (e.g., Hodges-Kluck and Reynolds, 2011; Wagner and Bicknell,

2011).

3.2 Radio observation of J0808

Interferometric observation of extragalactic often cover a field of view that is larger that the

typical extent of the source of interest. In general the entire central half-beam of the single

interferometer telescope elements can be mapped. Given the density of radio sources in the

sky there are always sources in the field of view that are present in addition to the program

source at the center of the observed field. This was the case for the field containing J0808.

J0808 was serendipitously identified in our group (data set of 4C 48.21) observation using the

interferometer array ( MERLIN) at the wavelength 18 cm. Which I classified as a rather com-

pact double-lobed radio galaxy, as I will clarify later. Such objects are particularly interesting

since they could be small due to extreme foreshortening or an actual small size. In case of

an extreme foreshortening, one would expect the radio jet to be pointed towards the observer

under a small angle with respect to the line of sight, such that the central nucleus appears to

be bright due to relativistic beaming. In the latter case, one of the lobes is also expected to be

brighter and possibly cover the central source due to its extent. However, J0808 appears as a
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symmetric double-lobed source with a nuclear component that is very weak with respect to the

lobes and somewhat more extended than compact. Hence, I can assume that its small overall

apparent size is due to a small physical size. Especially for physically small sources a back-

flow may be of special importance. These flows towards the center along the outer regions of

the jets is expected. Such a back-flow results in an interaction at the nucleus or with the host

galaxy which the nucleus is located in. The possibility of back-flow interactions has also been

reported (cf. Hodges-Kluck and Reynolds, 2011) for X-shaped radio sources. In particular, I

complement the radio information with optical spectroscopy of the nuclear region of the galaxy

and investigate the possibility of triggered star formation.

In our case the specific 18 cm observations of J0808 were carried out in May 2005. The

resulting angular resolution is about 0.′′25 × 0.′′15 with a position angle of 1.5◦. The total inte-

gration time on J0808 was about 9.2 hours and the noise in the image is about 0.1 mJy beam−1.

The central radio component is located within 0.′′1 of the position of the optical source J0808.

Fig. 3.1 showing the image of the radio galaxy. Details of the radio observation and data reduc-

tion are given in Zuther et al. (2012). An extended structure at the central source component

of J0808 gives some evidence for a possible back-flow towards the center that may result in

an interaction with the ISM at the nucleus. In fact, J0808 shows extended emission along a

position angle that is by at least 50◦ different from that of the prominent double-lobe structure.

In order to search for signatures of the peculiar shape we closely investigated the shape of the

contour lines at different levels. Signatures of the peculiar shape are prominent on contour lines

as high as at least five times the noise level in the original and the smoothed version of the radio

image shown in Fig. 3.1. In general objects that are subject to a significant back-flow along the

radio jet onto the host galaxy (Silk, 2013; Wagner et al., 2013) this is a well known signature

for XRG objects.

3.3 Optical and infrared observations of J0808

It may take a long time to complete an ongoing survey, and as such a survey contains a large

amount of data which is often complex in terms of calibration. Therefore the survey data is

often released in steps, i.e. individual data releases. I used the seventh data release of the SDSS

(Abazajian et al., 2009) to obtain the magnitudes for J0808 in the five SDSS bands, as given

in Tab. 3.1. Furthermore, in Fig. 3.2, I show the i-band SDSS optical image of the galaxy.

Additionally, in the Infrared survey (WISE) the source J0808 is detected at all bands in the
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Figure 3.1: 18 cm MERLIN image of SDSS J080800.99+483807.7. The J2000 coordinates of the
central source are α =08:08:00.99 and δ =+48:38:07.73. Top: original image at a noise level of
about 1.1e-4 Jy/beam. Bottom: 10 pixel smoothed image at a noise level of about 4.5e-4 Jy/beam.
The contour levels are each at -3, -2, 1, 2, 4, 5.5, 8, 12, 14 times the noise level.
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optical counterpart to
87GB 080422.7+484703

20"

18 cm MERLIN radio structure

Figure 3.2: SDSS image of J0808, overlaid with MERLIN 18 cm contours in red.

Table 3.1: Photometric measurements of J0808 in the SDSS and WISE photometric systems.

Survey Band Magnitude

SDSS u 23.68 ± 1.35
SDSS g 24.05 ± 0.91
SDSS r 21.9 ± 0.20
SDSS i 20.52 ± 0.10
SDSS z 19.70 ± 0.15
WISE 3.4 µm 15.61 ± 0.06
WISE 4.6 µm 15.51 ± 0.15
WISE 12 µm 12.30 ± 2.50

all-sky data release from March 14, 2012, except at 22 µm. The flux densities are listed in

Table 3.1. The uncertainty of the 12 µm flux density was estimated from the corresponding

image provided by the data release.

3.4 Results

3.4.1 Emission-lines measurements

After the final reduction steps the astrophysical data may be extracted form the spectra. The

reduced optical spectrum of J0808 is present in Fig. 3.3. Prominent emission lines have been
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Figure 3.3: Optical spectrum of J0808. The blue and red spectra represent the data from the
respective channel. A gap between the two channels that has been excluded because of high noise
and a region that shows telluric features are marked.

fitted with the spectral analysis tool Specview assuming Gaussian shape. Positions, resulting

redshifts, flux density, and full-width at half maximum (FWHM) of the emission lines are listed

in Table 3.2.

A standard and very powerful tool to investigate the physics of nuclear regions is the usage

of emission-line diagnostic diagram. In these diagrams ratios of lines close in wavelength to

each other are compared. The emission-line diagnostic diagram delivers information about the

dominant ionization mechanism of the gas in the studied region. Studies of different samples of

narrow emission-line galaxies have also shown some trends in the diagrams that are associated

with stellar mass, metallicity and possibly morphology of the host. The evaluation of line

ratios is often complicated by the fact the emission is origination from embedded sources. It

may happen that the actual information of how extincted the emitted radiation is, is actually

incomplete or even unknown. But there is a solution to this problem: As the extinction is a

function of wavelength it is quite similar at neighboring wavelength, such that a correction

for extinction may not be needed if the line ratio is calculated. Such ratios are then used in

diagnostic diagrams. No reddening corrections has to be applied to calculate line ratios in

these diagrams since the emission lines are close to each other in wavelength:

• [N II]/Hα vs. [O III]/Hβ (Juneau et al., 2011; Kauffmann et al., 2003; Kewley et al.,

2001, 2003; Lamareille, 2010; Lamareille et al., 2004; Veilleux and Osterbrock, 1987).
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• [S ii]/Hα vs. [O iii]/Hβ (Juneau et al., 2011; Kewley et al., 2001, 2006; Lamareille, 2010;

Lamareille et al., 2004; Veilleux and Osterbrock, 1987).

• [O i]/Hα vs. [O iii]/Hβ (Kewley et al., 2001, 2006).

The measured ratios between emission lines are:

• log [O iii] λ5007
Hβ = 0.337 ± 0.006

• log [S ii] λ6716,λ6731
Hα = −0.448 ± 0.006

• log [O i] λ6300
Hα = −1.090 ± 0.010

• log [N ii] λ6583
Hα = −0.822 ± 0.005

To test the actual energy output of the objects one needs to know their distances. On

cosmological scales these are given through the Doppler shift i.e. the redshift of the sources.

For J0808 the information on the redshift was incomplete. There was only an estimate of a

photometric redshift of z ∼ 0.7 was available from the SDSS. To derive the spectroscopic

redshift, I first reduced the data as outlined in the previous section. The optical spectrum is

shown in Fig. 3.3. For the emission lines evident in Fig. 3.3 and listed in Table 3.2, I used the

equation

z =
λobs

λrest
− 1 (3.1)

and derived the redshift for each line as present in Ta. 3.2. The mean redshift and its standard

deviation are z = 0.2805 ± 0.0003. Combining the redshift with the cosmology constants

H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7 (Spergel et al., 2003, which I will use

throughout this work), I calculated the luminosity distance DL (Hogg, 1999) to be 1437.2 Mpc.

This corresponds to a linear-size scale conversion factor of 6.98 kpc per arcsecond.

Using ratios of lines that are close in wavelength one does not need to carry out a reddening

correction. Such line ratios are the best to be used in diagnostic diagrams. As it shown in the

diagnostic diagrams (Fig. 3.4), J0808 is located in the region characteristic for host galaxies

with high star-formation rates ([N II]-based diagram) and a tendency to have contributions to

line emission from an active nucleus ([O I]-based diagram). J0808 is located closer to the re-

gion of star formation and low excitation galaxies, as compared to high excitation galaxies by

Kunert-Bajraszewska and Thomasson (2009). In particular, the low [N II]/Hα also suggests a

low metallicity. The diagnostic diagrams in Fig.12 by Vitale et al. (2012) suggest a thermal

41



3. HIGH-RESOLUTION OBSERVATIONS OF SDSS J080800.99+483807.7 IN THE
OPTICAL AND RADIO DOMAINS

rather than a non-thermal origin of the optical emission lines. From the optical images it is dif-

ficult to provide a host galaxy classification. For distant galaxies this is a well known problem.

The images are mostly dominated by the bright bulges. Fainter disks often need additional

integration time to be seen clearly. The host visible in the SDSS images is in agreement either

with an elliptical or a bulge of a low-luminosity disk system. The low metallicity then suggests

either an early evolutionary stage or an overall low mass of the host galaxy (Kauffmann et al.,

2003; Vitale et al., 2013). Interpolating the z-band and 3.4 µm flux densities, I get a K-band

magnitude of about K∼16.9 and a flux density of SK=1.09×10−4 Jy. Where I can estimate the

old stellar mass via

M∗,old[M�] = 2.6 × 108D2[Mpc]S K[Jy] (3.2)

(Thronson and Greenhouse, 1988). This is equivalent to a population K-band M/L ratio of

about 23 and applying the K-band luminosity to flux density relation by Krabbe et al. (1994).

Using a distance of 1437.2 Mpc, the stellar mass of J0808 was calculated to be about 6×1010M�.

This is one to two orders of magnitudes less than the mass of the Milky Way but about an order

of magnitude more than the upper limit of 2×109M� derived for the stellar mass of the starburst

galaxy M82 (Greco et al., 2012). M82 is known to have a strong, nuclear starburst driven wind

over which a major portion of the newly formed metals can be lost. The comparison presented

above clearly shows that J0808 could be a low-mass low-metallicity elliptical.

3.4.2 The linear size of J0808

The linear size of the object is an essential piece of information that may be connected to the

object kind and/or evolution. Early studies of the connection between the median linear size

of the galaxy Dmed as a function of redshift z (Eales, 1985) listed in Dmed ∝ (1 + z)−1.1±0.5 for

Ω0 = 0, and Dmed ∝ (1+z)−1.45±0.4 forΩ0 = 1. Essentially, there was no signal for a correlation

between linear size and luminosity. Nonetheless, Oort et al. (1987) show a strong correlation

between Dmed and z of Dmed ∝ (1 + z)−3.3±0.5 at Ω0 = 0. Follow-up studies by Neeser et al.

(1995) could not confirm such a strong correlation and listed in an updated correlation between

the median size and redshift of Dmed ∝ (1 + z)−1.2±0.5 when Ω0 = 0 and Dmed ∝ (1 + z)−1.7±0.4

when Ω0 = 1. Recently, spectroscopic techniques have assisted to understand the physical

properties of far sources that appear to be largely unresolved. By using spectroscopic redshifts

allows us to calculate the linear size of the radio object host galaxies.
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Figure 3.5: Linear size versus redshift. J0808 is show by the red hexagon, the plus signs represent
the position of the 3CRR sources, the square signs represent the 7CRS objects (Wang et al., 2011).

I derive a linear source size via

l = ϑ × DA =
ϑ × DL

(1 + z)2 . (3.3)

Here DA is the angular diameter distance and ϑ = 6.′′2 is the angular size of J0808 as calculated

from the radio frame as present in Fig. 3.1. This results in a linear size of l = 26.29 kpc, which

can be compared to the size values found for other objects, as given in, e.g., Wang et al. (2011).

The comparison is present in Fig. 3.5, and it shows that the J0808 is a relatively compact object

compared to other galaxies at the same redshift.

In Fig. 3.6 I compare J0808 to the FRII galaxy 3C438. The reason behind select 3C438

for comparison, because it is the same in the appearance compared to J0808. The comparison

for the two objects shows in overall an increasing intensity distribution from the center towards

the edges. Thus the radio structure of J0808 is refer to an edge-brightened FRII galaxy.

3.4.3 The radio loudness of J0808

The indicator for the activity of the galaxy is the radio loudness of it, i.e. for the importance

of accretion on the central black hole. J0808 is a prominent radio object. The discrimination
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Figure 3.6: Flux density values at different positions for each lobe (Northeast & Southwest) com-
pared with other FRII sources (Treichel et al., 2001).
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Table 3.2: Observed emission lines: wavelengths, redshifts, flux densities, and line widths

channel line wavelength redshift flux FWHM
[Å] [10−17 erg s−1 cm−2] [km s−1]

Blue [O ii] λ3727 4772.1 0.2804 18.80 ± 0.07 445 ± 8
Blue Hγ λ4340 5555.9 0.2801 4.01 ± 0.13 225 ± 7
Red Hβ λ4861 6226.5 0.2809 6.91 ± 0.04 333 ± 10
Red [O iii] λ4959 6350.9 0.2806 4.04 ± 0.02 345 ± 10
Red [O iii] λ5007 6412.5 0.2807 15.03 ± 0.02 355 ± 10
Red [He i] λ5876 7523.7 0.2804 1.51 ± 0.04 252 ± 9
Red [O i] λ6300 8066.4 0.2803 2.92 ± 0.03 277 ± 8
Red [N ii] λ6548 8386.1 0.2807 2.65 ± 0.03 302 ± 8
Red Hα λ6563 8405.0 0.2806 36.02 ± 0.03 290 ± 8
Red [N ii] λ6583 8431.3 0.2807 5.42 ± 0.03 261 ± 8
Red [S ii] λ6716 8602.1 0.2808 6.56 ± 0.04 290 ± 8
Red [S ii] λ6731 8621.2 0.2808 6.25 ± 0.04 324 ± 8

between radio quiet (RQ) and radio loud (RL) objects mostly reflects the various importance

of strong emission from lobes and/or radio jets (e.g., Yuan et al., 2008).

Kellermann et al. (1981) introduced a formalism to calculate the radio loudness via com-

paring the flux density at 5GHz to the flux density at 4400Å:

R∗ =
S 5GHz

S 4400Å
. (3.4)

Presently, I don’t have flux density measurement at 5 GHz, yet I do have several flux measure-

ments at various frequencies, as present in Table 3.3. Using those, I assessment the spectral

index via (cf. O’Dea et al., 2009)

αv1
v2 =

log S v1
S v2

log v1
v2

. (3.5)

Here S v1 and S v2 are the flux densities at frequencies ν1 and ν2. From the data at 4.85 GHz and

365 MHz in Tab. 3.3, I determine the spectral index to be α = −0.80. This indicates a dominant

contribution to the radio flux from optically thin synchrotron radiation. Assuming a power law

spectrum with S v = const. × να, I find a rest-frame 5 GHz flux density of S 5GHz = 0.076 Jy.

From the optical spectrum of J0808, the flux density at 4400Å calculate to be S 4400Å = 6.06 ×
10−6 Jy. This results in an estimate of the radio loudness of R∗ = 12657 or log R∗ = 4.1. Also,
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Table 3.3: Radio flux density at different frequencies.

No. Observed Passband Flux Luminosity References
Frequency Density

(GHz) (Jy) (1025 W Hz−1)

1 4.85 0.077 ± 0.010 1.902 1
2 4.85 0.075 ± 0.011 1.853 2
3 1.66 0.088 ± 0.004 2.175 this study
4 1.4 0.162 ± 0.005 4.003 3
5 0.365 0.563 ± 0.053 13.913 4

I can compare it to other sources following Blundell (2003). To do that, I should calculate the

radio luminosities at 5 GHZ and 178 MHz. This is done by scaling the distance squared with

the flux and a factor of 2π:

Lv = 4π × D2
L × S v (3.6)

and find:

log
(
L5GHz/erg s−1 Hz−1

)
= 32.27

log
(
L5GHz/W Hz−1 sr−1

)
= 25.16

log
(
L178MHz/erg s−1 Hz−1

)
= 33.83

log
(
L178MHz/W Hz−1 sr−1

)
= 26.33 .

The comparison of J0808 as RL target with other objects is present in Figure 3.7. This

places the J0808 among the RL sources. Generally, this result does not change, although I do

the calculation only for the nuclear component, which is an order of magnitude weaker than

the total radio luminosity.

The radio spectrum of J0808 is present in Figure 3.8 and can be represented as a straight

power law. The fact that the flux density value of J0808 at 18 cm wavelength lies below the

power law fit is most likely because of resolution effects. It indicates that not all the flux

density of the source was measured on the shortest baselines of the interferometric MERLIN

observations for J0808.
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Figure 3.7: Radio loudness scheme (Blundell, 2003).
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Figure 3.8: Flux density and uncertainty versus frequency of J0808 from different surveys (Becker
et al., 1991; Condon et al., 1998; Douglas et al., 1996; Gregory and Condon, 1991).

3.4.4 The central black hole of J0808

There are numerous publications that indicate that most of the galaxies host a super-massive

black hole at their centers (e.g., Ferrarese and Ford, 2005; Ferrarese and Merritt, 2000; Geb-

hardt et al., 2000; Kormendy and Ho, 2013; Magorrian et al., 1998; Melia and Falcke, 2001,

and references therein). It is most likely that the super massive black hole coevoled with the

central bulge of the hosts. Here, I derived the black hole mass of J0808 through the scaling

relation between the black hole mass of the host and stellar velocity dispersion of the host bulge

component. Following Ferrarese and Merritt (2000), I used the relation

log
MBH

M�
= 8.12 + log

(
σ∗

200 km s−1

)4.24±0.41
. (3.7)

Assuming a Gaussian line shape and an instrumental resolution of 150 km s−1, I obtain a value

for σ∗ via the following expression (Greene and Ho, 2005; Wang and Zhang, 2007):

σ∗ =

√(
FWHM[O iii]

)2 − (
150 km s−1)2

/2.35

1.34
. (3.8)
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From Table 3.2, the FWHM of [O iii] is 355 km s−1. Applying this value, I find σ∗ =

102.2 km s−1 and a black hole mass of

log
(

MBH

M�

)
= 6.88 ± 0.12 . (3.9)

Since in the active galactic nucleus the [O III] line emission is often connected with out-

flows from the active nucleus (Boroson, 2003) the [O III] line strength turned out to present

large scatter in the scaling relation. A better estimator of the underlying stellar velocity dis-

persion of the bulge (cf. Komossa and Xu, 2007) appear to be the [S II] emission lines. For

comparison, I also determine the black hole mass using the [S II] emission lines with the fol-

lowing equation:

σ∗ =

√(
FWHM[S II]

)2 − (
150 km s−1)2

2.35
. (3.10)

Furthermore, the two [S II] lines in the spectrum (see Table 3.2), I obtain an average value

of FWHM ([S II])avg = 307 km s−1, resulting in a value of σ∗ = 114.0 km s−1. Following

Komossa and Xu (2007) the black hole mass of J0808 is estimated to be:

log
(

MBH

M�

)
= 6.9 ± 0.15 . (3.11)

Both methods result in a consistent estimate of the black hole mass of about 107M�.

In the discussion of how energy is released in the process of accretion of matter onto very

massive and compact objects - the Eddington limit is essential. The Eddington ratio η is a

measure of the accretion efficiency because it relates the observed AGN radiation output to

that produced by maximum spherical accretion with isotropic radiation. The Eddington ratio

compares the two luminosities Lbol and Ledd via η = Lbol/Ledd. Here Lbol is the bolometric lu-

minosity and Ledd is the Eddington luminosity. The bolometric luminosity is usually estimated

from single-band measurements. There is considerable uncertainty in the bolometric correc-

tion for individual objects, depending on the particular spectral energy distribution, Here, I

estimate the bolometric luminosity, following the prescription from Vestergaard (2004), using

the rest-frame 5100Å luminosity density

Lbol ≈ 9.47 × λLλ(5100Å) erg s−1. (3.12)

I calculated the rest-frame 5100Å luminosity density by fitting a linear combination of two

simple starburst models, the active galactic nucleus power law, and an extinction component
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Figure 3.9: Radio loudness (R) versus Eddington ratio η. J0808 is represented by a red hexagon,
BLRGs are marked by the blue circles, radio loud quasars by the Black circles, Seyfert galaxies and
LINERs by the crosses, FR I radio galaxies by the green triangles, and PG quasars by the yellow
stars (Sikora et al., 2007).

to the monitored spectrum (cf. Zuther et al., 2012). I find a 5100Å continuum luminosity

of λLλ(5100Å) = 7.4 × 1042 erg s−1. From Eq 3.12, the bolometric luminosity is Lbol ≈

7.0 × 1043 erg s−1, and with a black hole mass estimate of log (MBH/M�) ∼ 6.9, the Eddington

luminosity1 is LEdd ≈ 1.6 × 1045 erg s−1. This results in a value for the Eddington ratio of

log η = −1.39. In Figure 3.9 and Figure 3.10 I compare my values with published results. As

I show in Fig. 3.9, in log η − log R space, the source J0808 lies in the region in which we also

find the broad emission-line radio-galaxies (BLRG) and RL quasars. The same phenomenon

is found in Fig. 3.10 (log MBH − log R). However, I find that the mass of the super-massive

black hole is apparently lower than that of the bulk of radio galaxies that have been taken into

account in the plot.

1The Eddington luminosity is the luminosity radiated at the Eddington limit and is calculated as Ledd ≈ 1.26 ×
1038

(
MBH
M�

)
erg s−1.
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Figure 3.10: Radio loudness versus black hole mass. See caption of Fig. 3.9.

Table 3.4: The rest radio flux densities and luminosities for source components of the J0808 radio
counterpart at 18 cm.

Position Brightest Point Center Total Area

Flux Luminos. Flux Luminos. Flux Luminos.
(10−3 Jy (1023 W (10−3 Jy (1023 W (10−2 Jy) (1024 W

Hz−1 Hz−1 Hz−1)
per beam) per beam) per beam) per beam)

Southeast Lobe 1.28 3.17 0.81 2.01 3.71 9.17
Center Region 0.27 0.67 – – 0.72 1.79

Northwest Lobe 1.41 3.49 0.45 1.12 4.69 11.59
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3.4.5 Star formation in the host galaxy of J0808

The nuclear activity (via accretion onto the central SMBH) and the star formation activity (e.g.

the blue luminosity of the bulge or host) are likely to be linked to each other. This results

e.g. in the correlation between black hole mass and bulge luminosity of velocity dispersion

of the bulge. therefore, in the case of radio galaxies, their hosts may be also characterized

by strong star-formation activity. However, this is a matter of intense debate as interactions

between the jet and the host ISM may also lead to suppression of star formation, as discussed

in, e.g., Nesvadba et al. (2010). Radio galaxies with strong nuclear emission lines have star-

formation activity that is a factor of 3-4 higher than in weak-line sources (Hardcastle et al.,

2013). The line emission of J0808 and the fact that it is RL suggests that its star-formation rate

is substantial.

To estimate the star-formation rate from optical data, I use the luminosity of the emission

line [O ii] λ3728 (Ho, 2005; Hopkins et al., 2003; Kennicutt, 1998):

SFR[O ii] [M� yr−1] =
L[O ii]

2.97 × 1033 W
. (3.13)

I correct the reddening of the [O ii] using theoretical Balmer decrement Hα/Hβ = 2.86 and

assuming case B recombination for a region with electron density of 104 cm−3 and temperature

T = 104 K (Osterbrock, 1989). According to the extinction law of Calzetti et al. (1994), I

calculate the luminosity of [O ii] λ3728 to be 5.82×1034W, resulting in a star-formation rate of

SFR = 19.59M� yr−1. The WISE infrared survey provides us with additional valuable infrared

data on J0808. There the source has been measured at 3.4, 4.6 and 12µm. From a sample of

dusty galaxies, I randomly picked galaxies from the IRAS point source catalog (Lonsdale and

Helou, 1985) and find that the median flux density ratio between 12µm and 60µm wavelength

lies at about 20 with an uncertainty of about 10. From Helou (1986), the ratio between the flux

densities S 60 and S 100 at 100µm and 60µm wavelength is known to be in order of 2 ± 1. The

fluxes in these two bands are often dominated by continuum emission of warm dust. Hence,

I can extrapolate from the WISE detection of J0808 at 12µm to obtain an estimate of the far-

infrared (FIR) luminosity of LFIR = 23.96 × 105 (2.258 S 60 + S 100) DL[Mpc]2 = (2.2 ± 1.1) ×
1010L�. This results in a star-formation rate of OBA stars of νOBA = 2.1 × 10−10 × LFIR =

5 ± 4 M� yr−1 (Thronson and Telesco, 1986). To measure the star-formation rate from radio

data, I apply the formalism published by Bell (2003). This formalism is related to the 20 cm

luminosity density (
SFR

M�yr−1

)
= 5.52 × 10−22

(
L20cm

W Hz−1

)
. (3.14)
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From the radio spectrum discussed earlier, I obtain the luminosity at 20 cm and find L20 cm=6×
1023 W Hz−1. Interpreting this radio luminosity in the context of star formation, this implies

that only a very small fraction of about 1% of the overall nuclear radio luminosity is required

to explain the expected contribution from the above derived star-formation rate. The bulk of

the emission may be due to the nuclear jet or the portion of the jet that flows back along the

envelope of the jet onto the host.

The radio emission can also have a different source. On global scales the radio emission

can also be due to contributions from supernova explosions. The rate of supernova explosions

is a measure of the high-mass star formation. Following Condon and Yin (1990), I calculate

the supernova rate of J0808 from its central radio flux density via(
SNR
yr−1

)
≈ 7.7 × 10−24

(
ν

GHz

)α ( LNT

WHz−1

)
. (3.15)

Here, SNR is the supernova rate per year, ν is the observing frequency, LNT the non-thermal

radio luminosity, and α the radio spectral index.

Using MERLIN observations I was able to calculate the central luminosity at 18 cm to be

L18cm = 0.67 × 1023 W Hz−1 from table 3.4. For an assumed nuclear spectral index of α =

−0.60, I calculate the supernova rate at the center as SNR ≈ 0.4 yr−1. This is consistent

with the OBA star-formation rate obtained above from the extrapolation of the WISE 12µm

measurements. However, the super nova rate may only be considered as an upper limit. Given

that the nuclear radio emission may contain a significant amount of non-thermal radiation from

the jet and taking into account that the nuclear spectral index could also be steeper than α =

−0.60, I judge SNR as an upper limit. Following Hill et al. (2001) and Laine et al. (2006), the

host is considered to be a Seyfert galaxy if the supernova rate is . 1 yr−1. Starburst galaxies

have supernova rates of SNR . 10 yr−1.

3.5 Discussion and Conclusions

Imaging and spectroscopic data have given us detailed information on the physics and nature

of J0808. These data has made it possible to investigate the physical properties of J0808.

Through MERLIN radio observations I have shown that the source J0808 is a compact double

lobed radio source at a redshift of z = 0.2805 ± 0.0003; it shows a radio structure reminiscent

of those that may present significant back-flow of material along the jet or outflow into the host

(Silk, 2013; Wagner et al., 2013). The host of the radio source has been detected in the optical
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and infrared emission in the SDSS and WISE surveys. The optical spectrum as well as the

optical and infrared images of the host suggest that it is a compact early-type host galaxy. The

LBT MODS1 spectra, an estimate of the FIR luminosity, and the radio flux at the position of

the host reveal that the host shows indications of strong star-forming activity. The widths of

forbidden lines indicate a black hole mass of ∼ 106.9M�.

As binary sources need to be resolved the detection of the binarity of sources also clearly

depends on the size of the telescope or interferometer used. In order to make sure that the

position of J0808 at the lower edge of the distribution shown in Fig.5 is indeed special, I

compare the properties of small and large radio double sources that, in fact, form a continuum

in separations. O’Dea and Baum (1997) plot power versus projected largest linear size for

the complete samples of gigahertz-peaked spectrum (GPS) and compact-steep spectrum (CSS)

sources (Fanti et al., 1985, 1995; Fanti, 2009; Stanghellini et al., 1998) and the 3CR (Laing

et al., 1983) for the redshift range 0.2 ≤ z ≤ 1.0 and find that there is a good overlap between

the samples.

The data at hand now allows us to judge on the radio source evolution. The radio source

evolution can be constrained by plotting the number of sources as a function of size in the

power versus linear size plane. O’Dea and Baum (1997) find that the number of sources is

roughly constant per linear size bin for sources less than about 10 kpc. For the larger sources,

the number increases with increasing source size. This can be interpreted as an indication for

a qualitatively different evolution of the small sources compared to the large ones. In fact,

O’Dea (1998) points out that the GPS sources are entirely contained within the extent of the

narrow-line region (less than about 1 kpc), while the CSS sources are contained entirely within

the host galaxy (less than about 15 kpc). An explanation for this effect may be that the small

sources are still embedded in the ISM of the host while the large ones can expand more freely.

This shows that the source that I showing here is indeed representative for the smaller (around

10 kpc size) of the large double sources discussed by O’Dea and Baum (1997).

In order to get significant star formation going one needs a large amount of molecular

gas. Although the hosts of double radio sources in general do not have significant amounts of

molecular gas, they do show signatures of star formation. An exception, on the one hand, are

starburst radio galaxies that comprise 15-25 per cent of all powerful extragalactic radio sources

(Tadhunter et al., 2011). On the other hand, it appears that the interaction with the radio jet

quenches star formation and that hosts of radio galaxies seem to be inefficiently forming stars
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(e.g., Nesvadba et al., 2010). O’Dea et al. (2005) find no abundant molecular gas reservoirs in

GPS radio sources with upper limits of 109 to a few times 1010 M�.

The excess of ultraviolet (UV) radiation is an important tool to investigate the influence of

a non-thermal nucleus or the formation of young massive stars. Fanti et al. (2011) and Labiano

et al. (2008) find that most of the hosts of CSS radio binaries show an excess of ultraviolet

(UV) radiation compared to the spectra of local RQ ellipticals. This is despite the apparent

lack of large amounts of molecular gas. This UV excess may be due to an active nucleus or to

a young stellar population, both of which may be triggered by the same event or influence each

other. Similarly, I also find for J0808 diagnostic line ratios that clearly indicate the presence

of star formation in the host galaxy. While a merger event may have caused both the ongoing

jet activity, I have, however, no indication that the host has been affected by a recent merger

event from the available imaging information. Hence the case of J0808 also allows us to follow

a different interpretation: This source has an extended nuclear radio structure suggesting an

interaction of the host ISM with the back-flowing material. Thus for J0808 the star formation

may be triggered by the back-flow along the jet and its interaction with the AGN host.
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4

Line and Continuum Variability in
Active Galaxies

4.1 Introduction

Active Galactic Nuclei are characterized by their compactness and luminosity that is then in-

timitly linked to the variability of these sources. As variability at almost all wavelengths (Pe-

terson, 2001), As compact accreting objects AGNs are characterized by variability at almost

all wavelengths (Peterson, 2001), studying the variability on all time scales is a very useful ap-

proach to investigate and understand the physical properties of AGNs. As usual in astrophysics

the properties of this class of sources can only be studied for individual cases and - most im-

portantly - in the framework of statistical investigations. There are many systematic studies

about the variability of AGN using spectroscopic and photometric observation. Some photo-

metric measurements are used to study the variability, despite the fact that bright line emission

is lying within the corresponding passband (Vanden Berk et al., 2004). Studying the spectral

variability both in line and in continuum emission has become an important topic that may

help to outline differences between different Seyfert source classes. Variability may indicate

how the active galactic nuclei (AGN) affect the regions surrounding them (i.e. the BLR and

NLR) and how these regions change as a function of time. Many interesting results have been

obtained from AGN samples of different type and size. A famous one is the anti-correlation be-

tween the continuum luminosity and variability, which was first reported by Angione and Smith

(1972). Later additional information on this effect was provided by Hook et al. (1994); Zuo

et al. (2012, 2013). Additionally, other authors (Cid Fernandes and Sodre, 2000; Meusinger
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and Weiss, 2013) have clarified that this anti-correlation can qualitatively be described via the

standard accretion disk model, by proposing that the variability was caused via the alteration

of accretion rate.

Spectroscopic studies can be very time consuming if applied to large statistical samples.

There are just a few detailed, spectroscopy-based comparative studies on the variability of

AGNs, Spectroscopic studies can be very time consuming, They either concentrated on the

reverberation mapping analysis for extensively observed sources (e.g., Kaspi et al., 2007) or

depend on just a few epochs of the spectroscopic observations (e.g., Wilhite et al., 2005). Multi

epoch spectroscopy observations have advantages compared to photometric observations as

they allow us to study the continuum and line emission at the same time. Excepting regions of

high emission line density these observations also allow us to extract the underlying continuum

spectrum over a broad wavelength range and to study the spectral shape of the lines and the

line spectrum in general. The emission line spectra then allow us to study the BLR and NLR

regions surrounding the compact variable continuum nuclei.

The continuum variability of QSOs and Seyfert galaxies is essential as it characterizes the

accretion physics in these nuclei. Quit a number of extensive investigations about the variability

in Seyferts and quasars under the aspect of the continuum and the fluxes of the emission lines

can be given, e.g., Guo and Gu (2014); Peterson and Gaskell (1986); Peterson et al. (1984,

1998). While the BLR lines are found to reverberate the continuum variability on time scales

of days there are also a few reports on long term line variability of the NLR region: Based

on a time coverage of 8 years (Clavel and Wamsteker, 1987) find for 3C390.3 that the NLR

is photoionized and reverberates the continuum flux. They set an upper limit of 10 light years

for the size of the NLR. Based on a time coverage of 5 years (Peterson et al., 2013) find for

the S1 galaxy NGC 5548 that the [O III] λλ4959, 5007 emission-line flux to vary with time

and give a size estimate of 1-3 pc (i.e. 3-9 light years). There is a clear connection between

the continuum and line variability. For instance, Peterson et al. (1984) found for ∼73% of the

cases that they studied, that there is variability in the Hβ line flux corresponding to the changes

in the continuum. On the other hand, in the same project they found that this correlation is not

true for the sources if the continuum changes by more than ∼ 70%. They think that for cases in

which the Hβ flux is not corresponding to the continuum, light travel time effects may have to

be included. Furthermore, there is still no absolute conclusion on the correlation between the
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emission lines width and the line luminosity. An anti-correlation was found in a sample of 85

quasars by Brotherton et al. (1994), with single-epoch spectroscopic data. On the other hand

Wilhite et al. (2005) found there is a correlation between the emission lines width and the line

luminosity. They conclude this from a spectroscopic sample of 315 quasars.

4.2 How the source samples were selected

In this chapter I investigate the continuum and narrow line variability of a small sample of

objects over a good fraction of a decade. In my investigation I made full use of the spectro-

scopic capabilities of modern instrumentation in the optical wavelength domain. Hence, the

spectra I use cover a major fraction of the entire optical wavelength domain from the blue to

the red including several prominent lines and having an appreciable signal to noise ratio also

on the continuum emission. For such a study it is essential that the spectra are well calibrated

such that they can be compared to each other. It is also important to correct for iron emission

in order to extract proper values for the line luminosities of species other than iron. As the

data has been taken with different instruments and different effective apertures on the sky it is

furthermore essential to make sure that aperture effects, as they may occur due to slit losses

or from extended and spatially resolved line or continuum emission from the host galaxies,

do not contaminate the results of the variability assessment. In the literature one finds rather

rarely appropriately calibrated or sufficiently described data sets that are suitable for long term

variability studies. Hence, I made the effort to collect and combine a representative spectro-

scopic data set. This comprises a total of 18 sources (see summary in Sec. 4.6.1). For 8 objects

I obtained and/or performed the detailed analysis over the available optical wavelength range

using data from the LBT and other observatories (see Sect. 4.3 and Tab. 4.1). For 5 sources (3

NLS1 and only 2 BLS1) I obtained spectroscopic information from the literature. For a further

5 sources (2 NLS1 and 3 BLS1) I found sparser but suitable line and continuum information

in the literature. A detailed description of the SDSS data is given in Sect. 4.3, followed by a

description of the methods used for my analysis in Sect. 4.4. In Sect. 4.5 I present the results

for all galaxies that I used in my study.

As I was aiming at investigation the variability for a limited but representative class of

objects I included a range of source identifications. The sample also comprises sources with

a range of identifications. For the purpose of this investigation I combined sources that show

very prominent broad emission lines, i.e. Broad Line Seyfert 1 and Quasi Stellar Objects (in the
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following BLS1 and QSO) in addition to the narrow lines on which my investigation focuses. I

also put Seyfert 2 and Narrow Line Seyfert 1 (S21 and NLS1) in one group as their spectra are

dominated by narrow line emission. An additional justification for this combination is based on

the fact that while the unified model of Seyfert galaxies suggests that there are hidden broad-

line regions (HBLRs) in all Seyfert 2 galaxies, there is increasing evidence for the presence of a

subclass of Seyfert 2 sources lacking these HBLRs (Haas et al., 2007; Zhang and Wang, 2006).

In these cases one cannot exclude the possibility of the free sight to the nucleus despite of the

fact that the source is classified as a S2 galaxy. I also refer here to the discussion in the review

on NLS1 galaxies by Komossa (2008). Hence, if one classifies sources based on the presence

of absence of pronounced broad line emission, then S2 and NLS1 may be more comparable to

each other than e.g. BLS1 with NLS1 sources. In the discussion in Sect. 5.4 and 4.6.1) the

observed degrees of continuum and narrow line variability are analyzed. In retrospect I found

that the above described combination of sources is indeed justified by their different variability

characteristics.

The investigation I present here can only be a first step. The statistics must be put on a firm

and broad footing. Therefore, at some point such an investigation needs to be performed using

larger samples. Since an appropriate baseline for variability studies of several years is required

such an effort needs time and can only be provided in the near future. However, to study first

order effects, the number of sources needs to be only sufficiently large to separate the median or

mean properties within the statistical uncertainties. As I outline in this chapter, this can already

be done with the current, representative sample that I compiled. In fact, the interpretation I

present in Sect. 4.6.2. This chapter may also be taken as a prediction of the effect that the degree

of the continuum variability is indeed reverberated by the degree of narrow line variability. This

prediction was motivated by the results of the analysis of the small but representative sample

that I present in this chapter. A conclusion is given in Sect. 4.7.

4.3 Optical observations LBT and SDSS

Here I use optical data observed by LBT using MODS1 in long-slit mode with a slit width of

0.′′8. The spectrograph operates between 3200-10500 Å with a spectral resolution of R=λ/δλ ≈
2000 (i.e., ∼ 150 km s−1) where the full spectral range of the grating spectroscopy is split into

1One of the sample sources is a composite HII/S2 galaxy - but see discussion in Sect. 4.5.1
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a blue and red channel, which are 3200-6000 Å (blue) and 5000-10500 Å (red). All objects

which I targeted with the LBT observing program are listed in Tab. 4.1.

For SDSS observations, In this research I used the SDSS active galaxies (Seyfert & Quasar)

Catalogs based on the seventh data release of the SDSS (Abazajian et al., 2009). All The project

targets (except J035409.48+024930.7 and J015328+260939 that are not covered by the SDSS

survey) can be found in different SDSS catalogue releases (DR5, DR6, DR7, DR8, and DR9)

(Abazajian et al., 2009; Adelman-McCarthy and et al., 2009, 2011; Adelman-McCarthy et al.,

2008; Gibson et al., 2009; Inada et al., 2012; Skrutskie et al., 2006; Stoughton et al., 2002;

York et al., 2000).

Typical magnitudes of SDSS sources e.g. in the g-band are in the range of 14.47 6 g 6

19.21, the FWHM of the combined bright narrow and broad lines the FWHM typically range

from about 300 to 3000 km s−1. In this chapter I analyze the optical spectra of eight galaxies,

one is classified as composite HII/S2, 3 sources are classified as S1 (BLS1 & NLS1), and 4

sources are classified as QSOs. Further information about the analyzed objects is presented

in Tab. 4.1. In Figs. 4.2 and 4.3, I present images of the sources and a nearby reference star

extracted from the same image frame. The flux calibration step is already explained in the

second chapter (INSTRUMENTATION AND DATA REDUCTION).

Combining data from different telescopes and from different epochs needs special care.

Therefore, in order to insure a sufficient inter-calibration accuracy between telescopes and

instruments, a correction has been applied for the slit losses. My target sources was observed

(including the two calibrated stars; see above) in typically 1.2 to 1.4 arcsec seeing through a

0.8 arcsec slit. For the two extreme cases a seeing correction based on Fig. 4.1 was applied.

For J0153 taken in 1.90” seeing, the LBT fluxes scaled up by a factor of 1.35. For J1203 taken

in 0.82” seeing, the LBT fluxes scaled down by a factor of 0.70 SDSS.

A particular problem is that the slit loss contribution is time variable. In order to correct for

a time variable slit loss contribution I proceeded in the following way: For each target I have 2

to 5 exposures such that I have a good statistical estimate on the flux loss due to the combination

of variable seeing and misplacement of the slit. In Fig. 4.1 I present a number histogram of the

intensity drop measured in the [OIII] λ5007, [OII] λ3727, Hβ or Hα line in the corresponding

red and blue channel for the fainter exposures with respect to the brightest once. To first order

this effect was corrected by adjusting all exposures to the flux level of the brightest exposure

per source. Under the assumption that for the brightest exposure the slit was always centered

on the source no additional correction for slit losses is necessary (i.e. a factor of unity; case
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Figure 4.1: Left: For all sources I present the distribution of the intensity drops of the fainter
exposures with respect to the brightest once. The data is shown in bin widths of 0.05 (fat dots) and
for comparison half the value obtained with a bin width of 0.10 (black line). Right: Intensity drop
due to the combination of variable seeing and slit offset. Case α indicates the level (dotted line) to
which the spectra can be calibrated if for individual sources the fainter exposures are corrected to
the level of the brightest once. For case β I assume that the brightest exposures all are subjected to
the mean drop (fat black line) indicated by the statistics of the faintest with respect to the brightest
exposures. The arrow and the dashed lines indicate the standard deviation from the mean.

α in Fig. 4.1). The statistical approach must also cover an additional aspect: If I assume that

no significant systematical misplacements happened and that the statistics for slit losses for the

brightest exposures is similar to the statistics of the fainter exposures then an unfavorable and

unlikely case will be that all brightest exposures were taken under conditions of a mean slit loss

(case β in Fig. 4.1). To improve the calibration even further, I assumed for a final second order

correction for slit losses a case between case α and case β and chose the mean between unity

and the factor for mean losses of 1.17±0.10, i.e. a second order correction factor of 1.08, after

having applied the first order correction. Based on Fig. 4.1 the uncertainty on this correction

for the time variable slit losses is probably of the order of 5% for the 1.2” to 1.4” seeing cases.

For J0153 with 1.9” this correction is probably overestimated by <5% For J1203 with 0.82”

seeing the correction may be underestimated by 5-10% especially if one takes into account that

for a better seeing slit positioning can also be done more reliably. Given the seeing and aperture

combinations for the Beijing and Hiltner telescope measurements (see section 4.5.7 and 4.5.6)

as well as the high SDSS calibration quality (see section 4.3) no seeing/slit loss corrections

were applied to these data.

As I flux calibrate my observed spectra with the flux calibration stars observed through
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the same slits, and as I state that the galaxies are all very compact (see section 4.3 and Fig.

2.4, Fig. 4.1, and and section 4.5.1 for the marginally extended source J0938) I assume the

inter-calibration uncertainties to be less than 10%.

4.3.1 Measurements of the magnitude

It is essential to take special care in the derivation of magnitudes for our sources. Deriving

the magnitude of a source will depend on the method used. For compact objects (as in our

case) it is easier than for very extended objects. In the SDSS survey the magnitudes are derived

using different methods (Model, Cmodel, Petrosian, and PSF). For this work I used magnitudes

derived via the PSF method in which a Gaussian model of the PSF is fitted to the source

(dominated by a compact PSF like object). This technique also accounts for the variation of the

PSF across the field and was hence considered as most suitable for this study. Such variations

are mostly due to optics of the telescope/instrument combination, as wide field operation is

often a prime goal in designing these systems.

The data in my study provides both spectroscopic and imaging information. Both kind of

data include information on the continuum fluxes of the sources. I compared the flux density

value of the photometric observations1 with those obtained from spectroscopic observation for

each source. In this way I can get an estimate on the degree of variability that is present in the

nuclei of these objects.

The LBT allows for the usage of a variety of spectrometer slit widths. In my case the

observations were carried out using a long slit with aperture of 0.′′8 was used, while for In the

LBT observations a long slit with aperture of 0.′′8 was used, while for the SDSS observations

they using a spectroscopic fiber with radius of 3′′. To demonstrate that aperture effects between

the fiber and the slit measurements are negligible, I show SDSS z-band images of the galaxies

together with images of closeby stars from the same obsereved frame (Figs. 4.2 and 4.3). The

flux for each star was scaled to the level of each galaxy and then subtract the frames from each

other. In all eight cases, no emission is left. This shows that the sources are all dominated by

emission from an unresolved combination of a stellar bulge and an AGN. Furthermore, I fitted

Gaussian functions to the images of the galaxies and the stars. The results are listed in Tab. 4.4,

1I used the Gemini flux density/magnitude converter (http://www.gemini.edu/?q=node/11119) to convert the
magnitudes derived from the photometric images in the u,g,r,i, and z-bands into physical units (flux density Fλ in
erg s−1 cm−2 Å−1).
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Figure 4.2: The plot shows from left to right an SDSS image of the galaxies J1203, J0938, and
J0347, a stars/point sources from the same SDSS frame for each object (coordinates are listed in
Tab. 4.4) and the residuum that is left after subtracting the scaled star from the galaxy. The same
plots for the other galaxies can be found in the next figure (4.3).
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Figure 4.3: The same as Fig. 4.2 but for the other galaxies J1158, J0802, and J0911.
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Table 4.2: Comparison of seeing conditions for the sources for which I analyzed the spectra.

Sources LBT seeing Comparing Spectro. SDSS photometric
Inst. seeing Median Seeing (r-band)

′′ ′′ ′′

J1203 0.82 SDSS 1.48 1.4
J0938 1.30 SDSS 1.69 1.4
J0347 1.40 OHP 2.5 1.4
J1158 1.40 SDSS 1.22 1.4
J0802 1.20 SDSS 1.49 1.4
J0911 1.20 SDSS 1.23 1.4
J0354 1.20 Hiltner 2.5 –
J0153 1.90 Beijing 2.5 –

supporting the finding that the galaxy emission is dominated by the unresolved point source.

In Tab. 4.2 I list the seeing values for the different exposures.

4.4 Analysis

In collaboration with my colleagues I developed a Python routine to manually fit the stellar

continuum, the power-law contribution from the AGN, as well as the Fe ii emission and subtract

all of them. In the residual, continuum-subtracted spectrum, I can then fit the emission lines.

In following I will clarify each step:

4.4.1 Stellar continuum subtraction

To obtain an accurate measurement of the nuclear emission line fluxes and the equivalent

widths, I have to subtract the stellar component of the host or its bulge component. To remove

the stellar component a stellar population synthesis model was fitted to the entire spectrum. The

templates that have been used in this chapter are given by a sample spectrum built by an often

used population synthesis routine in Bruzual and Charlot (2003). Usually two kinds of star

burst models are used: A steady star formation contribution and a short time star burst. Both

concepts can be combined. The template for the young stellar population spectrum is taken

290 Myr after a star burst with steady star formation rate over 0.1 Gyr and solar metalicity. For
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Table 4.3: The observed continuum flux density variability between LBT and SDSS/OHP of J0938,
J1203, J1158, J0911, J0802, and J0347 from the photometry and spectroscopy aspect. (a)For J0347
first epoch spectroscopy obtained by OHP.

Sources Filt. Wa. photometry spectroscopy spectroscopy
SDSS SDSS(a) LBT

Å [10−16 erg [10−16 erg [10−16 erg
s−1 cm−2Å−1] s−1 cm−2Å−1] s−1 cm−2Å−1]

J1203

(u) 3543 1.26 ± 0.03 — 2.04 ± 0.99
(g) 4770 1.06 ± 0.02 1.20 ± 0.19 1.54 ± 0.38
(r) 6231 1.53 ± 0.01 1.02 ± 0.31 0.87 ± 0.13
(i) 7550 1.09 ± 0.01 0.81 ± 0.21 0.61 ± 0.14
(z) 9134 0.53 ± 0.03 0.65 ± 0.32 0.49 ± 0.13

J0938

(u) 3543 1.60 ± 0.03 — 1.87 ± 0.31
(g) 4600 2.39 ± 0.02 3.41 ± 0.19 2.66 ± 0.27
(r) 6231 2.01 ± 0.02 3.30 ± 0.15 2.48 ± 0.31
(i) 7625 1.67 ± 0.02 3.05 ± 0.17 2.36 ± 0.41
(z) 9134 1.50 ± 0.02 2.79 ± 0.27 2.12 ± 0.45

J0347(a)

(u) 3543 68.81 ± 0.01 — 52.79 ± 0.09
(g) 4770 53.90 ± 0.02 44.60 ± 0.21 60.38 ± 0.02
(r) 6231 44.92 ± 0.01 31.12 ± 0.15 39.23 ± 0.01
(i) 7625 40.91 ± 0.02 27.71 ± 0.11 33.81 ± 0.02
(z) 9134 26.93 ± 0.01 — 26.39 ± 0.04

J1158

(u) 3543 5.98 ± 0.04 — 5.12 ± 0.63
(g) 4770 4.29 ± 0.02 4.62 ± 0.23 3.91 ± 0.33
(r) 6400 2.87 ± 0.02 2.81 ± 0.14 3.31 ± 0.16
(i) 7700 2.21 ± 0.02 2.15 ± 0.16 2.65 ± 0.03
(z) 9134 1.77 ± 0.03 1.48 ± 0.48 1.87 ± 0.07

J0802

(u) 3543 0.41 ± 0.06 — 0.88 ± 0.49
(g) 4770 0.97 ± 0.01 1.02 ± 0.12 1.37 ± 0.11
(r) 6231 1.17 ± 0.01 1.14 ± 0.11 1.49 ± 0.06
(i) 7625 1.24 ± 0.02 1.16 ± 0.20 1.71 ± 0.10
(z) 9134 1.04 ± 0.02 0.97 ± 0.25 1.23 ± 0.29

J0911

(u) 3543 0.89 ± 0.04 — 0.61 ± 0.27
(g) 4770 0.86 ± 0.02 0.67 ± 0.04 0.92 ± 0.22
(r) 6200 0.85 ± 0.01 0.90 ± 0.04 1.10 ± 0.15
(i) 7700 0.68 ± 0.02 0.72 ± 0.03 0.96 ± 0.07
(z) 9134 0.54 ± 0.03 0.56 ± 0.10 0.76 ± 0.19
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Table 4.5: Continuum fits.

name instrument AV (stars) stars powerlaw Fe ii

J1203 LBT 0 60% 40% 0%
SDSS 0 60% 40% 0%

J0938 LBT 1.5 90% 10% 0%
SDSS 1.5 80% 20% 0%

J0347 LBT 1.2 57% 20% 23%
OHP 0.8 72% 13% 15%

J1158 LBT 0 0% 85% 15%
SDSS 0 0% 85% 15%

J0802 LBT 0 50% 30% 20%
SDSS 0 52% 33% 15%

J0911 LBT 0 50% 40% 10%
SDSS 0 45% 45% 10%

J0354 LBT 1.8 60% 30% 10%
J0153 LBT 0 62% 23% 15%

Notes. For each observation I give the flux contributions of the stellar component, the AGN/powerlaw
component, and the Fe ii template, as well as the extinction AV of the stellar component in the wavelength
interval 5100 Å to 5600 Å (rest-frame wavelength).

the intermediate-age population I used template of a 1.4 Gyr old simple stellar population with

solar metalicity.

In Tab. 4.5 I present the flux contributions of the stellar component, the AGN/powerlaw

component, and the Fe ii template, as well as the extinction AV of the stellar component. The

fraction of each component was measured compared to the total flux in the (rest-frame) wave-

length interval 5100 Å to 5600 Å. The main purpose of the continuum subtraction was to

remove the Fe ii emission lines from the spectrum, particularly those who blend other emission

lines. Since in most galaxies there are no obvious stellar features, it is difficult to distinguish

between different stellar populations. Therefore, I sum up the contributions of the intermediate-

age and the young stellar population. Also the fit of the extinction AV is not reliable but was

only chosen to fit the continuum slope as accurate as possible. The data for the line variability

as discussed in Sect. 5.4 includes all corrections derived from the fitting described here.
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4.4.2 Fe ii subtraction

The main goal of the analysis is to be able to make a statement on the variability of certain

lines. Reaching this goal is complicated by the fact that there is a contamination line system

in the spectra. The optical emission-lines of Fe ii represent quite typical features for Seyfert 1

galaxies and quasars. There is huge variety in the strength of these lines, from very clearly

shaped and detectable lines in some AGN spectra all the way to very weak and imperceptible

lines in other sources. Boroson and Green (1992) (in the following BG92) reported a strong

inverse correlation between the strength of Fe ii emission-lines and the width of the broad Hβ

line as well as the strength of the [O III] line. This result was confirmed by other groups (e.g.,

Corbin, 1997; Dong et al., 2011; Kovačević et al., 2010; Zhou et al., 2006). In this work I used

the Fe ii template from BG92, fitted and scaled the results to my galaxy spectra as shown in

Fig. 4.4. However, Tab. 4.5 shows that the contribution of Fe ii in the mentioned wavelength

range is up to more than 20% and a proper subtraction of Fe ii is required. The fitted spectrum

was then subtracted from the spectra. Finally, I obtained a spectrum corrected for both, the host

continuum (as mentioned in Sect. 4.4.1) and the Fe ii.

4.4.3 Fitting the Emission-lines

Measuring the line fluxes requires knowledge on the line shape as we have to integrate over is.

To accurately measure the fluxes of emission lines, I used mpfitexpr (Markwardt, 2009) to fit a

several Gaussians or a single Gaussian to the line profile. To fit a narrow or broad components,

I depend on the details of their shape or the presence of neighboring features. For example, to

fit the Hα+[N ii] complex, I used four Gaussians components, where the flux ratio of the [N ii]λ

6583 Å, 6548Å doublet is fixed to the theoretical value of 2.96. In addition, their widths are

supposed to be identical. Likewise, for the complexes of Hβ+[O iii] λ 5007 Å, I fitted three

Gaussians components as shown in Fig. 4.5, and two Gaussian components if the Hβ line is

narrow. Additionally, for some broad lines a Lorentzian profile was fitted, if the width of the

lines cannot be represented by Gaussian line profiles. The results of the line fitting are listed in

Tab. 4.9.

4.5 Results

A fundamental property of the sources under investigation is their distance from the observer.

The distance must be known and taken into account if we want to make statements on the
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Figure 4.4: Results from the [Fe ii] emission-subtraction. In the first plot, I present the spectrum of
J034740.18+010514.0 together with a fit of the [Fe ii] emission (yellow). In the second plot, shows
the spectrum after subtraction of the [Fe ii] emission.
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Figure 4.5: The plot shows the fit of the Hβ and [OIII] emission line complex with multiple Gauss
functions for J0347.

luminosity of the sources. Distances to the objects - and hence their observed luminosities -

depend on the chose of the cosmology. Redshifts and luminosity distances DL (Hogg, 1999) are

listed in Tab. 4.1. The luminosity distances DL were calculated using the redshift of the source

combined with the cosmology constants assuming a Hubble constant H0 = 70 km s−1 Mpc−1,

and a standard cosmology with parameters Ωm = 0.3, and ΩΛ = 0.7 (Spergel et al., 2003).

The observed continuum flux density variability of the sources derived from LBT and SDSS

data is summarized in Tab. 4.3. The line fitting results are listed in Tab. 4.9. All the spectra in

this chapter has been plotted in the rest wavelength as shown in Fig. (4.6, 4.7, 4.13, etc.). In

addition, I did that by applying λrest = λobs/1 + z. Another correction was applied on the flux

density (cosmological dilution), to change this value to the rest system via

Fλ rest = Fλ obs. × (1 + z)3 . (4.1)

All continuum flux densities and luminosities listed in the tables are derived as observed quan-

tities (i.e. without corrections). The listed line fluxes and luminosities have been corrected for

FeII and stellar continuum as described above.
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4.5.1 SDSS J093801.63+135317.0

The source SDSS J093801.63+135317.0 (hereafter J0938) is well known. It has been men-

tioned in the discovery of a population of the normal extragalactic field galaxies that have

luminous and strong FHIL (forbidden high by ionized lines) and HeIIλ4686 emission (Stepa-

nian and Afanas’ev, 2011). The authors used the ’Bolshoi Teleskop Alt-azimutalnyi BTA-6’

telescope with 6-m diameter located in Russia and obtained spectra with 0.86Å/px resolution.

Stepanian and Afanas’ev (2011) report, in their Table 2, the value of FWHM and flux for each

emission lines in the optical spectrum of J0938 taken with two instruments with the same spec-

tral resolution of R ∼ 2000 at two different epochs. The first one is taken by the SDSS telescope

in 18.12.2006 and the other one is taken by BTA-6 in 16.04.2010.

The authors of Yang et al. (2013) present results of seven rare extreme coronal line emitting

galaxies, and J0938 is among these sources. Coronal line are of interest as they are believed to

originate from regions between the BLR and NLR zone. These objects are reported by Wang

et al. (2012), and four of these galaxies (J0938 and three others) have a large variability in

coronal line flux, making them good candidates for tidal disruption events (TDEs). They de-

tected a broad He IIλ4686 emission line in the spectrum of J0938. Yang et al. (2013) find

broad coronal and high-ionization lines that are superimposed on narrow low-ionization lines.

They interpret this finding as indication that J0938 is a composite of a S2 nucleus and a star

formation region. In the SIMBAD catalogue the object is listed as an H ii galaxy. However, ac-

cording to the [O i]λ6300/Hα versus [O iii]λ5007/Hβ diagnostic diagram in Wang et al. (2012)

and Yang et al. (2013) it’s appearance to be that the source J0938 is lying in the region between

H ii and S2 galaxies (here I adopt an HII/S2 composite nucleus classification) and belongs to a

sample of sources with spectra that are dominated by the interaction of a super massive black

hole with the nuclear environment (Stepanian and Afanas’ev, 2011; Wang et al., 2012; Yang

et al., 2013).

The uncertain classification of the source as HII/S2 is reflected in the variability data for

this source which support the presence of a highly variable nucleus. In Tab. 4.3 I list the flux

density measurements of J0938 for three epoch at different wavelengths as obtained through

the LBT observations and via the spectroscopy and photometry results listed by SDSS. I notice

that flux values of the continuum of LBT spectroscopy are in good agreement with photometric

data of SDSS at the same wavelengths, while both are different to what can be derived from
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Figure 4.6: The plot shows the optical spectrum of J0938 as observed by SDSS and LBT-MODS.
The second row shows zooms into the spectrum in different regions. The third row shows the
differences between SDSS and LBT spectrum in these regions, while the fourth row shows the
ratios of these spectra. 75
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SDSS spectroscopy. Here, I note that their are of order 30% variations in line and continuum

flux between the different epochs that I used for my investigation.

As shown in Fig. 4.3 and as it is evident from the data in Tab. 4.4 the host of the source is

extended. Comparison with stars in the field show that just above one half of the continuum flux

in the LBT 0.8” slit is due to the unresolved nuclear component. The rest can be attributed to

the a contribution of the extended host. Thus the continuum variability estimation is probably

only an upper limit. However, for completeness I leave the variability estimates in Fig. 4.14 as

upper limits. The median deviation and median calculated from this plot is not effected by this.

The over-plot of the two optical spectra (LBT and SDSS) of J0938 is shown in Fig. 4.6. In 2012

the LBT spectrum was monitored , while the SDSS spectrum for this source has been taken in

2006. Therefore, here I can discuss the variability on a time scale of 6 years. For this object

two types of variability was found: first, there is difference in the continuum level between the

both spectra, where the continuum level of the SDSS spectrum is above by a factor of ∼1.3 than

the level of the LBT spectrum. This can be seen in Fig. 4.6 (a,b,c,and d) where I plot different

sections of the J0938 spectrum. Of course not only the continuum flux level of this source is

variable but also the lines. To show this I subtract the two spectra from each other and plot

the difference (Fig. 4.6 e, f, and g). Additionally, the variability of these lines are shown by

displaying the ratio of the two spectra (see Fig. 4.6 h,i, and j). The most varied emissions lines

in the spectrum of J0938 are [O ii], Hβ, [O iii]λ5007, and Hα. The Hα and [O iii] lines show a

variation of the order 1.25. The measured line fluxes are listed in Tab. 4.9.

4.5.2 SDSS J120300.19+162443.8

The source SDSS J120300.19+162443.8 (henceforth J1203) is contained in several statistical /

observational samples. It has been mentioned in Shirazi and Brinchmann (2012) among 2865

galaxies to have a strong nebular He IIλ4686 emission. A strong He IIλ4686 line indicates

that the nuclear radiation field of these objects is dominated by highly ionizing radiation. The

ionization potential of He+ is 54.4 eV corresponding to a UV photon wavelength of λ ≈ 228Å.

In Tab. 4.3 I list the flux densities fλ of J1203 at different wavelengths obtained from the

LBT observation and spectroscopy and photometry data as listed by SDSS. I notice that the

flux values of the continuum at different wavelength indicate variability. Moreover, the power

law index of the continuum feature of both observations SDSS (photometric & spectroscopy)

and LBT (spectroscopy) has also varied as shown in the optical spectrum of J1203 in Fig. 4.7.
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The optical emission line spectrum of J1203 is dominated by the NLR (see Fig. 4.7). In

Tab. 4.9 I notice that all the emission lines are narrow with FWHM values of 6 8.3Å (where

8.3Å ≈ 500 km s−1). J1203 has very low count rates at the continuum level. The Hα complex

gives indications of a possible faint broad component. Barth et al. (2014) find that all S2

candidates in their sample for which high spectral resolution deep exposures had been taken

showed some broad line emission that was not visible in previous spectra. A comparison

between the [OIII] λ5007 and Hβ line shows to within the uncertainties a very similar line

profile. Therefore no significant broad line component can be found and therefore I classify

J1203 as a S2 galaxy.

The over-plot of the two optical spectra (SDSS and LBT) for J1203 is shown in Fig. 4.7.

The LBT spectrum for J1203 was observed 2012, while The SDSS spectrum for the same

object has been monitored 2007. Thus, for this galaxy I can discuss the variability that may

happened over 5 years. I find that the variability here is rather fixed to the blue channel region

from 3300Å to 3700Å where effects of red wing of the ”Big Blue Bump BBB” may could be

seen (Gaskell, 2008; Starling and Puchnarewicz, 2001), as shown in Fig. 4.7 (d). The observed

continuum of the LBT spectrum in this region is higher than the SDSS spectrum. But for the

rest of the spectrum both spectra are at the same level till 6000 Å. The line emission varies by

about 40% (see Tab. 4.9).

4.5.3 SDSS J115816.72+132624.1

A few detailed studies on the source SDSS J115816.72+132624.1 can be found in the literature.

The optical spectrum of the source (hereafter J1158; observing dates see Tab. 4.1) is strongly

dominated by Fe ii lines (as can be seen in Fig. 4.8 and as reported also in Dong et al., 2011;

Kovačević et al., 2010). From Tab. 4.3 one can see that the flux values of the photometric and

spectroscopy observations obtained within the SDSS survey are in good agreement. However,

both values show a difference with respect to the flux value extracted from the LBT spectrum,

indicating variability. In Wang and Rowan-Robinson (2009) the authors refer to J1158 as a faint

source and mention it in the Imperial IRAS-FSC Redshift Catalogue (IIFSCz) among 60303

galaxies. Verifying the consistency of source positions they improved the optical, near-infrared,

radio identification. According to Zhang et al. (2010) J1158 is classified to be a low-ionization

broad absorption-line (loBAL) quasar, with [Mg ii] absorption-lines with a width of ∆υc >

1600 km s−1. Additionally, the authors calculate the continuum luminosity at 5100Å (λL5100)

as 7.7 × 1044erg s−1. From the LBT spectrum I obtain a luminosity at the same wavelength
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Figure 4.7: The optical spectrum of J1203 and the result of calculating the difference and ratio of
spectra from different epochs.
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with a flux of 2.81 × 1045erg s−1. The SDSS spectrum results in a value of 2.25 × 1045erg s−1.

Consistent with the fluxes listed in Tab. 4.3 I can conclude that the continuum luminosity of

this source has varied by a factor of 1.2 over the past 8 years.

For the purpose of comparison I present In Fig. 4.8 the over plot of the LBT and SDSS

spectra for J1158. The LBT data have been obtained in January 2012, and the SDSS survey

monitored this sources in May 2006. Thus, for this source I will able to discuss and study

the spectral variability on a time scale of six years. After overploting the twwo spectra and

calculating the flux densities of the emission lines (Tab. 4.9) for this galaxy, I found that the

variability in the continuum spectral index (hereafter PLI) and the continuum level may well

be coupled to each other as the red tail of the BBB may be the dominant contributor to the vari-

ability behavior. In addition I find strong variability in emission line intensity which confirms

that this object harbors an active galactic nucleus.

As shown in Fig. 4.8 (a,b,c, and d) the continuum level of the LBT spectrum is higher than

that in the SDSS spectrum. This could be linked to power-law variability over the entire optical

spectrum as expected from localized temperature fluctuations of a simple inhomogeneous disk

(Ruan et al., 2014). I find the PLI for both spectra to vary from -0.21 erg s−1 cm−2 / Å for

the SDSS spectrum to the PLI of LBT spectrum of -0.01 erg s−1 cm−2 / Å. Among them the

Hβλ4861 and [O iii]λ5007 line show the strongest variation by a factor of about 3. In general,

the emission lines in this source are more variable than in other objects of my sample. To better

illustrate the variability in continuum and the emission lines I subtracted the two spectra from

each other. In Fig. 4.8 (a, b, c, d) I plot the SDSS and LBT spectra next to each other and their

differences were plotted in Fig. 4.8 (e, f, g, h, i,and j).

4.5.4 SDSS J091146.06+403501.0

The source SDSS J091146.06+403501.0 (hereafter J0911) has been mentioned a few times

only in the literature. It has been reported for the first time in McMahon et al. (2002) as a radio

source. In the third data release of the SDSS survey (Schneider et al., 2005) it is classified as

a quasar. Zhang et al. (2010) classify J0911 as a low-ionization broad absorption-line (loBAL)

quasar, with [Mg ii] absorption-line in its spectrum with a line width of ∆υc > 1600 km s−1.

J0911 exhibits strong Fe ii lines as shown in Fig. 4.9. Based on the SDSS DR5 data Zhang et al.

(2010) calculate the continuum luminosity of J0911 at 5100Å (λL5100) to be 2.9 × 1044erg s−1,

while at the same wavelength I derive from the LBT spectroscopy data a luminosity value of

3.66 × 1044erg s−1, and for the SDSS spectrum I find 2.84 × 1044erg s−1. These three values,
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Figure 4.8: The same as Fig. 4.6 but for J1158.
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and the measurements in Tab. 4.3, show that there is significant variability in the continuum

emission of this source over these three epochs (see Fig. 4.9). This is in contrast to the strong

variability that I find for J1158 and supports the consistency of the calibration between the

different data sets. As part of the SDSS survey this source has been observed in March 2003,

while the LBT spectrum of the source was taken in February 2012. Hence, I look at a time

span of 9 years for the variability search. The optical spectra of J0911 can be seen in Fig. 4.9

(a, b, c, and d). As illustrated in this figure, the variability of the source is small compared to

other sources in the sample, except for the blue part of the spectrum in Fig. 4.9 (b), where I

notice a difference in the continuum slope. This variation in the blue part of the continuum may

caused by an accelerating outflow emanating from the black hole in the center of the galaxy

Shapovalova et al. (2010). Additionally, the flux measurements of the emission lines and their

FWHM are listed in Tab. 4.9. To show the variability clearly I plot the LBT and SDSS spectra

next to each other in Fig. 4.9 (a, b, c, d) and show the difference of the spectra in Fig. 4.9 (e, f,

g, h, i and j).

4.5.5 SDSS J080248.18+551328.9

As most of the sources in my investigation - also SDSS J080248.19+551328.9 is mentioned in

the SDSS. SDSS J080248.19+551328.9 (in the following J0802) was mentioned first time in

the Fifth Data Release DR5 of the SDSS catalogue for quasars (Schneider et al., 2007). The

initial redshift determination z = 0.66287 ± 0.00107 in DR5 (Schneider et al., 2007), later has

been corrected to a value of z = 0.664065 ± 0.000355 (Hewett and Wild, 2010). Inada et al.

(2012); Schneider et al. (2010) J0802 classified this source as a quasar, which is supported by

Allen et al. (2011); Gibson et al. (2009); Lundgren et al. (2009) with specific reference to a

broad absorption line [Mg ii] λ2800 in its spectrum. From the optical spectra it is apparent that

J0802 is highly dominated by Fe ii lines (see Fig. 4.10). I notice that the continuum power law

index derived from the LBT and SDSS spectroscopy data as well as the value derived from

SDSS photometry are in good agreement (Tab. 4.3). According to these data the continuum

spectrum peaks in the i-band. However, comparing the flux densities I find that while values

of SDSS photometric and LBT spectroscopy are similar they both are different to what can be

derived from SDSS spectroscopy. This indicates that J0802 shows some continuum variability

between epochs.

The SDSS spectrum for J0808 has been taken in January 2005, while the LBT spectrum

for the same source was taken in January 2012, resulting in a time baseline of 7 years for this
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Figure 4.9: The optical spectrum of J0911 and the result of calculating the difference and ratio of
spectra from different epochs.
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Figure 4.10: The optical spectrum of J0802 and the result of calculating the difference and ratio of
spectra from different epochs.
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object. Plotting both spectra (SDSS & LBT) for J0802 in Fig. 4.10 (a, b, c, and d) I find that

there are spectral similarities to the source J0938. Both spectra have the same continuum slope

but the continuum level of the LBT spectrum is higher by a factor of 1.3 compared to the SDSS

spectrum. The intensity of the emission lines in LBT spectrum are stronger than those obtained

from the SDSS spectrum (see Tab. 4.9). The Hγ λ4340 line present the strongest variation with

a factor of 2.06. To demonstrate the variability in the emission lines I present the ratios and the

differences between the LBT and SDSS spectra in Fig. 4.10.

4.5.6 2MASX J035409.48+024930.7

Not all source in my investigation have been covered by the SDSS survey. The source 2MASX

J035409.48+024930.7 (hereafter J0354) is one of the two sources for whixch this applies.

J0354 has been serendipitously discovered and mentioned together with 18 different objects in

Chanan et al. (1981) as an AGN X-ray source. In Bothun et al. (1982) the authors report that

the J0354 spectrum (MV ∼ 18) allows for either QSO or Seyfert 1 classification. They outline

that compared to other samples (e.g., Margon et al., 1982) the object is amongst the brightest

X-ray sources. They also report that this source has a large ratio of X-ray to optical luminosity

Lx/Lopt = 2 which is above the typical ratio of 0.5 found for quasars. Haddad and Vanderriest

(1991) state that J0354 has a gas rich galaxy as a hosti. The state that it may have originated

from as a result of a two-galaxy interaction, where the larger one is either a quasar or S1 and

the second one is clearly showing signs of tidal distortion. However, Hutchings et al. (1982)

suggest that the companion is bluer than the quasar. Véron-Cetty and Véron (2006) classify

the object as S1.5.

Here I compare the LBT spectroscopy data for J0354 with a spectroscopy data obtained in

Oct 2004 by the 2.4 m Hiltner Telescope at MDM Observatory at Kitt Peak, Arizona, USA

published by Grupe et al. (2005). The source was obsereved in 1.5” and 2” slit under moderate

seeing conditions. I notice that the continuum level of the LBT spectrum is different than the

spectrum of Hiltner Telescope as present in Fig. 4.11, where the continuum level of J0354

taken with the Hiltner telescope is above than the LBT spectrum for the same object, and

the emission lines of their observation are more intense than my observation. Furthermore,

Grupe et al. (2005) mention the line fluxes of [[O iii] λ4959 and λ5007 as (130± 6) and (413±
15) × 10−16erg s−1 cm−2, respectively. From the LBT data I obtain fluxes of the same lines as

(90)× 10−16erg s−1 cm−2 and (505)× 10−16erg s−1 cm−2, respectively. The comparison present

a variability by a factor of almost 50% in the [O iii] λ5007 line.
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Figure 4.11: The optical spectrum of J0354 and the result of calculating the difference and ratio of
spectra from different epochs.
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4.5.7 GALEXASC J015328.23+260938.5

The second source that is not exist in the survey of SDSS, for my study in this chapter is

GALEXASC J015328.23+260938.5 (henceforward J0153). This object is present in the In-

frared Astronomy Satellite (IRAS) Point Source Catalogue (Beichman et al., 1988, using the

name IRAS 01506+2554) and in the 2nd XMM-Newton Serendipitous Source Catalog (Mem-

ola et al., 2007; Noguchi et al., 2009, , using the name 2XMM J015328.4+26093). From the

IRAS survey, I obtained the flux density at two wavelengths, 60 and 100 microns, to be 0.5777

& 1.144 Jy, respectively. In addition to the LBT observations (see Fig. 4.12) a spectrum of

J0153 has been taken by Zhou et al. (2002) in February 2002 with the Zeiss universal spectro-

graph located at the Beijing Observatory with 2.16 m telescope, with slit width of 2.′′5 and see-

ing disk of 2.′′5. Moreover, the spectral resolution determined on the night sky is 5.2Å FWHM.

They found as well that J0153 is a radio-loud quasar with very strong Fe ii emission lines, for

the far- and near-infrared luminosity, they found LFIR ≈ 1012.7 L� and LNIR ≈ 1012.5 L�.

J0153 is one of 30 galaxies that Combes et al. (2011) investigate to follow the galaxy evolution

and especially the star formation efficiency (SFE) using CO lines. They find that the SFE of

this object is larger than 802 (L�/M�) which is 4.7 times higher than the local ultra-luminous

infrared galaxies (ULIRGs) (170 L�/M�). This clearly indicates that the host of this AGN is

actively forming stars with a high efficiency.

4.5.8 SDSS J034740.18+010514.0

My investigation covers a range of sources with different luminosities. Here we deal with the

least luminous source in this particular sample that I studied. However, SDSS J034740.18+010514.0

(henceforth J0347) was mentioned first time in a study for high-luminosity sources (Low et al.,

1988, using the name IRAS 03450+0055) and classified as quasar with least luminosity among

the sample they study. In Hewitt and Burbidge (1991) J0347 was classified as S1 galaxy by

Véron-Cetty and Véron (2006) as S1.5. With LFIR ≈ 1010.2 Low et al. (1988) and Low et al.

(1989) find J0347 to have the lowest luminosity among other quasars in their sample, addi-

tionally they find that this source has an extremely red optical continuum. Since no SDSS

spectroscopic observations are available for this object, I used spectroscopic data taken on 21

September 2003 with the CARELEC spectrograph attached to the 1.93m telescope of the Ob-

servatoire de Haute-Provence (OHP) with a 2′′ slit under 2.5′′ seeing.

Giannuzzo and Stirpe (1996) search for variability in a sample of 12 narrow line Seyfert 1
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Figure 4.12: The optical spectrum of J0153 and the result of calculating the difference and ratio of
spectra from different epochs.
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Table 4.6: Median and median deviations for the variability in the continuum & emission lines.

Type Continuum Narrow
Emission lines

µ dµ µ dµ

BLS1& QSO 39.0 17.0 30.0 10.5
S2 & NLS1 27.0 9.0 15.0 6.0

Notes. µ are the median values, dµ the median deviations as defined in the text.

Table 4.7: The T-test statistic for the variability in the continuum & emission lines.

Type Continuum Emission lines
n χ σ df T-value n χ σ df T-value

BLS1& QSO 42 42.25 20.76
75 3.38

18 29.48 10.71
33 4.25

S2 & NLS1 35 29.51 11.72 17 15.51 8.67

Notes. Here n denotes the number of sample elements, χ are the sample mean values, σ the sample
standard deviations, d f the degrees of freedom followed by the corresponding T-values.

galaxies, including J0347. They find 10 of these sources to be variable in the flux of the opti-

cal permitted lines over a period of one year as well as they found variation in the continuum

level. For the variability percentage in the permitted lines Hβ and Hα they find 4.58 and 0.599

respectively.

The continuum flux measurements of the SDSS photometry as well as from OHP and LBT

spectroscopy are lis in Tab. 4.3. Line flux measurements are presented in Tab. 4.9 (see also

plots in Fig. 4.13).

4.6 Discussion

Line emissions and the continuum of AGN help us to study the processes in the immediate

vicinity of the Super-massive black hole. The study that I conducted in here allows us to

compare the line and continuum variability of two different object samples with different spec-

troscopic identifications that by themselves imply a different degree of activity. I find that the
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Figure 4.13: The optical spectrum of J0347 and the result of calculating the difference and ratio of
spectra from different epochs.
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Figure 4.14: The variability percentage in the continuum. The data for the NLS1 sources ESO 012-
G21, NGC 1365, and MKN 1044 are taken from Giannuzzo and Stirpe (1996). The data for the
BLS1 sources NGC 7603 and PKS 2349-14 are based on spectra from Kollatschny et al. (2000)
and Kollatschny et al. (2006a), respectively.
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Figure 4.15: The variability percentage in the emission lines. The line measurements of ESO 012-
G21, NGC 1365, and MKN 1044 are taken from Giannuzzo and Stirpe (1996).
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Seyfert 2/NLS 1 sample shows in general a smaller degree of variability compared to the BLS1

and QSO sample. In the following I probe the significance of this difference and present a

possible physical interpretation of the observed phenomenon. The data on the continuum vari-

ability are extended by multi epoch information on NGC 1365, ESO 012-G21, and MKN 1044

from Giannuzzo and Stirpe (1996), NGC 7603 from Kollatschny et al. (2000) and PKS 2349-

14 from Kollatschny et al. (2006a). The data on multi epoch line variability are extended with

ESO 012-G21, NGC 1365 and MKN 1044 from Giannuzzo and Stirpe (1996).

4.6.1 How to probe the degree of variability

Having performed a detailed study of 18 sources (see Tab. 4.1, Tab. 4.8 and captions in Figs. 4.14

and 4.15) I find that there are significant differences in variability between S2&NLS1 (8)

sources and BLS1&QSO (10) sources. This applies both for the continuum and the emission

lines. In the following I will discuss the relative variability ∆max as the maximum difference

δmax with respect to the maximum value S max, i.e. ∆max = δmax/S max. Correction for relative

measurement uncertainties σ of the order of 10% results in

∆max,corr. =

√
∆2

max − σ2 (4.2)

My data indicates that the BLS1&QSO are stronger variable than S2& NLS1. Ai et al.

(2013a) came to the same conclusion: NLS1 have systematically a lower degree of variability

if compared to BLS1 sources. This is in agreement with the earlier found anti-correlation

between AGNs variability and Eddington ratio Meusinger et al. (2011); Zuo et al. (2012).

Other authors (e.g., Webb and Malkan, 2000) concluded from variability studies that the blue

part of AGN spectra is relatively stronger variable than the red part. For this study I present

this result in Fig. 4.14. I notice that indeed the variability in the blue part of the continuum is,

in general, larger than the variability in the red part. For 4 out of 7 objects this trend can be

seen individually.

The sources in the two sample show a different behavior in variability. They clearly do not

show the same degree of variability. To judge on the difference between the two source samples

in their continuum and line variability I calculated the median and median deviation as well as

the mean and standard deviation. Also chose the median since I do not know ab-initio if I

have normal distributions. Here, the median deviation is defined as the median of the absolute

differences between the median and the sample values. The median deviation is usually smaller

than the standard deviation as it is less sensitive with respect to outliers. From Tab. 4.6 and
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4. LINE AND CONTINUUM VARIABILITY IN ACTIVE GALAXIES

Table 4.8: The variability percentage in continuum at rest wavelength 5100Åand Hβ, for AGNs
taken from reverberation mapping (light curve).

Sources Cont. 5100Å Hβ Type References
% %

Mrk 335 34 24 NLS1 1,2
Mrk 6 36 25 NLS1 1
3C 120 57 40 BLS1 1
Ark 120 48 47 BLS1 1
Mrk 590 43 50 BLS1 1

Notes. References. (1) (Peterson et al., 1998), (2) (Grier et al., 2012).

Figs. 4.14 and 4.15 I find that the median degree of continuum variability is 27%±9% for the

S2/NLS1 and 39%±17% for the BLS1/QSO sources. For the median line variability I find

15%±6% for the S2/NLS1 and 30%±11% for the BLS1/QSO sources. Furthermore, I find that

the median values are separated by about one median deviation.

4.6.1.1 Robustness of the separation

In order to judge the robustness of the separation into subsets that show different variability

behavior I used the analysis and argumentation presented below:

Results for narrow and broad line components: In Fig. 4.15 I present the results for the com-

bined narrow and broad line recombination line fluxes in order to compare the data with litera-

ture values. However, the difference in the variability behavior between the narrow line and the

broad line sources (with 15%±6% and 30%±11%, respectively) also holds if I investigate the

narrow line and broad line components that I obtained from fitting the hydrogen recombination

lines (see Tab. 4.10). Here the median value for the variability of the narrow line objects J0347,

J1203 and J0938 of 20±4 lies well below the median result for the broad line objects of 41±8

derived from the 4 objects J1158, J0911, J0002 and J0153. Although the separation into the

two different source classes has been done using an overall line width criterion, I find that the

difference is also present if one can look at the NLR and BLR line components separately (see

discussion in section 4.6.3).

Statistical considerations: There are differences in the variability across the observed wave-
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length band. For the BLS1/QSO sample one can see the tendency for the variability to be up

to 20% stronger in the blue (3000Å) compared to the red (close to 6000Å). However, this ten-

dency is not equally well fullfiled for all sources and rather weak with respect to the overall

variability range from about 20% to 70%. However, here I’m more interested in the overall

continuum and line variability. Both are estimated for different sources and in different lines

or spectral regions of the continuum, which are all subject to different wavelength and line

strength dependant calibration uncertainties. Hence, I assume that for the two source samples

the variability estimates are sufficiently independent and can be represented by a mean distribu-

tion. In this case I can apply a T-test (Senn and Richardson, 1994) to determine the probability

that the data sets from both the continuum and line variation originate from different distribu-

tions. The relevant test quantities are given in Tab. 4.7.

T-test was applied for two sample experimental statistics for independent groups. The T-value

was calculated via

T =
χ1 − χ2

σdi f f
. (4.3)

The standard error of the difference I calculated via

σdi f f =
√
σ2
χ1
+ σ2

χ2
. (4.4)

Since the population standard deviation is not know, I used the sample standard deviation

to estimate the standard error as the ratio of σ and
√

n:

σχ =
σ
√

n
, (4.5)

n being the number of sample elements. The number of degrees of freedom d f as used for

two independent groups obtained as

d f = (n1 − 1) + (n2 − 1) . (4.6)

T-tests are carried out very often if one compares different source samples. Therefore, the

probabilities that describe the matching of the two samples are tabulated (Senn and Richardson,

1994) as a function of the T-values and the degrees of freedom d f . Form these tables I find that

the continuum and line variability of the BLS1 and QSO sample originated with a probability

of >99.9% from a different distribution compared to the Seyfert 2 and NLS1 sample.
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4. LINE AND CONTINUUM VARIABILITY IN ACTIVE GALAXIES

Comparison to other samples: The separation between the narrow line and the broad line

sources is best full-filed for the line variation. As shown in Tab. 4.8 my results are very much

consistent with those for a set of NLS1 and BLS1 sources obtained from reverberation mea-

surements carried out by Peterson et al. (1998) and Grier et al. (2012).

The findings for my small sample are also in full agreement with the results of a comparative

study of the optical/ultraviolet variability of NLS1 and BLS1-type sources by Ai et al. (2013b)

(based on 55 NLS1- and 108 BLS1-type nuclei). This underlines the representative character

of my sample. The authors show that the majority of NLS1-type objects exhibit significant

variability on timescales from about 10 days up to a few years, but on average their variability

amplitudes are much smaller compared to BLS1-type sources (see also, Barth et al., 2014; Yip

et al., 2009). Hence, in summary, I assume that the difference in continuum and line variability

between the two samples is sufficiently significant to search for a physical explanation for the

phenomenon.

4.6.2 Accretion dominated variability

In this section - following first principles - I investigate how the difference in narrow line

variability between the objects with spectra dominated by narrow lines and broad lines is linked

to the continuum variations of the active nuclei in the different samples.

As we are investigating the variation between samples a special notation helps to clarify the

situation: In the following I denote with ∆ differentiation with respect to the different samples,

i.e. ∆ = d
d sample . If the variability is due to mass accretion d

dt M onto a super-massive black

hole with mass M the continuum luminosity Lcont. can be written as

Lcont. ∝ M × d
dt

M . (4.7)

The expected difference in continuum variability between the samples can then be ex-

pressed as

∆Lcont. ∝ ∆M × d
dt

M + M × ∆ d
dt

M . (4.8)

This result can be linked to the detailed physics of the sources. For recombination lines the

variation of the nuclear continuum results in a variation of the number of atomic species that

reach the next higher state of ionization out of which they can recombine. For collisionally
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excited states this next higher state of ionization is the state in which they can be observed at

low densities emitting forbidden narrow line radiation. In the following I use the case of the

recombination lines to discuss the effect of the reverberation. Since my main interest is in the

variation of the narrow line luminosity Lline as a reverberation response to the variations in

continuum luminosity I can write:

Lline ∝
hνline

〈hv〉
αe f f

αB

d
dt

M = ξ
d
dt

M; (4.9)

Here νline is the line frequency, αe f f and αB are the effective and Menzel’s case B specific

recombination coefficients and 〈hv〉 denotes the mean energy per photon. Through the latter the

combined coefficient ξ depends on the ration between the total illuminated cross-section AC and

ionized volume VC of the reverberating clouds in a single galactic nucleus. This ratio results

in a size l of the reverberating volume which has a square root dependency on the continuum

luminosity:

ξ ∝ VC

AC
∝ l ∝

√
Lcont. . (4.10)

Therefore, combining the above equations for the line luminosity I can write:

Lline ∝
√

M(
d
dt

M)
3
2 . (4.11)

The expected difference in line variability between the samples can then be expressed as

∆Lline ∝
1
2

M−
1
2∆M(

d
dt

M)
3
2 + M

1
2

3
2

(
d
dt

M)
1
2 (∆

d
dt

M) . (4.12)

Now I assume that the variation ∆ d
dt M of the accretion stream onto the super-massive black

holes from sample to sample is small and a finite difference ∆M in total mean black hole mass

per sample needs to be considered. In such a scenario the strength of the accretion stream

as such is the dominant quantity for the variations in continuum and line luminosity between

between different sample members and the two sources sample in general. Hence, the descrip-

tion can be simplified and I can neglect the second terms in equations and and write for the

difference in continuum and line luminosity:

∆Lcont. ∝ ∆M × d
dt

M ∝ d
dt

M (4.13)

95



4. LINE AND CONTINUUM VARIABILITY IN ACTIVE GALAXIES

∆Lline ∝ ∆M(
d
dt

M)
3
2 ∝ (

d
dt

M)
3
2 . (4.14)

This points at the result, that the increase in activity in continuum and line emission is due

to the difference in ∆M between the samples however the but there is an additional modulation

for the variability of the line emission that is a function of d
dt M. Combining these results I find

as a main result:

∆Lline ∝ (∆Lcont.)
3
2 . (4.15)

We can investigate if or how well these conditions are actually fulfilled in our case. By

looking at the median and mean values for the different samples in Tabs. 4.6 and 4.7 I find that

this condition is to first order fullfiled to within about 15% : For the means of the continuum

variability I find (39/30)
3
2 = 1.5 whereas the measured ratio of the means of the line variability

is 27/15 = 1.8. For the median values of the continuum variability I find (42/35)
3
2 = 1.3

whereas the measured ratio of the median values of the line variability is 29/16 = 1.8. This

proportionality relation between the continuum and narrow line variability is demonstrated in

Fig. 4.17 and discussed in the following section.

4.6.3 NLR response to the nuclear continuum variability

As a new and statistically well based result I find that it the reverberation response to the

continuum variability is not only limited to the BLR but can also be detected in the emission

from the NLR. The black crosses represent the median values and their uncertainties as shown

in Figs. 4.14 & 4.15. In this plot the curved lines represent the relation ∆Lline = ε(∆Lcont.)
3
2 ,

with ε=1.0 for the thick straight line which is followed surprisingly well by the data. However,

for my sample of the order of 50% of the continuum flux density is likely to be due to the

stellar continuum that is not variable on the time scales discussed here. For more luminous

objects this may be of the order of 20% Kollatschny et al. (2006b). This indicates that the pure

nuclear continuum variability that is not contaminated by stellar flux may in general be larger

by about one third. This results in a value of ε ∼1.9 (dashed line in Fig. 4.17) to match the

derived proportionality relation between the continuum and narrow line variability. In this case

the data points (black crosses and data points) would have to be shifted up by the same factor

on average, to fall close to the corresponding dashed line. The additional strong noise (with
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respect to the ideal description of the process) may indicate that some of the simplifications we

made to obtain the result are not always fully fulfilled.

I have used the reverberation formalism to interpret the line response to continuum varia-

tions. This is usually applied to broad lines only and used to derive the size of the BLR making

use of well sampled continuous light curves of the continuum and broad line emission which

are then cross-correlated. In Fig. 4.17 I compare my finding with variability data from different

broad line QSO samples. The blue filled dots are QSO variability data from the sample listed in

Tab.6 by (Kollatschny et al., 2006b) the red filled dots are data from (Peterson et al., 2004) and

(Kaspi et al., 2000) as listed in Tab.8 by (Kollatschny et al., 2006b). The comparison shows that

the relation also holds for reverberation response of the broad line QSOs. With the mentioned

literature data Fig. 4.17 now comprises a total of 61 sources. In this chapter I present, however,

the line response that I monitored in my small sample is dominated by forbidden narrow line

emission. Only the Hβ line allows a separation between the broad and narrow line contribution.

However, the median and mean derived from the BLR component only is in good agreement

with the overall result. My investigation was based on two typically measurements over a base-

line in time of the order of 10 years (see Tab. 4.10). Reverberation response of the NLR based

on measurements over 5-8 years has also been reported for the radio galaxy 3C390.3 (Clavel

and Wamsteker, 1987) and for the S1 galaxy NGC 5548 (Peterson et al., 2013). Within the

SDSS survey one can also find example of multi-epoch observations that are consistent with

this picture. In Fig. 4.16 I show three epoch SDSS spectra for the NLS1 sources J014412 and

J022205. The variability estimates places them well into Fig. 4.17,

Due to the causality principle variability is always coupled to the size of the variable object.

Variability can be interpreted as a measure of the size of the variable object as the speed with

which information is transported is limited by the speed of light. Variability on time scale of

years already sets an upper limit to the size of the responding region. Since the variability is

rather significant the line flux contribution of that region is also high. While there is a density

and temperature gradient towards the nuclear position (Morse et al., 1995; Ogle et al., 2000;

Penston et al., 1990) one also finds that the surface brightness distribution of the NLR flux

is very much centrally peaked. The size of the NRL is luminosity dependant(Schmitt et al.,

2003), however, the inspection of high angular resolution HST scans across S1 and S2 nuclei

shows that the unresolved central peak may contain 50% or more of the more extended nuclear

forbidden line flux (Bennert et al., 2006a,b). (Peterson et al., 2013) find for NGC 5548 that

94% of the NLR emission arises from within 18pc (54 ly). (Ogle et al., 2000) derive a density
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Figure 4.16: Three epoch SDSS spectra for J014412 and J022205. These spectra allow us to derive
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J022205. These values lie well above the low calibration uncertainties for the SDSS data (section
4.3).
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profile of r−2 and (Walsh et al., 2008) find that the [S II] line ratio indicates a radial stratification

in gas density, with a sharp increase within the inner 10-20 pc, in the majority of the Type 1

(broad-lined) objects.

Based on our data covering a large tie interval we find that the main response to the contin-

uum flux density variation must therefore originate in a rather compact region with a diameter

of the order of 10 light years. This is in good agreement with the finding for 3C390.3 (Clavel

and Wamsteker, 1987) and NGC 5548 (Peterson et al., 2013). Since this formalism fully ex-

plains the reverberation of the line emission with respect to the continuum variation (with a sur-

prisingly close proportionality; see Fig. 4.17), this suggests that the region illuminated by the

nucleus is almost fully spatially overlapping with the responding line emitting region. Hence,

at larger distance the NLRs then show a much weaker response to the continuum variability

most likely due to a combination of a lower overall luminosity and a lower volume filling fac-

tor. The close correlation to the non-stellar nuclear continuum variability also implies that for

the sources that I investigated there are no other significant sources (i.e. star formation, extra

nuclear shocks) but the nuclear radiation field that contributes substantially to the line emission

of the reverberating region.

4.7 Conclusions

Based on the LBT MODS optical spectroscopy data and on the detailed inter-telescope and

inter-epoch calibration that I performed, I obtained the impression that the NLR line variability

is lined to the continuum variability. Therefore I combined my observational data with liter-

ature data and data from public surveys in order to put this result on a firm footing. I have

investigated several source samples of different sizes in order to characterize their line and

continuum variability and the relation between those. For 18 source we carried out a detailed

spectroscopic investigation. For 8 objects in Tab. 4.1 I obtained and/or performed the detailed

analysis spectroscopy over the available optical wavelength range. For 10 sources I obtained

suitable multi-epoch line and continuum data from the literature (see Tab. 4.8 and Figs. 4.14

and 4.15) covering time scales from 5 to 10 years. Fig. 4.17 demonstrates that my findings

describe the variability characteristics of a total of 61 sources. This sample size allows me to

draw first - statistically well based - conclusions. From the line and continuum variability of

these active galactic nuclei I find the following consistent picture that explains the differences

between the Seyfert 2/NLS 1 and the BLS1 and QSO sample: The line luminosity Lline can be
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4. LINE AND CONTINUUM VARIABILITY IN ACTIVE GALAXIES

∆ L
line

∆ L
cont.

0

0.2

0.4

0.6

0 0.2 0.4 0.6

Figure 4.17: The continuum variability plotted against the line variability. The solid and dashed
black lines represent the relation ∆Lline = ε(∆Lcont.)

3
2 (see text). The filled colored dots are QSO

variability data (Hβ and continuum) from (Kollatschny et al., 2006b), (Peterson et al., 2004), and
(Kaspi et al., 2000). The Black crosses represent the median values and their uncertainties as I
derived them for my sample (Hβ and other lines plus continuum) and as they are shown in Figs. 4.14
& 4.15.
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4.7 Conclusions

described as a reverberation response to the continuum luminosity Lcont. This response must

mean that the source is reasonably compact. In good agreement with results of previous studies

(references in section 4.6.3) I find that the bulk of the NLR emission arises from within 10-20

light years and shows a reverberation response to variability of the nucleus. The differences in

variability do not require a variation of the accretion rate ∆ d
dt M between the two samples. It is

mainly the difference in black hole mass ∆M that is responsible for the difference between the

samples. The increased variability of the line emission can fully be explained by the depen-

dency on the accretion rate d
dt M. Other factors may be of importance that give rise to additional

noise in the found correlation.
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4. LINE AND CONTINUUM VARIABILITY IN ACTIVE GALAXIES

Table 4.9: The line fitting results for J0938, J1203, 1158, J0911, J0802, J0354, J0153, and J0347.

Sources Em. lines Ob. Wa. Inst.1 Inst.2

Flux FWHM Flux FWHM
Å [10−16 erg Å [10−16 erg Å

s−1 cm−2] s−1 cm−2]

SDSS(a) LBT
J0938 [O ii] λ3727 4102 ± 1 50.12 ± 2.39 5.66 ± 0.49 43.08 ± 2.38 6.05 ± 0.47

[Ne iii] λ3868 4258 ± 1 11.28 ± 0.91 10.67 ± 0.93 7.97 ± 1.14 8.38 ± 0.79
Hγ λ 4340 4777 ± 1 25.18 ± 1.58 6.31 ± 0.88 18.95 ± 1.10 6.91 ± 0.71
He II λ4686 5157 ± 2 8.50 ± 0.73 16.81 ± 1.12 4.04 ± 0.36 10.66 ± 0.87
Hβ∗ λ4861 5350 ± 1 50.28 ± 2.54 5.61 ± 0.49 41.95 ± 2.83 5.91 ± 0.73
[O iii] λ5007 5510 ± 1 45.06 ± 1.57 7.34 ± 0.57 37.43 ± 2.01 7.27 ± 0.66
[Fe vii] λ5721 6298 ± 1 4.60 ± 0.39 10.56 ± 0.35 6.55 ± 1.11 11.74 ± 0.64
[Fe vii] λ6087 6699 ± 1 11.55 ± 0.75 18.63 ± 0.51 11.19 ± 1.48 19.65 ± 0.72
[O i] λ6300 6935 ± 1 4.94 ± 0.40 6.75 ± 0.41 5.30 ± 1.14 9.14 ± 0.83
Hα λ6563 7224 ± 1 208.83 ± 5.89 7.75 ± 0.57 164.56 ± 5.03 6.43 ± 0.61
[N ii] λ6583 7246 ± 1 80.04 ± 2.57 7.77 ± 0.52 57.33 ± 2.70 6.17 ± 0.65
[S ii] λ6716 7393 ± 1 28.90 ± 1.25 7.46 ± 0.54 23.08 ± 1.45 5.92 ± 0.52
[S ii] λ6731 7409 ± 1 19.28 ± 0.96 7.15 ± 0.56 16.48 ± 1.32 6.02 ± 0.51

SDSS LBT
J1203 [Ne v] λ3345 3898 ± 1 20.42 ± 1.41 5.75 ± 0.22 27.82 ± 1.02 5.18 ± 0.31

[Ne vi] λ3425 3993 ± 1 55.54 ± 2.84 4.67 ± 0.25 67.57 ± 1.93 5.08 ± 0.24
[O ii] λ3727 4344 ± 1 83.03 ± 1.53 6.14 ± 0.14 93.17 ± 2.87 6.19 ± 0.22
Hε λ3969 4625 ± 2 38.36 ± 1.21 4.92 ± 0.36 48.01 ± 1.75 4.98 ± 0.76
Hγ λ4340 5059 ± 1 89.24 ± 1.49 5.64 ± 0.41 81.84 ± 2.04 5.41 ± 0.75
Hβ∗ λ4861 5665 ± 2 154.54 ± 1.78 5.88 ± 0.75 126.39 ± 1.11 5.64 ± 0.97
[O iii] λ5007 5835 ± 2 803.60 ± 6.39 5.67 ± 0.88 681.90 ± 7.66 5.29 ± 0.85
[O i] λ6300 7343 ± 3 12.53 ± 0.75 7.33 ± 0.13 11.25 ± 0.54 7.94 ± 0.12
Hα λ6543 7648 ± 2 364.01 ± 3.60 7.64 ± 0.55 168.34 ± 3.95 7.12 ± 0.71
[N ii] λ6583 7671 ± 1 25.11 ± 1.63 6.59 ± 0.18 13.17 ± 0.94 6.31 ± 0.34
[S ii] λ6716 7827 ± 3 17.09 ± 1.71 7.00 ± 0.11 10.37 ± 0.91 7.40 ± 0.14
[S ii] λ6731 7844 ± 3 16.92 ± 1.28 7.81 ± 0.12 8.98 ± 0.88 6.61 ± 0.11

SDSS LBT
J0911 [Mg ii] λ2799 4030 ± 1 60.43 ± 1.53 29.01 ± 0.95 35.40 ± 3.01 29.01 ± 1.32

[O ii] λ3727 5372 ± 2 11.80 ± 0.84 7.35 ± 0.48 15.26 ± 0.55 7.77 ± 0.32
Hγ λ4340 (broad) 6258 ± 2 15.71 ± 1.14 54.14 ± 1.87 18.42 ± 0.77 51.78 ± 2.01
Hγ λ4340 (narrow) 6258 ± 2 6.92 ± 0.75 10.35 ± 0.69 8.03 ± 0.41 11.06 ± 0.73
Hβ λ4861 (broad) 7007 ± 2 46.05 ± 2.94 54.14 ± 1.87 52.55 ± 2.49 51.78 ± 2.01

Continued on next page
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4.7 Conclusions

Table 4.9: Continued.

Hβ λ4861 (narrow) 7007 ± 2 17.09 ± 1.06 9.65 ± 0.62 19.24 ± 0.82 10.59 ± 0.99
[O iii] λ5007 7218 ± 1 28.76 ± 1.53 9.88 ± 0.84 34.49 ± 1.55 10.12 ± 1.02
[O i] λ6300 9082 ± 2 4.75 ± 0.35 20.22 ± 1.22 5.43 ± 0.87 16.14 ± 1.76

SDSS LBT
J1158 [O ii] λ3727 5366 ± 1 10.61 ± 0.67 8.35 ± 0.51 7.12 ± 0.71 9.85 ± 0.88

Hγ λ4340 (broad) 6245 ± 3 58.82 ± 2.83 75.32 ± 2.92 29.63 ± 2.16 94.16 ± 2.56
Hγ λ4340 (narrow) 6245 ± 3 12.61 ± 0.56 14.83 ± 0.81 7.40 ± 0.61 14.35 ± 1.47
Hβ λ4861 (broad) 6994 ± 3 201.01 ± 3.31 75.32 ± 2.92 105.69 ± 4.46 94.16 ± 2.56
Hβ λ4861(narrow) 6994 ± 3 28.21 ± 0.96 12.91 ± 0.88 17.05 ± 1.14 13.98 ± 0.94
[O iii] λ5007 7208 ± 3 59.41 ± 1.24 12.01 ± 0.91 41.92 ± 1.88 13.65 ± 1.18
[O i] λ6300 9071 ± 3 5.81 ± 0.90 6.55 ± 0.75 3.98 ± 0.60 8.49 ± 0.98

SDSS LBT
J0802 [O ii] λ3727 6203 ± 1 18.43 ± 1.23 15.48 ± 1.31 25.33 ± 0.99 12.91 ± 0.89

Hγ λ 4340 (broad) 7227 ± 2 33.82 ± 2.43 80.11 ± 2.02 60.36 ± 0.95 82.39 ± 2.89
Hγ λ 4340 (narrow) 7229 ± 2 8.62 ± 1.29 12.00 ± 0.79 15.41 ± 0.55 11.29 ± 0.47
Hβ λ4861 (broad) 8092 ± 1 84.23 ± 2.18 80.11 ± 2.02 95.07 ± 2.76 82.39 ± 2.89
Hβ λ4861 (narrow) 8092 ± 1 20.97 ± 1.63 11.98 ± 0.85 43.22 ± 1.54 13.65 ± 1.98
[O iii] λ5007 8331 ± 1 16.40 ± 1.42 11.51 ± 0.81 28.41 ± 1.62 13.41 ± 1.12

Beijing(b) (1) LBT
J0153 Hβ λ4861 (broad) 6453 ± 3 420.80 ± −− 77.01 ± −− 299.92 ± 10.98 51.36 ± 3.98

Hβ λ4861 (narrow) 6453 ± 3 99.60 ± −− 18.34 ± −− 68.20 ± 3.01 14.96 ± 1.34
[O iii] λ5007 6654 ± 1 155.90 ± −− 13.37 ± −− 113.36 ± 4.51 14.12 ± 2.45

Hiltner(c) (2) LBT
J0354 [Ne v] λ3346 3544 ± 2 26.00 ± 10.00 4.51 ± 1.75 11.91 ± 0.97 3.09 ± 0.68

[O iii] λ5007 5183 ± 1 413.00 ± 15.00 5.51 ± 0.94 284.84 ± 4.42 4.53 ± 0.26
[O i] λ6300 6522 ± 1 15.15 ± 1.34 5.93 ± 0.92 8.70 ± 2.00 6.60 ± 0.67
[S ii] λ6716 6952 ± 1 14.45 ± 1.16 5.82 ± 0.34 10.90 ± 1.00 5.79 ± 0.49
[S ii] λ6731 6967 ± 1 12.52 ± 0.96 5.85 ± 0.36 8.40 ± 1.00 5.09 ± 0.42

J0347 OHP(d) LBT
Hγ λ 4340 (broad) 4475 ± 2 752.63 ± 18.28 51.78 ± 2.68 1094.56 ± 9.19 51.78 ± 2.95
Hγ λ 4340 (narrow) 4475 ± 2 273.21 ± 5.23 10.96 ± 1.23 324.91 ± 9.19 10.01 ± 0.55
Hβ λ4861 (broad) 5010 ± 1 1644.70 ± 16.46 51.78 ± 3.54 2280.33 ± 21.87 51.78 ± 0.92
Hβ λ4861(narrow) 5010 ± 1 1058.20 ± 11.89 13.18 ± 1.02 1398.38 ± 20.46 11.77 ± 0.92
[O iii] λ5007 5156 ± 1 951.10 ± 10.87 12.71 ± 2.33 996.74 ± 20.80 11.53 ± 0.64
[O i] λ6300 6495 ± 2 124.29 ± 2.67 16.19 ± 1.11 157.30 ± 5.79 18.78 ± 1.78

References. (1) (Zhou et al., 2002), (2) (Grupe et al., 2005).
Notes: (∗) Means Hβ are narrow. (a) The Sloan Digital Sky Survey. (b) Beijing Observatory. (c) Hiltner
Telescope. (d) Telescope of Observatoire de Haute-Provence (OHP).
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4. LINE AND CONTINUUM VARIABILITY IN ACTIVE GALAXIES

Table 4.10: Broad and narrow emission lines variability.

Type Sources Narrow line Broad line
components components

line type Varib. % line type Varib. %

Narrow lines objects J0347 Hγ λ 4340 15.9 Hγ λ 4340 31.2
Hβ λ4861 24.3 Hβ λ4861 27.8

J1203 Hγ λ 4340 12.4 Hγ λ 4340 –
Hβ λ4861 18.2 Hβ λ4861 –

J0938 Hγ λ 4340 24.7 Hγ λ 4340 –
Hβ λ4861 16.5 Hβ λ4861 –

Broad lines objects J1158 Hγ λ 4340 31.8 Hγ λ 4340 32.2
Hβ λ4861 33.6 Hβ λ4861 31.4

J0911 Hγ λ 4340 19.8 Hγ λ 4340 14.7
Hβ λ4861 11.1 Hβ λ4861 12.3

J0802 Hγ λ 4340 43.9 Hγ λ 4340 60.5
Hβ λ4861 51.4 Hβ λ4861 11.4

J0153 Hβ λ4861 31.5 Hβ λ4861 28.7
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5

Variability in a Broad Absorption
Lines Quasars (BAL QSO)

5.1 Introduction

Many quasars are characterized by broad absorption lines (troughs) in their spectra. These

wide troughs may originate in material close to the nucleus. Hence, they appear to be good

candidates to study the variability, These troughs represent are ideal probes along the line of

slight, sensitive to small and large variations directly or indirectly caused by the AGN. The

broadening of these troughs is cause by the high velocity outflows of the gas. These outflows

have a significantly affect on the quasars properties through. This is most evident through

the absorption in the ultraviolet lines as well as the presence of emission-lines from highly

ionized species (Gibson et al., 2009, e.g.). Furthermore, high velocity outflows might have

a positive feedback on the accretion efficiency onto the SMBH as they may help to remove

angular momentum from the accretion disk (e.g., Arav et al., 2013, and references therein). It

is thought that these outflows are generated from the accretion disk at distance of 10 to 100

light days away from the SMBH (Filiz Ak et al., 2013). This implies that the outflow material

needs typically timescales of 1-9 years to cross this region and cause changes in the spectra of

BAL quasars. I will present evidence for this in section 5.3.

For these objects one can in general distinguish two main types: HiBAL and LoBAL

sources. In addition there is a sub-type of LoBAL sources that exhibits a strong iron line -

in particular populations of Fe ii and/or Fe iii emission-lines in their spectra. This phenomenon

give rise to the sub-type name FeLoBAL (see Sec. 1.3).
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5. VARIABILITY IN A BROAD ABSORPTION LINES QUASARS (BAL QSO)

Detailed studies of the variability of BALQSO sources have been carried out since the

eighties of the last century. Smith and Penston (1988) found that over a timescale of 2-7

years the spectra of two BALQSOs (Q1246-057 and Q1309-056) show a significant amount of

variability in the spectra. These variations occurred specifically in the troughs of Si iv λ1398Å

and C iv λ1544Å lines. Furthermore, they suggested that the troughs variations are associated

with changes in the spectral continuum. In the nineties Barlow (1993) expanded the variability

study of BALQSOs by increasing the number of objects to 54 BALQSOs. Among them a total

of 23 BALQSO showed significant variability in their spectra. In addition, they supported the

conclusions that were reached earlier by Smith and Penston (1988). Recent research allowed

to draw new conclusions on the variability properties of BAL sources. Capellupo et al. (2012)

suggested that the Si iv troughs are more variable than the C iv troughs.

In this chapter, I am studying the variability in BAL quasars from a different aspect. First, I

study the individual variability that occurs in the two types of BAL active galaxies HiBAL and

LoBAl. Second, I will do a comparison between the variability behavior of these two types.

5.2 The LBT, SDSS, and MMT observations

In this chapter, I summarize the observational results for three QSOBALs sources as listed

in Tab. 5.1. Two of them have been classified as HiBAL: SDSS J012412.45-010049.91

and SDSS J093403.96+315331.32). One source was classified as a LoBAL object: FBQS

J072831.64+402616.03. For the optical spectroscopy data I can resort to two observing dates

for each object. Except for J0728, the first epoch has not been taken with the SDSS telescope.

In order to compensate this deficiency in spectroscopy data for J0728 I used spectroscopy data

taken with the MMT4 telescope as listed in Tab. 5.1. While all the second epoch observations

were carried out with the LBT telescope using the MODS1 spectrograph. Furthermore, I have

photometric data at different wavelengths band (u, g, r, I, and z) for all sources monitored by

the SDSS telescope. I will used this data later to briefly summarize the continuum variability

that (see Tab. 5.2). I will also use these photometric observations to support that the differences

between the slit and fiber apertures is negligible, as I did in the last chapter of section 4.3.1. In

Tab. 5.3 I listed the coordinates and FWHM of each stars that used in last process.

1In the following J0124
2In the following J0934
3In the following J0728
4 Multiple Mirror Telescope (MMT)
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5.3 Results

Moreover, in the LBT observations I utilized a long slit with aperture of 0.′′8, whereas for

the SDSS spectroscopy observations a fiber with radius 3′′ as used. I can show that for the

results obtained, the difference in the apertures (slit versus fiber) are insignificant. I present

SDSS z-band images of our objects simultaneously with images of stars close to their positions

in the sky located on the same data frames (Figs. 5.1). I first scaled the peak flux level of

the target galaxies and then subtracted the frames from each other. I notice that - within the

measurements uncertainties - in all three cases, no significant residuals are left. This supports

my suggestion that to a very good approximation these these objects are point sources and

differences due to possible aperture effects are negligible.

Finally, the magnitudes of these objects were taken from the SDSS survey. In their case

the PSF fitting technique was used. This was done by fitting a Gaussian function as the PSF

to the point like object. For more information about this technique and the conversion from

magnitudes to physical units please refer to section 4.3.1. The reduction of the LBT data has

been done in the same way as for the objects described in chapters 3 and 4. Moreover, this

process is explained in details in chapter 2.

5.3 Results

5.3.1 SDSS J012412-010049

In almost all SDSS catalog releases (Data Release: DR1, DR2, DR3, DR5, and DR7) J0124

was mentioned as a quasars (Schneider et al., 2002, 2003, 2005, 2007, 2010). In Trump et al.

(2006) the source J0124 is classified as a HiBAL as shown in Tab. 5.1, in which the MgII

emission line is not within the spectral range or has a low S/N ratio. In Fig. 5.2 I present the

overplot of the LBT and SDSS spectra for J0124. The SDSS spectrum has been obtained in

September 2000, while the LBT spectrum for this source has been taken in February 2012.

Therefore, for this object I can discuss the variability over a time span of 11.5 years. Strong

variability in the spectral continuum is evident after overploting both spectra and measuring the

flux densities of the continuum in different wavelengths band Tab. 5.2. The continuum level of

the LBT spectrum is higher than that in the SDSS spectrum as seen in Fig. 5.2 (a,b,c, and d),

especially, the red part of the LBT spectrum is higher by a a factor of 1.8 on average. In the

blue part of the spectrum, this number decreases to a value of 1.6 at a wavelength of 1300 Å.

Finally, at a wavelength of 1000 Å, both spectra do match each other within the uncertainties.

This phenomenon (the optical continuum variability) was reported by Rengstorf et al. (2006);
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5.3 Results

Table 5.2: The continuum flux density variability between LBT and SDSS of J0124, J0934, and
J0728 from the photometry and spectroscopy aspect.

Sources Filt. Wa. photometry Spectroscopy (1) Spectroscopy (2)
Flux Inst. Flux Inst. Flux Inst.

Å [10−16erg [10−16erg [10−16erg
s−1 cm−2Å] s−1 cm−2Å] s−1 cm−2Å]

J0124

(u) 3543 0.44 ± 0.08

SDSS

—

SDSS

6.34 ± 5.08

LBT
(g) 4770 1.62 ± 0.01 2.27 ± 0.16 3.23 ± 0.31
(r) 6231 2.48 ± 0.01 2.44 ± 0.11 3.83 ± 0.23
(i) 7625 3.10 ± 0.01 3.53 ± 0.21 5.80 ± 0.23
(z) 9134 3.24 ± 0.01 3.70 ± 0.29 5.82 ± 0.51

J0934

(u) 3543 3.00 ± 0.02

SDSS

—

SDSS

3.75 ± 0.89

LBT
(g) 4770 3.37 ± 0.01 3.68 ± 0.18 3.25 ± 0.33
(r) 6231 3.10 ± 0.01 3.01 ± 0.21 2.75 ± 0.18
(i) 7625 2.68 ± 0.01 2.51 ± 0.23 2.62 ± 0.27
(z) 9134 2.33 ± 0.01 2.13 ± 0.32 2.23 ± 0.21

J0728

(u) 3543 62.23 ± 0.00

SDSS

43.73 ± 3.42

MMT

27.17 ± 1.42

LBT
(g) 4770 49.63 ± 0.00 54.84 ± 1.73 31.86 ± 1.35
(r) 6231 25.33 ± 0.01 26.76 ± 1.14 16.94 ± 0.62
(i) 7625 20.90 ± 0.00 21.34 ± 2.36 15.97 ± 0.61
(z) 9134 14.84 ± 0.00 — 11.06 ± 0.93

109



5. VARIABILITY IN A BROAD ABSORPTION LINES QUASARS (BAL QSO)

Table
5.3:

C
om

parison
ofapparentsizes

oftargetgalaxes
and

stars.

source
O

bs.date
Star

Star
G

alaxy
R

A
D

ec.
FW

H
M

1
FW

H
M

2
A

ngle
FW

H
M

1
FW

H
M

2
A

ngle
D

a.(M
Y

)
(hh

m
m

ss)
( ◦
′
′′)

′′
′′

′′
′′

′′
′′

J0124
11

2000
01

24
15.1

-01
02

05.5
1
.01
±

0
.02

1
.39
±

0
.03

4
.38
±

0
.35

1
.12
±

0
.02

1
.27
±

0
.02

8
.94
±

0
.35

J0934
04

2003
09

34
05.8

31
55

08.4
1
.16
±

0
.02

1
.14
±

0
.02

4
.61
±

0
.26

1
.11
±

0
.02

1
.14
±

0
.02

0
.93
±

0
.36

J0728
10

2003
07

28
23.5

40
24

10.3
0
.50
±

0
.01

0
.45
±

0
.01

5
.69
±

0
.25

0
.50
±

0
.01

0
.45
±

0
.01

5
.69
±

0
.26

N
otes.Foreach

galaxy,Igive
the

coordinates
ofthe

starthatIsubtracted
from

the
galaxy

im
age

as
w

ellas
results

ofa
G

aussian
fitto

galaxy
and

star.
Iused

an
elliptically

shaped
G

aussian
function.

110



5.3 Results

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

0

400

800

1200

1600

2000

2400

2800

3200

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

0

400

800

1200

1600

2000

2400

2800

3200

3600

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

0

2

4

6

8

10

12

14

16

(a) J0124

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

0

200

400

600

800

1000

1200

1400

1600

1800

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

200

400

600

800

1000

1200

1400

1600

1800

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

1.5

3.0

4.5

6.0

7.5

9.0

10.5

12.0

(b) J0934

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

0

250

500

750

1000

1250

1500

1750

2000

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

0

250

500

750

1000

1250

1500

1750

2000

-2 -1 0 1 2
x offset [arcsec]

-2

-1

0

1

2

y 
of

fs
et

 [a
rc

se
c]

1.5

3.0

4.5

6.0

7.5

9.0

10.5

12.0

(c) J0728

Figure 5.1: The plot shows from left to right an SDSS image of the galaxies J0124, J0934, and
J0728, a stari as a point sources reference from the same SDSS frame for each object (coordinates
are listed in Tab. 5.3) and the residuum that is left after subtracting the scaled star from the galaxy.
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5. VARIABILITY IN A BROAD ABSORPTION LINES QUASARS (BAL QSO)

Welling et al. (2014), where Welling et al. (2014) they found that the continuum variability

tends to higher in BAL radio QSOs over longe time scales of years. To better visualized

the variability in the continuum I subtracted the two spectra from each other and plot their

difference in Fig. 5.2 (e,f,g, h, i,and j).

5.3.2 SDSS J093403+315331

The source J0934 has been classify as BALQSO, where close to wavelengths of ∼ 4400Å and

∼ 4887Å the broad absorption BAL troughs can be found (Richards, 2001). Additionally, the

authors describe that the continuum variations of J0934 is not clearly following the variability

in the absorption troughs. The source J0934 has been examined as one among 30 radio BALQ-

SOs in DiPompeo et al. (2010). Goal was to study the spectro-polarimetric properties of these

sources. In this work J0934 was classified as a HiBAL, as shown in Tab. 5.1.

In Fig. 5.3 I present an overplot of the two optical spectra (LBT & SDSS) of J0934. The

LBT spectrum was taken in February 2012, while the SDSS spectrum for this source has been

observed in April 2003. Therefore, for this galaxy I can study the variability on a time scale

of 7 years. The continuum flux density measurements of J0934 for three different epoch at

various wavelengths is list in Tab. 5.2. These measurements have been obtained through the

LBT observations I describe in this thesis and via the spectroscopy and photometry results

cataloged by SDSS. According to these measurements and as show in the overplot of the both

spectra Fig. 5.3 (a,b,c, and d), I notice that the continuum level of three different epochs (LBT

spectrum, SDSS spectrum, and the SDSS photometric observations) are in good agreement.

Hence, the source is behaving in a different way as the source J0124. Although, there is this

match in continuum, I notice there is difference in Lyα λ1213Å as shown in Fig. 5.3 (d). This

kind of variability in Lyα is quite typical in QSOs (e.g., Bregman et al., 1986; Gondhalekar,

1990), since the bulk of this line emission originates is close to the central ionizing nucleus. To

illustrate the continuum and the emission-lines variability in an efficient way, I subtracted the

two spectra from each other and plot their difference in Fig. 5.3 (e,f,g, h, i,and j).

5.3.3 FBQS J072831.64+402616.0

For the source J0728 it has been stated that it belongs to the group of BAL QSOs, that match

quite well with the distribution of CSS1/GPS2 sources (Montenegro-Montes et al., 2008), as

1Compact Steep spectrum (CSS).
2Gigahertz Peaked Spectrum (GPS).
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Figure 5.2: The optical spectrum of J0124 and the result of calculating the difference and ratio of
spectra from different epochs.
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Figure 5.3: The optical spectrum of J0934 and the result of calculating the difference and ratio of
spectra from different epochs.
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5.4 Discussion and Conclusions

it shows a simple convex spectrum. Additionally, the authors outline that J0728 is radio loud

object. In Liu et al. (2008) J0728 was found to be a point source and the authors of this article

confirmed the classification of this object as LoBAL. Furthermore, they measure the flux den-

sity of J0728 to be 18 mJy at a wavelength of 18 cm using the VLA radio telescope.

For this sources I do not have spectroscopy data from SDSS survey, because the source

was just observed photometrically. Therefore in this case I substituted the SDSS spectroscopy

data with spectroscopy observation taken by Multiple Mirror Telescope (MMT) located on

Mount Hopkins, Arizona, USA. The observations were carried out in November 1997, with a

slit width of 1.0′′(White et al., 2000). Consequently, for this object I will be able to study the

variability that occurred over a time scale of 15 years. The overplot of the both spectra (LBT&

MMT) is presented in Fig. 5.4 (a, b, c, and d), where, specially in blue region of the spectrum,

a strong variability in the continuum level can be seen. This phenomena is support by the

comparison that I made between the photometric observations of SDSS and the spectroscopic

data by (LBT& MMT) as shown Tab. 5.2. In this object I noticed that the variability was

particularly strong in the blue part, where the factor between the fluxes of SDSS and MMT

was 1.4 in the u-band. In the same band the factor is even higher 2.2 comparing the data

taken at the SDSS and LBT. In the red part of the spectrum in the z-band this factor is less

1.2. This behave in the continuum variability was the opposite to the continuum variability that

happened in J0124. To demonstrate the variability in continuum and the emission-line, I plot

the difference and the ratios between the MMT and LBT spectra in Fig. 5.4 (e,f,g, h, i,and j).

5.4 Discussion and Conclusions

I describe my investigation of the variability of Broad Absorption Lines Quasars (BAL QSO).

The research presented was based on two epoch spectrophotometric data in the optical covering

a 5-10 year baseline in time. Inspection of the spectra of the three sources SDSS J012412.45-

010049.9, SDSS J093403.96+315331.3, and J072831.64+402616.0 shows that they exhibit

different spectral slopes. In order to investigate this phenomenon more closely I extend the

samples using the SDSS data. For this I randomly selected 50 objects for each of the following

subgroups: HiBal, LoBal, and intermediate class objects. The result obtained for the three

sources for which I reduced newly taken LBT is consistent with the results found for SDSS

extended source samples.
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Figure 5.4: The optical spectrum of J0728 and the result of calculating the difference and ratio of
spectra from different epochs.
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(b) HiBAl and LoBAL
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Figure 5.5: Median variability percentage for continuum of the BAL quasars.
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Figure 5.6: histogram for the redshift distribution of BALQSQs of my samples..
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In Fig. 5.5 (a, b, and c) show that the wavelength averaged variability properties of these

sources classes. They show clear differences with an apparent transition between the source

classes. The figures show that the LoBALs show increased variability towards the red part of

the spectrum. I find that the HiBALs show systematically increased variability towards the blue

part of the spectrum. The intermediate source lie in between with no clear tendency towards an

increase in variability towards either of the two sides. There arte two possible reasons for this

behavior:

1) It may be due to the different average redshifts of these source classes (see Fig. 5.6). The

LoBALs have a typical average redshift of about z=1.0. The HiBals lie on average at z=2.4.

Including the properties of the intermediate source class and the cosmological spectral wave-

length shifts that are proportional to 1+z all sources may belong to the same class of objects

showing a minimum of variability in the intrinsic spectrum around 350 nm to 450 nm. Below

and above this wavelength the variability then rises.

2) A second reason for a different behavior could be due to the different average luminosities.

The sources at higher redshifts are clearly more luminous than the close once by at least about

half an order of magnitude. Implying different physical conditions in the very center.

It is very likely that these differences in variability properties will also be reflected in the

line variability. It is a goal to investigate this aspect more clearly in the near future. This

may show it there are reverberation responses and if the reverberation time scales are different

(luminosity dependant) and if the influence on the BLR/NLR regions close to the SMBH is

different for these different source classes.
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6

Summary and Outlook

In three projects involving multi-frequency data on AGN I could show that the activity of

the immediate surroundings of the nuclear SMBH has far-reaching influences on structures of

the entire host galaxy. In the double-lobe radio galaxy SDSS J080800.99+483807.7 I used

interferometric radio data obtained with MERLIN and optical spectroscopy data obtained with

MODS at the LBT to study the possible interaction between a back-flow along the jet and the

host galaxy. I could show that indeed through an action over several kiloparsecs star formation

in the host is triggered on a global scale by an activity that originates at the very nucleus of the

galaxy.

An interaction of the SMBH with the immediate nuclear environment can be monitored via

the reverberation of the line emission as a consequence of the nuclear continuum variations. I

could show that this reverberation is not only limited to the BLR but is also detectable in the

NLR line emission. This implies that the bright part of the NLR region in these objects is rather

compact - of the order of 10-20 light years.

For the broad line region I could show that there is at least an observational difference

between the low and high luminosity BALs. If this goes along with a physical difference will

be shown in a future investigation.

As an outlook it is evident that a larger sample of double-lobe X-shaped sources should be

investigated in more detail - in particular the star formation activity in their host galaxies. If

all of them show indications for a higher star formation activity on a global scale, this would

show that in these objects the back-flow effects are essential for the overall evolution of the

host. Using large aperture telescopes in the optical such investigations will be possible for

larger samples in the near future. Similarly the reverberation of the narrow line region is very
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6. SUMMARY AND OUTLOOK

interesting. New public survey data will now allow to determine how frequent this effect is and

how compact the bright part of the NLR is in general. Essential for this work will be a high

quality inter-epoch and inter-telescope calibration.
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man, T. M., Hennessy, G. S., Ivezić, Ž., Kent, S., Knapp, G. R., Lamb, D. Q.,
Lee, B. C., Loveday, J., Lupton, R. H., Margon, B., Meiksin, A., Munn, J. A.,
Newberg, H. J., Nichol, R. C., Niederste-Ostholt, M., Pier, J. R., Richmond,
M. W., Rockosi, C. M., Saxe, D. H., Schlegel, D. J., Szalay, A. S., Thakar,
A. R., Uomoto, A., and York, D. G. (2003). The Sloan Digital Sky Survey
Quasar Catalog. II. First Data Release. AJ, 126, 2579–2593. 107

Schneider, D. P., Hall, P. B., Richards, G. T., Vanden Berk, D. E., Anderson, S. F.,
Fan, X., Jester, S., Stoughton, C., Strauss, M. A., SubbaRao, M., Brandt,
W. N., Gunn, J. E., Yanny, B., Bahcall, N. A., Barentine, J. C., Blanton,
M. R., Boroski, W. N., Brewington, H. J., Brinkmann, J., Brunner, R., Csabai,
I., Doi, M., Eisenstein, D. J., Frieman, J. A., Fukugita, M., Gray, J., Har-
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Nitta, A., Pier, J. R., Saxe, D. H., Shen, Y., Snedden, S. A., Weinberg, D. H.,
and Wu, J. (2007). The Sloan Digital Sky Survey Quasar Catalog. IV. Fifth
Data Release. AJ, 134, 102–117. 81, 107

Schneider, D. P., Richards, G. T., Hall, P. B., Strauss, M. A., Anderson, S. F., Boro-
son, T. A., Ross, N. P., Shen, Y., Brandt, W. N., Fan, X., Inada, N., Jester, S.,
Knapp, G. R., Krawczyk, C. M., Thakar, A. R., Vanden Berk, D. E., Voges,
W., Yanny, B., York, D. G., Bahcall, N. A., Bizyaev, D., Blanton, M. R.,
Brewington, H., Brinkmann, J., Eisenstein, D., Frieman, J. A., Fukugita, M.,
Gray, J., Gunn, J. E., Hibon, P., Ivezić, Ž., Kent, S. M., Kron, R. G., Lee,
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